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Abstract
Adipose tissue is a target of Trypanosoma cruzi infection being a parasite reservoir during the chronic phase in mice and 
humans. Previously, we reported that acute Trypanosoma cruzi infection in mice is linked to a severe adipose tissue loss, 
probably triggered by inflammation, as well as by the parasite itself. Here, we evaluated how infection affects adipose tissue 
homeostasis, considering adipocyte anabolic and catabolic pathways, the immune–endocrine pattern and the possible reper-
cussion upon adipogenesis. During in vivo infection, both lipolytic and lipogenic pathways are profoundly affected, since 
the expression of lipolytic enzymes and lipogenic enzymes was intensely downregulated. A similar pattern was observed in 
isolated adipocytes from infected animals and in 3T3-L1 adipocytes infected in vitro with Trypanosoma cruzi. Moreover, 
3T3-L1 adipocytes exposed to plasmas derived from infected animals also tend to downregulate lipolytic enzyme expression 
which was less evident regarding lipogenic enzymes. Moreover, in vivo-infected adipose tissue reveals a pro-inflammatory 
profile, with increased leucocyte infiltration accompanied by TNF and IL-6 overexpression, and adiponectin downregula-
tion. Strikingly, the nuclear factor PPAR-γ is strongly decreased in adipocytes during in vivo infection. Attempts to favor 
PPAR-γ-mediated actions in the adipose tissue of infected animals using agonists failed, indicating that inflammation or 
parasite-derived factors are strongly involved in PPAR-γ inhibition. Here, we report that experimental acute Trypanosoma 
cruzi infection disrupts both adipocyte catabolic and anabolic metabolism secondary to PPAR-γ robust downregulation, 
tipping the balance towards to an adverse status compatible with the adipose tissue atrophy and the acquisition of an inflam-
matory phenotype.
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Introduction

Adipose tissue (AT) comprises a variety of cell types, in 
which mature adipocytes are the predominant cells, although 
endothelial cells, blood cells, fibroblasts, pericytes, pre-adi-
pocytes and resident macrophages, lymphocytes and regu-
latory T cells (Tregs) are also included [1]. White adipose 
tissue (WAT) represents an energy reserve used for periods 
of wasting or high energy demand. Additionally, the AT is an 
important endocrine organ with the capacity to produce and 
release a large number of bioactive molecules involved in the 
regulation of multiple physiologic and pathologic processes, 
such as immune defenses and inflammation [2–4]. In par-
ticular, WAT participates in the maintenance of the immune 
response, a process that demands high energy expenditure. 
Furthermore, it participates in the immune response directly 
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through mechanisms mediated by resident immune cells 
such as macrophages, lymphocytes and Tregs and, indirectly, 
through the systemic release of diverse mediators collec-
tively called adipokines such as leptin, adiponectin, TNF or 
IL-6, among others [2].

In addition to its secretory function, adipocytes are highly 
specialized for fat storage and play a fundamental role in 
tuning energy balance and the overall body homeostasis. 
The spare energy is deposited in adipocytes in the form of 
triglycerides through a process denominated lipogenesis. 
The fatty acids used for triglyceride biosynthesis are mainly 
taken up from circulation. The enzyme lipoprotein lipase 
(LPL) plays a critical role in facilitating fatty acids entry 
into adipocytes by hydrolysis of circulating triglycerides [5]. 
Once inside the adipocyte, the esterification of fatty acids 
with glycerol occurs. During the sequential esterification 
processes acyl-CoA:diacylglycerol acyltransferase (DAGT, 
isoforms 1 and 2) catalyzes the final and critical step in the 
triglyceride synthesis pathway playing an important role 
in adipocyte lipid deposition [6]. Adipocytes also synthe-
size fatty acid de novo from acetyl-CoA, malonyl-CoA and 
NADPH by the fatty acid synthase (FAS) [7]. Unlike lipo-
genesis, lipolysis is the process by which free fatty acids are 
released from AT after the breakdown of stored triglycer-
ides. The main lipases involved in lipolysis are the adipo-
cyte triglyceride lipase (ATGL) and the hormone-sensitive 
lipase (HSL) responsible for the conversion of triglycerides 
to diglycerides and diglycerides to monoglycerides, respec-
tively [8–10].

It is known that adipogenesis, the process of cell differen-
tiation by which pre-adipocytes become mature adipocytes, 
is highly regulated [11, 12]. The peroxisome proliferator-
activated receptor-gamma (PPAR-γ) transcription factor is a 
dominant regulator of adipogenesis and highly necessary for 
the maintenance of the mature phenotype [13]. PPAR-γ dele-
tion in mature adipocytes compromises their viability and fat 
storage because of the expression loss of the main metabolic 
enzymes of adipocytes [14–16]. On the other hand, PPAR-γ 
is also expressed in immune cells, leading to the secretion 
of IL-10 and the inhibition of pro-inflammatory cytokine 
production [17–21]. In addition, PPAR-γ activation in T 
lymphocytes may inhibit their expansion and activation by 
preventing the production of IL-2 [22]. Along with PPAR-γ, 
the C/EBP transcription factors are also required for a strong 
adipocyte-specific gene expression [23, 24].

During an infectious process, the host responds with a 
generalized defence reaction involving changes at the immu-
nological, metabolic and neuroendocrine levels. Acute T. 
cruzi infection in C57BL/6 mice is a well-characterized 
model in our laboratory from the immunological and endo-
crine standpoints. These mice course a lethal acute infec-
tion, characterized by an exacerbated immune response that 
triggered the hypothalamus–pituitary–adrenal axis activation 

with the consequent release of corticosterone into the cir-
culation as a protective response [25, 26]. A possible link 
between the energetic status and the course of T. cruzi infec-
tion was raised by the pioneering works of Tanowitz and 
collaborators [27], documenting that an unfavorable meta-
bolic environment, i.e., diabetes, increased the severity of 
T. cruzi infection. Furthermore, we and other authors have 
shown that experimental T. cruzi infection courses with body 
weight decrease and severe AT loss [28, 29].

During healthy states, the metabolic status is finely tuned 
by hormonal signals, the nourishing status and the energy 
expenditure. The weight loss in acutely T. cruzi-infected 
mice seems to be linked to immune–endocrine disturbances 
and enhanced energy expenditure. Moreover, AT atrophy 
might be also directly induced by the parasite, since adipo-
cytes are targets of T. cruzi infection. In this regard, many 
authors propose that AT acts a reservoir of the parasite dur-
ing chronic infections in mice and humans [29–31].

From the foregoing, in this study we evaluated how acute 
T. cruzi infection affected AT homeostasis; in terms of both 
anabolic and catabolic pathways, the immune and endocrine 
response patterns and the possible repercussion on adipo-
genesis. Here, we report that experimental acute T. cruzi 
infection disrupts both adipocyte catabolic and anabolic 
metabolism secondary to PPAR-γ robust downregulation, 
tipping the balance towards an adverse status compatible 
with the AT atrophy and the clear acquisition of an inflam-
matory phenotype.

Materials and methods

Mice

Male C57BL/6 mice were bred at the Centro de Investi-
gación y Producción de Reactivos Biológicos (CIPReB) 
and maintained at the animal facilities of the School of 
Medicine of Rosario. For some experiments, B6.129S-
Tnfrsf1a tm1Imx Tnfrsf1b tm1Imx, which lack both types of TNF 
receptors (TNF-R(1+2)KO mice), were used. Animals had 
free access to food and water, and were handled according 
to institutional guidelines. 4–6-week-old mice were used 
throughout the experiments. The study was approved by 
the Institutional Animal Care and Use Committee of the 
School of Medicine of National University of Rosario by 
resolution no. 4977/2013, following the latest National 
Institute of Health guide for the care and use of labora-
tory animals.

Parasite strain and maintenance

The Tulahuén strain (DTU VI) [32] of T. cruzi used in this 
study was maintained by serial passages in CBi suckling 
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mice (from CIPReB). Briefly, suckling mice were infected 
intraperitoneally with 150,000 trypomastigotes suspended 
in 100 µl of physiological saline. After 1 week of infection, 
these mice were anesthetized with xylazine/ketamine (2 mg/
kg xylazine + 100 mg/kg ketamine) and euthanized by car-
diac puncture. Live blood parasites were counted using a 
Neubauer’s chamber and used to infect other suckling mice.

Experimental infection

For the experiments, blood trypomastigotes of T. cruzi were 
obtained from infected suckling CBi mice. Briefly, the blood 
was centrifugated at 1500 rpm and the supernatant was sepa-
rated and centrifugated at 3000 rpm. The pellet was washed 
twice and resuspended in physiological saline. Parasites 
were counted using a Neubauer´s chamber. Adult C57BL/6 
mice were infected with 1000 trypomastigotes by intraperi-
toneally route.

Glycemia and lipid profile determination

At different days pi, blood was obtained by cardiac puncture 
in heparin-containing tubes and the plasmas were separated 
by centrifugation and stored at − 20 °C. Levels of glucose, 
triglycerides, cholesterol, LDL and HDL were measured by 
enzymatic methods (Wiener Lab, Rosario, Argentina).

Adipose tissue histology

After mice were euthanized, the epididymal fat pads were 
removed, fixed in 10% formaldehyde and embedded in par-
affin. Paraffin-embedded 5-µm sections were stained with 
hematoxylin and eosin. The area of adipocytes and the area 
occupied by the inflammatory infiltrate (pixel2) were evalu-
ated by light microscopy and subjected to further digital 
analysis using the Image J software (Bethesda, Maryland, 
USA).

Adipocytes and stromal vascular fraction cell 
isolation by adipose tissue collagenase digestion

To separate mature adipocytes from stromal vascular frac-
tion cells (SVFC), the epididymal AT (EAT) was digested 
with collagenase type I (Gibco). Briefly, the epididymal fat 
pads were removed, minced, and digested in 2 ml of Hank’s 
balanced salt solution with 1 mg/ml of collagenase type I 
and 3 mM of CaCl2, at 37 °C for 2 h. After that time, the 
solution was filtered by passing through a nylon mesh, to 
remove the remaining large tissue fragments. The filtered 
suspension was then centrifuged at 100 rcf for 1 min. After 
centrifugation, the adipocytes formed a floating layer at the 
top of the liquid, whereas SVFC deposited at the bottom of 
the tube. Adipocytes were collected and washed one time 

with HBSS and then resuspended in TRI Reagent® (Molec-
ular Research Center) for posterior studies by RT-qPCR. 
SVFC were resuspended in phosphate buffered saline (PBS) 
supplemented with 3% of fetal bovine serum (FBS; Gibco), 
for flow cytometry or in TRI Reagent® for RT-qPCR.

Adipose tissue resident immune cell 
characterization by flow cytometry analysis

For flow cytometry assays, SVFC isolated from infected and 
control AT were resuspended in PBS/3% FBS and stained 
in one step with the following surface monoclonal antibod-
ies: FITC-coupled anti-CD4, APC-Cy7-coupled anti-CD8, 
PE-Cy7 coupled anti-CD11b and FITC-coupled anti-CD11c 
(all from BD Biosciences). For Foxp3 detection, an intracel-
lular staining was performed using PE-coupled anti-FoxP3 
antibody and the corresponding fixation/permeabilization 
buffers (Mouse regulatory T cell staining kit, eBiosciences). 
A minimum of 50.000 events was acquired using an ARIAII 
flow cytometer (Becton-Dickinson, New Jersey, USA). Liv-
ing cells were gated on the basis of forward- and side-cell 
scatter. Results were analyzed using DIVA (Becton-Dickin-
son, New Jersey, USA).

In vivo PPAR‑γ agonist treatment

Animals were treated with PPAR-γ agonists 15-deoxy-
Δ12,14-prostaglandin J2 (Cayman Chemical Company) 
and rosiglitazone (Avandia, Glaxo-Smith-Kline). Treatment 
with PGJ was performed daily between days 7 and 17 post-
infection (pi) by intraperitoneal route (dose 1 mg/kg/day). 
Treatment with RSG was performed daily from day 0 to 
17 days pi by intragastric route or “gavage” (dose 20 mg/
kg/day). At day 17 pi, mice were sacrificed to obtain blood, 
EAT and peritoneal macrophages.

Evaluation of mRNA expression of adipose tissue 
transcription factors, enzymes and adipokines 
by real‑time PCR

Total RNA was isolated from fresh epididymal fat pads, iso-
lated adipocytes or SVFC (immediately after collagenase 
digestion) or in vitro-cultured 3T3-L1 adipocytes. RNA 
was isolated using TRI Reagent® and reverse-transcribed to 
cDNA using the RevertAid Reverse Transcriptase (Thermo 
Fisher Scientific). Real-time PCR was performed with the 
StepOnePlus Real-Time PCR System (Applied Biosystems) 
using a Mix (5x HOT FIREPol® EvaGreen® qPCR Mix Plus 
(ROX); Solis BioDyne) according to the manufacturer’s 
instructions. The amplification program included an initial 
activation step at 95 °C for 15 min, followed by denaturation 
at 95 °C for 15 s, annealing between 60 and 65 °C and finally 
elongation at 72 °C for 20 s, for 40 cycles. Fluorescence was 
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measured after each extension step, and the specificity of 
amplification was evaluated by melting curve analysis. The 
house-keeping gene RPL13 was used as control to normal-
ize RNA samples. The relative gene expression levels were 
calculated using a standard curve for each gene. The ampli-
fication efficiencies were identical or similar between genes 
of interest and controls. All primers (Online Resource 1) and 
probes were designed in our laboratory and purchased from 
Eurofins Genomics.

3T3‑L1 cell culture

3T3-L1 cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) containing 10% (v/v) FBS and 1% (v/v) 
of penicillin–streptomycin–glutamine (100X; Gibco). First, 
200.000 cells/ml were seeded in 60-mm culture dishes with 
a coverslip in them and propagated as fibroblasts at 37 °C 
under 5% CO2 atmosphere. The medium was changed every 
2 days until confluence. Confluent cells were induced to 
differentiate into adipocytes with differentiation medium, 
as previously described [33]. Briefly, 3T3-L1 cells were 
grown in DMEM in the presence of 10% (v/v) FBS plus 
0.1% (v/v) insulin, 1% (v/v) isobutylmethylxanthine and 
0.1% (v/v) dexamethasone for 3 days. After that, the differ-
entiation medium was changed to the maintenance medium 
(DMEM/10% FBS/0.1% insulin) for five more days until 
cells reach their terminal differentiation (verified by lipid 
droplet accumulation).

Plasma treatment and infection of 3T3‑L1 cells

, Adipocytes were exposed to plasmas derived from control 
or infected mice (20% mouse plasma in DMEM). Plasmas 
were obtained by centrifugation at 5000 rpm during 20 min 
to avoid the presence of parasites. In addition, adipocytes 
were infected with trypomastigotes (MOI 20:1). In both 
cases, 48 h after the exposition to plasmas or parasites, cul-
ture dishes were washed with PBS, coverslips were removed 
for further fluorescence microscopy processing and adherent 
adipocytes were resuspended in TRI Reagent® for RT-qPCR.

Evaluation of 3T3‑L1 differentiation by lipid droplet 
fluorescent staining

For fluorescence microscopy, 3T3-L1 adipocytes grown on 
coverslips were fixed with 4% paraformaldehyde for 15 min 
at room temperature. After washing with PBS, the coverslips 
were covered 10 min with 40,6-diamidino-2-phenylindole 
(DAPI; Invitrogen) for nuclei staining. Next, lipid droplets 
were stained with HCS LipidTOX™ Green Neutral Lipid 
Stains (Invitrogen) for 30 min and mounted with Fluorsafe 
(Millipore). Samples were analyzed by confocal micros-
copy using a Nikon C1 plus Eclipse TE-2000-E2 (Nikon, 

Melville, NY, USA), and the images obtained were sub-
sequently analyzed using the Image J software (Bethesda, 
Maryland, USA).

Determination of macrophage phagocytic capacity

The phagocytosis assay was performed using heat-killed 
Saccharomyces cerevisiae. Yeasts were killed by heating 
in a water bath at 70–75 °C for 3 h as described in Cap-
illa et al. [34]. Seventeen days pi, peritoneal macrophages 
were obtained from PPAR-γ agonist-treated animals, or not, 
and cultured in eight-well plates (Lab-Tek™ chamberslide, 
NUNC) overnight at a concentration of 30,000 cells/well. 
Cells were then incubated with yeast at a 10:1 ratio (yeast 
per cell) at 37 °C. After 2 h, the medium was removed, cells 
were washed twice with PBS and fixed with cold 70% etha-
nol. Finally, hematoxylin–eosin staining was performed. 
The phagocytic capacity was determined according to the 
amount of yeasts present inside the macrophages. Yeast was 
detected as oval intracytoplasmic structures characterized 
by a central eosinophilic nucleus surrounded by clear space 
(phagocytic vacuole). The phagocytic capacity was classi-
fied as: (1) null: zero yeast/cell, (2) low: up to five yeasts/
cell, (3) high: more than five yeasts/cell. Ten fields/well were 
evaluated (recording at least 50 phagocytic cells).

Statistical analysis

Depending on the characteristics of the variable, differences 
in quantitative measurements were assessed by ANOVA 
followed by Bonferroni test or by the Kruskal–Wallis fol-
lowed by post hoc comparisons when applicable. Results 
were expressed as mean ± standard error of the mean (SEM) 
unless otherwise indicated. The Graph-Pad Instat 5.0 soft-
ware (Graph-Pad, California, USA) was applied for statis-
tical analyses, and differences were considered significant 
when p value was < 0.05.

Results

Characterization of immuno‑metabolic profile 
of acute T. cruzi‑infected mice

First, to assess the immune–metabolic profile developed by 
C57BL/6 male mice along the course of T. cruzi acute infec-
tion, we evaluated several parameters related with inflamma-
tion and metabolism. As seen in Table 1, systemic inflam-
mation and the severity of myocarditis clearly paralleled 
metabolic alterations, including the development of severe 
hypoglycemia and the dramatic loss of body weight as the 
most salient findings. Strikingly, infected animals did not 
lose their ability to handle glucose, judging from the results 
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of glucose tolerance tests (Online Resource 2a). Likewise, 
the loss of body weight was directly associated with the 
decrease in circulating leptin levels, and to a lesser extent to 
a decreased food intake. During infections, the loss of body 
weight is often associated with the action of TNF [35]. To 
assess whether TNF was responsible for body weight loss 
during T. cruzi infection, TNF receptors 1 and 2 knockout 
mice were infected (Online Resource 2b).

Our results showed that these mice also lost weight, simi-
lar to wild-type mice, indicating that other factors are also 
involved in this process.

The infection with T. cruzi promotes 
a pro‑inflammatory state in the AT and 
downregulates lipolytic and lipogenic pathways

The marked loss of body weight during the acute infection 
(~ 15–20% after 17 days pi, see Table 1) clearly reflected 
the reduction of AT mass, particularly the epididymal AT 
which constitutes the most abundant white fat pad in male 
mice. The parasitemia began to be detectable nearly 10 days 
pi. One week later (17 days pi), there was a dramatic dimi-
nution in the mass of the epididymal AT (Fig. 1a, b). This 
alteration was the result of a diminution in both size and 
number of adipocytes (Fig. 1c, d). The fall in the number 
of adipocytes may be consequence of an increased cell 
death, due to the presence of inflammation or by adipocyte 

lysis caused by parasite replicative forms. Adipocytes can 
act as a T. cruzi reservoir, persisting there for long peri-
ods of time. In fact, we found amastigote nests in the EAT 
of infected mice (Fig. 1d, right panel, see arrow). While 
inflammatory cells were not evident in the EAT from con-
trol animals, a noticeable inflammatory infiltrate was found 
in the EAT from infected mice (Fig. 1d, middle panel). As 
determined by flow cytometry (Fig. 1e, f), the EAT from 
infected mice revealed an increased percentage of T lym-
phocytes (CD4+ and CD8+ T cells), macrophages (CD11b+) 
dendritic cells (CD11c+) cells and dendritic-like cells 
(CD11b+CD11c+) compared to EAT from uninfected mice 
compared to uninfected AT (Fig. 1f). Conversely the per-
centage of Tregs (CD4+Foxp3+) was decreased in infected 
mice (Fig. 1f).

The diminution in the AT mass was paralleled by the 
development of hyperlipidemia evidenced by the increase 
in the level of circulating cholesterol and triglycerides 
(Fig. 2a). Additionally, LDL/HDL ratio was remarkably 
increased (Fig. 2b), probably contributing to an initial pro-
atherogenic state. This hyperlipidemic state along with the 
diminution in the AT mass suggested an alteration in the 
lipolysis/lipogenesis balance. To evaluate this hypothesis, 
we assessed the mRNA expression of the main lipolytic 
(ATGL and HSL) and lipogenic enzymes (FAS, LPL, 
DGAT1 and DGAT2) in the epididymal AT of normal and 
infected mice. Surprisingly, we found a marked decrease 

Table 1   Immuno-metabolic 
profile of acute T. cruzi-infected 
male mice

Immuno-metabolic parameters in control (0 dpi) and infected mice after 14, 17 and 21 dpi. Parasitemia, 
acute myocarditis degree and levels of creatine phosphokinase (CPK) were registered to characterize the 
systemic repercussion of acute T. cruzi infection. Plasma levels of key cytokines such as TNF, IL-6 and 
IL-1β were evaluated by ELISA. Metabolic characterization was based on: body weight changes, food 
intake abnormalities, glycemia, triglyceridemia, cholesterolemia and leptin circulating levels. *p < 0.05. 
Except for parasitemias (median, 25–75 percentiles), data correspond to mean ± SEM of five mice/group 
(one representative of three independent sets of experiments)

Days post-infection

0 14 17 21

Parasitological and histopathological parameters
Parasitemia – 32 (4–61)* 201 (129–360)* 391 (131–588)*
Myocarditis – Mild Moderate Severe
CPK 220 ± 26 795 ± 220* 1030 ± 549* ND
Immunological parameters
TNF (pg/ml) 0 ± 0 255 ± 16* 622 ± 50* 816 ± 116*
IL-6 (pg/ml) 0 ± 0 189 ± 5* 580 ± 80* ND
IL-1β (pg/ml) 0 ± 0 33 ± 4* 74 ± 6* 102 ± 10*
Metabolic parameters
Body weight (g) 31 ± 0.2 30 ± 0.5 26 ± 0.7* 22 ± 0.2*
Food intake (g/day/mice) 4.0 ± 0.1 3.1 ± 0.1* 2.8 ± 0.1* 2.4 ± 0.2*
Glycemia (mg/dl) 130 ± 10 102 ± 8* 69 ± 4* 48 ± 7*
Triglyceridemia (mg/dl) 105 ± 2 ND 135 ± 5* 178 ± 12*
Cholesterolemia (mg/dl) 127 ± 3 ND 154 ± 3* 168 ± 16*
Leptin (pg/ml) 64 ± 10 20 ± 3* 15 ± 2* 6 ± 0.5*
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Fig. 1   Evaluation of adipose tissue after 17  dpi. Groups of non-
infected (Co) or infected mice with T. cruzi (Tc) were euthanized 
and epididymal adipose tissue (EAT) was obtained. a EAT relative 
weight (EAT g/mice weight g). b Photography showing the loss of 
adipose tissue mass in infected mice. c Adipocyte area quantification. 
d Light microscopy photography of sections stained with hematoxy-
lin and eosin. Co representative image of normal EAT architecture, 
Tc representative images of EAT of infected mice that shows the pres-
ence of large inflammatory infiltrate and intracellular parasite nests 
(black arrows); all images have a ×40 magnification. After 17  dpi, 

adipose tissue was processed to separate stromal vascular fraction 
cells (SVFC) for flow cytometry analysis. e Upper panel shows rep-
resentative dot plots obtained by flow cytometry showing CD4+ 
and CD8+ gathered among total SVFC- and Foxp3-expressing cells 
among CD4+ subpopulation. Lower panels show gates used to iden-
tify the proportion of macrophages (CD11b+) and dendritic cells 
(CD11c+) from total SVFC. f Frequency of different immunological 
cell subpopulations among SVFC of adipose tissue. Data correspond 
to mean ± SEM of five mice/group (one representative of three inde-
pendent sets of experiments). *p < 0.05
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in the expression of both lipolytic (Fig. 2e) and lipogenic 
enzymes (Fig. 2f), showing that both adipocyte catabolic 
and anabolic pathways are disrupted by the infection.

Furthermore, we also evaluated the expression of the 
main factors involved in adipogenesis, maintenance of 
adipocyte mature phenotype and inflammatory response: 
PPAR-γ and C/EBPβ transcription factors together with 
some adipokines. PPAR-γ expression was markedly 
diminished in the epididymal AT during acute infection, 
whereas C/EBPβ expression tended to increase (Fig. 2c). 
Adipokine expression was also affected, since mRNA 
levels of adiponectin and leptin were diminished in the 
infected EAT compared to normal EAT, while TNF and 
IL-6 were notoriously increased (Fig. 2d).

Given that EAT from infected mice was highly infil-
trated by immune cells and only few adipocytes remained, 
we hypothesized that the reduction in the expression of 
adipocytes distinctive genes could be the result of an 
imbalance in the proportion of adipocytes/leukocytes. 
Therefore, to assess whether these changes corresponded 
specifically to an adipocyte expression pattern, we iso-
lated mature adipocytes and the stromal vascular fraction 
cells (SVFC) by collagenase digestion and evaluated them 
separately (scheme). SVFC isolated from infected tissue 
exhibited a decrease level of PPAR-γ expression and a 
markedly increase in TNF expression indicating an inflam-
matory status of SVFC fraction (Fig. 3a, b). In line with 
the results obtained with infected EAT, isolated adipocytes 

Fig. 2   Analysis of plasma lipid profile and mRNA expression of typi-
cal enzymes, transcription factors and adipokines in AT. After 17 dpi, 
plasma and adipose tissues were obtained from control (Co) and 
infected (Tc) mice. a Triglyceridemia and cholesterolemia. b LDL/
HDL ratio. mRNA was extracted from EAT and quantitative real-
time RT-PCR was performed for: c the transcription factors PPAR-γ 
and C/EBPβ; d the adipokines adiponectin, leptin, TNF and IL-6; e 

the lipolytic enzymes hormone-sensitive lipase (HSL) and adipose 
triglyceride lipase (ATGL); f the lipogenic enzymes fatty acid syn-
thase (FAS), lipoprotein lipase (LPL) and diglyceride acyltransferase 
1 and 2 (DGAT). AU arbitrary units. Data correspond to mean ± SEM 
of five mice/group (one representative of three independent sets of 
experiments). *p < 0.05
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also showed decreased expression of PPAR-γ, adiponec-
tin and leptin in concert with an enhanced expression of 
TNF (Fig. 3c, d), pointing out to a clear acquisition of an 
inflammatory phenotype. Noticeably, the reduction in lipo-
lytic and lipogenic enzyme expressions was also confirmed 
(Fig. 3e, f). Hence, infection evidently disturbs adipocyte 
lipid metabolism, wherein the most affected process seems 
to be lipid storage leading to adipocyte atrophy and size 
diminution. Moreover, since PPAR-γ is diminished in 
SVFC, it is possible that de novo adipogenesis could be 
also affected.

Factors released during infection downregulate 
DGAT expression and promote the loss of mature 
phenotype of 3T3‑L1 adipocyte in vitro

It is possible that soluble factors released by immune cells dur-
ing T. cruzi infection affect AT homeostasis, independently of 
the T. cruzi presence. On the other hand, the parasite itself may 
influence directly AT atrophy. To evaluate these possibilities, 
a series of in vitro studies were carried out using the 3T3-L1 
adipocytes (Fig. 4a). Initially, these cells were exposed during 
48 h to plasmas derived from control (Co Pl) or infected (Tc 
Pl) mice. We observed that plates with 3T3-L1 adipocytes 

Fig. 3   Analysis of expression of typical enzymes, transcription fac-
tors and adipokines in stromal vascular fraction cells and adipocytes. 
After 17 dpi, the adipose tissue was extracted from control (Co) and 
infected (Tc) mice, and digested with collagenase to separate stromal 
vascular fraction cells and adipocytes. mRNA was extracted from 
each fraction of cells separately and quantitative real-time RT-PCR 
was performed. a PPAR-γ and b TNF expressions in stromal vas-
cular fraction cells. Adipocyte expression of: c transcription factors 

PPAR-γ and C/EBPβ; d adipokines adiponectin, leptin and TNF-
α; e lipolytic enzymes hormone-sensitive lipase (HSL) and adipose 
triglyceride lipase (ATGL); f lipogenic enzymes fatty acid synthase 
(FAS), lipoprotein lipase (LPL) and diglyceride acyltransferase 1 
and 2 (DGAT). AU arbitrary units. Data correspond to mean ± SEM 
of five  mice/group (one representative of three independent sets of 
experiments). *p < 0.05
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treated with Co Pl presented a slightly higher percentage of 
adipocytes than cells treated with Tc Pl (Fig. 4b, c), suggest-
ing that inflammatory factors released in circulation during 
infection may cause adipocyte death and/or adipocyte phe-
notype loss. IL-6 mRNA levels tended to increase while adi-
ponectin levels diminished (Fig. 4d). Importantly, lipolytic 
enzyme ATGL, as well as the enzyme of the lipogenic path-
way DGAT2 decreased their level of expression in 3T3-L1 
adipocytes exposed to plasma derived from T. cruzi-infected 
mice (Fig. 4e, f), as observed in vivo in EAT (Fig. 2e, f). Since 
DGAT2 function is the limiting step required for lipid droplet 
formation, the decrease of it expression may possibly explain 
the loss of 3T3 cells in response to inflammatory mediators 
released during infection.

Infection with T. cruzi also affects adipocytes 
homeostasis in vitro

To study how T. cruzi parasite may affect the adipocyte 
by itself without interference of components from the host 

immune response, we infected in vitro 3T3-L1 adipocytes 
during 48 h. We observed a large number of amastigotes sur-
rounding lipid droplets in the adipocyte (Fig. 5a, see arrows). 
As seen in vivo and in 3T3-L1 exposed to Tc-derived plas-
mas, the infection of 3T3-L1 adipocytes caused a markedly 
increased expression of IL-6 and TNF while adiponectin level 
of expression was reduced (Fig. 5b). Further, both lipolytic 
ATGL and lipogenic DAGT2 enzymes were also markedly 
decreased (Fig. 5c, d). No changes were detected in HSL, FAS 
and LPL enzymes but, in line with in vivo findings, all of them 
showed a tendency to decrease (Fig. 5c, d). Thus, in vitro T. 
cruzi infection strongly stimulates adipocyte production of 
inflammatory factors downregulating metabolic enzymes.

Fig. 4   Evaluation of fully differentiated 3T3-L1 adipocytes after 48-h 
exposure to plasmas from control (Co pl) and infected (Tc pl) mice. 
In  vitro fully differentiated adipocytes were exposed to Co and Tc 
plasmas for 48 h. Control plates without plasma treatment were also 
cultured for 48 h. After that, adipocytes were stained for immunofluo-
rescence analysis or resuspended in Tri-reagent for RT-qPCR. Results 
are relativized to values obtained in control cells without plasma 
treatment. a Representative immunofluorescence image showing a 
fully differentiated adipocyte. Lipid droplets were stained with Lipid-
Tox (green) and nuclei with DAPI (blue). b Pictures show immuno-

fluorescence image of cultured adipocytes after exposure to Co and 
Tc plasmas. c Percentage of adipocytes present after exposure to Co 
and Tc plasmas. d Expression of adipokines adiponectin and IL-6. 
e Expression of lipolytic enzymes hormone-sensitive lipase (HSL) 
and adipose triglyceride lipase (ATGL). f Expression of lipogenic 
enzymes fatty acid synthase (FAS), lipoprotein lipase (LPL) and 
diglyceride acyltransferase 1 and 2 (DGAT). Data are represented as 
mean ± SEM of five mice/group (one representative of four independ-
ent sets of experiments). *p < 0.05
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In vivo treatment with PPAR‑γ agonist partially 
reestablishes metabolic features but fails to control 
the inflammatory response in AT during T. cruzi 
infection

Given the central role of PPAR-γ in energy homeostasis 
and inflammation, we attempted to improve the immuno-
metabolic response using PPAR-γ agonists. Therefore, we 
evaluated whether the daily administration of 15-dPGJ2 
(PGJ) or rosiglitazone (Rsg) (Fig. 6a) was able to decrease 
inflammation as well as normalize metabolic factors and 
enzyme expression in EAT. It is well known that PPAR-γ 
agonist induces weight gain [36, 37]. Nevertheless, both 
agonists neither affected the weight of Co animals nor 

modified the curve of weight loss recorded during infection 
(data not shown). Rsg treatment partially prevented adipo-
cyte size diminution (Fig. 6b) or tissue immune infiltra-
tion (Fig. 6c). In contrast, PGJ administration blocked the 
loss of lipid droplets (Fig. 6b) and drastically diminished 
the presence of inflammatory infiltrate (Fig. 6c). Surpris-
ingly, the proportion of macrophages among the inflam-
matory infiltrate was augmented (Online Resource 2c). It 
is known that PPAR-γ agonists induce macrophage polari-
zation towards an anti-inflammatory phenotype in parallel 
with a diminution of their phagocytic capacity [38, 39]. 
Coincidently, in vivo Rsg or PGJ treatment reduced phago-
cytic capacity and induced the acquisition of a foamy-like 
phenotype in peritoneal macrophages (Online Resource 2d 

Fig. 5   In vitro infection of fully differentiated 3T3-L1 adipocytes. 
Adipocytes were infected with T. cruzi for 48  h. After that, cul-
tured adipocytes were stained for immunofluorescence analysis or 
resuspended in Tri-reagent for RT-qPCR. a Immunofluorescence 
staining shows adipocytes (nucleus, blue; lipid droplets, green) con-
taining intracellular amastigotes (small blue dots). b Expression of 
adipokines adiponectin, TNF and IL-6 in adipocytes. c Expression 

of lipolytic enzymes hormone-sensitive lipase (HSL) and adipose 
triglyceride lipase (ATGL) in adipocytes. d Expression of lipogenic 
enzymes fatty acid synthase (FAS), lipoprotein lipase (LPL) and 
diglyceride acyltransferase 1 and 2 (DGAT) in adipocytes. Co non-
infected adipocytes, Tc infected adipocytes, AU arbitrary units. Data 
correspond to mean ± SEM of five mice/group (one representative of 
three independent sets of experiments). *p < 0.05
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and 2e), raising the possibility that macrophages in AT 
may acquire a similar pattern when PPAR-γ agonist was 
administered to infected mice.

Next, we examined the effect of Rsg or PGJ treatments on 
mRNA levels of adipocyte-specific genes. In control mice, 
only PGJ treatment increased the level of PPAR-γ and C/
EBPβ mRNAs (Fig. 6d). In infected mice, C/EBPβ mRNA 
was increased only by Rsg treatment while the decrease of 
PPAR-γ expression could not be prevented by PGJ or Rsg 
treatment (Fig. 6d), suggesting that inflammatory media-
tors released by the immune response may possibly suppress 
PPAR-γ expression regardless of agonist administration. No 
differences were observed in the expression of adiponectin, 
leptin or TNF after treatments neither in control nor infected 
mice (Fig. 6e). Interestingly, IL-6 expression was upregu-
lated in control mice and only slightly diminished in infected 

mice treated with Rsg. Overall, these results showed that 
agonist treatments failed to cope with EAT inflammation 
and PPAR-γ expression.

Regarding lipolytic enzymes HSL and ATGL, Rsg but 
not PGJ treatment restored their expression in infected 
mice (Fig. 6f). Lipogenic enzymes FAS and DGAT1 were 
upregulated by PGJ or Rsg in control animals (Fig. 6g), 
indicating that the novo fatty acid and triglyceride synthe-
sis are stimulated. The same pattern was observed in LPL 
and DGAT2 in PGJ-treated and control animals (Fig. 6g). 
Moreover, both agonist upregulated FAS expression in 
infected mice, while Rsg alone increased DGAT1 in the 
same group (Fig. 6g). Taken together, these results suggest 
that Rsg treatment throughout T. cruzi infection favors the 
expression of both lipolytic and lipogenic enzymes, resulting 
in a partial improvement of adipocyte size and diminished 

Fig. 6   Evaluation of effects on adipose tissue of PPAR-γ ago-
nist treatment during infection. a  Control (Co) and infected mice 
(Tc) were treated with the PPAR-γ agonists rosiglitazone (Rsg) and 
15-deoxy-Δ12,14-prostaglandin J2 (PGJ) during acute infection. 
After 17  dpi, mice were sacrificed, adipose tissue extracted and 
used for histopathological examination or RT-qPCR. Quantifica-
tion of b adipocyte area and c inflammatory infiltrate area by image 
analysis. mRNA was extracted from EAT and quantitative real-time 
RT-PCR was performed for: d transcription factors PPAR-γ and C/

EBPβ in adipocytes; c, e  adipokines adiponectin, leptin, IL-6 TNF-
α; d, f lipolytic enzymes hormone-sensitive lipase (HSL) and adipose 
triglyceride lipase (ATGL); e,  g lipogenic enzymes fatty acid syn-
thase (FAS), lipoprotein lipase (LPL) and diglyceride acyltransferase 
1 and 2 (DGAT) in adipocytes. AU arbitrary units. Data correspond 
to mean ± SEM of five mice/group (one representative of three inde-
pendent sets of experiments). *p < 0.05. #p < 0.05 respect to corre-
sponding Co group
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inflammatory infiltrates, thus favoring the restoration of the 
metabolic homeostasis of adipocyte.

Discussion

Herein, we demonstrated that experimental T. cruzi infec-
tion affects WAT homeostasis and adipocyte functionality. 
During T. cruzi infection, we observed a markedly cata-
bolic situation, with loss of AT and adipocyte atrophy, 
implying an increased lipolysis rate, probably triggered 
by inflammatory mediators. TNF have been described as 
a main promoter of lipolysis and coincidentally C57BL/6-
infected mice display higher tissue and circulating levels 
of this cytokine [25, 28, 40]. One mechanism proposed 
for this effect is that TNF promotes perilipin phosphoryla-
tion, and consequently accelerates lipid hydrolysis [41]. 
Nevertheless, we previously showed that infected mice in 
which TNF signalling is totally blocked (TNF-R(1+2)KO 
mice) develop a clear clinic affectation [42]. Considering 
our reports here indicating that infected TNF-R(1+2)KO 
mice loss AT mass at a similar level that infected Co ones, 
we speculated that AT loss may be also caused synergis-
tically by other factors such as IL-1β or IL-6, which are 
also strongly elevated in infected mice [42–45]. Moreo-
ver, since stress response is activated in T. cruzi-infected 
C57BL/6 mice [46, 47], the release of catecholamines 
in situ might also synergize the lipolytic effect [48].

Contrary to what was expected, the expression of 
the main lipolytic enzymes was sharply downregulated 
in vivo (as seen in Figs. 2e, 3e). Additionally, cultured 
3T3-L1 adipocytes showed the same pattern when exposed 
to plasma of infected mice that carried factors released 
by immune response against T. cruzi or infected in the 
absence of host-released immune mediators (as seen 
in Figs. 4e, 5c). Furthermore, since TNF was shown to 
downregulate the expression of ATGL and HSL possibly 
due to PPAR-γ inhibition [49–51], it can be speculated 
that TNF may be responsible, in part, for ATGL and HSL 
decreased expression during in vivo T. cruzi infection. The 
fall in the expression of both lipolytic enzyme genes may 
be the result of a clear establishment of infection (high 
parasitemia and clinic involvement); since differing from 
our results, Nagajyothi et al. [31] found an increase of 
HSL by western blot at an early infection phase, before 
the appearance of the parasite in blood and clinical signs 
of infection, while ATGL expression is sharply depressed. 
Nevertheless, independently of HSL levels, the loss of 
ATGL expression might be difficult the first step of the 
lipolytic pathway, causing the diminution of diacylglyc-
erol, the substrate of HSL.

In vivo T. cruzi infection also affects profoundly the 
expression of enzymes involved in lipogenesis, suggesting 

that critical steps in the triglyceride synthesis are com-
promised. In addition, the mRNA of DGAT2, enzyme 
that catalyzes the final and critical step in the triglyc-
eride deposition within adipocytes, is also significantly 
reduced in vitro. These findings indicate that the decrease 
in adipocyte size may reflect their inability to store 
lipids. Additionally, triglyceride store diminution may 
be a consequence of reduced the novo fatty acid synthe-
sis or a decrease in their intake, phenomena which may 
be strongly influenced by FAS and LPL downregulation. 
In fact, hypertriglyceridemia observed in infected mice 
may be the result of lipogenic pathway dysfunction and 
the consequent AT inability to store lipids, decreasing 
its clearance. Although there are no other publications 
evaluating the effect of T. cruzi infection on FAS and 
DGAT, comparable results have been observed in diverse 
infections and endotoxemia models [52–55]. Strikingly, 
Nagajyothi et al. [31] showed in a murine model of T. 
cruzi infection, an enhancement of LPL protein in the pre-
parasitemic phase, suggesting that the kinetic of infection 
may influence enzyme expression. Moreover, we cannot 
also rule out the possibility that the use of different strains 
of mice and parasite (CD1 and Brazil, respectively) can 
be involved in these differences. Thus, the downregulation 
of lipogenic enzymes, and the consequent dysfunction of 
the anabolic pathway, may be the result of an inhibitory 
action mediated by inflammatory cytokines such as TNF, 
IL-6 or IL-1β [56–59].

Overall, these results suggest that there is an imbalance 
between the lipolysis/lipogenesis rate. While lipolysis does 
not seem to be increased, there is a decrease in lipogenesis, 
so the inability of adipocytes to store fatty acids seems to be 
the main cause of AT atrophy. We can rule out that the loss 
of AT could be also partly due to the death of adipocytes 
because of the lysis caused by the intracellular parasite rep-
lication, by severe PPAR-γ downregulation [16] as well as 
by apoptotic signal triggered by the inflammatory response.

T. cruzi-derived molecules such as glycoinositolphospho-
lipids (GPI) anchors and DNA can induce pro-inflammatory 
cytokine production in innate immune cells by stimulation 
of several Toll-like receptors (TLR), such as TLR-9, TLR-2 
and TLR-4 [60, 61]. On the other hand, other series of stud-
ies showed that adipocytes express a wide range of TLRs 
and that their stimulation leads to the establishment of an 
inflammatory phenotype with production of IL-6 and TNF 
[62–66]. In this regard, Nagajyothi and co-workers [31, 67] 
found an upregulation of TLR-2, -4 and -9 in 3T3-L1 adipo-
cytes and AT of mice infected with T. cruzi. Since we found 
an upregulation of IL-6 and TNF when adipocytes were 
infected in vitro, it may be speculated that TLR stimulation 
by T. cruzi induces the release of these cytokines, further 
inhibiting the expression of DAGT, ATGL and adiponectin 
in an autocrine/paracrine manner. Furthermore, given that 
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PPAR-γ is necessary for the maintenance of mature adipo-
cyte phenotype [13–15], their noticeably in vivo downregu-
lation appears to be responsible for the loss of expression 
of metabolic enzymes as well as adipokines and leading to 
the acquisition of an inflammatory phenotype defined by 
the secretion of TNF and IL-6. Reinforcing our results, a 
previous work dealing with cultured adipocytes infected 
with Tulahuén strain also showed an infection-associated 
diminution in the expression of PPAR-γ [67]. Strikingly, an 
enhancement in PPAR-γ protein and mRNA was reported 
in WAT during the pre-parasitic phase of T. cruzi infection 
[31], suggesting that PPAR-γ early activation constitutes a 
rapid response to inflammation. Nevertheless, our results 
showed that PPAR-γ expression seems to be actively inhib-
ited when the acute phase becomes symptomatic and the 
parasite and pro-inflammatory immune mediators are clearly 
evidenced in blood.

Additionally, the clear decrease in factors that coun-
ter-regulate the inflammatory response in the AT, such 
as PPAR-γ, adiponectin and regulatory T cells, allow the 
establishment of severe inflammation during T. cruzi infec-
tion. In models of insulin resistance, PPAR-γ downregula-
tion was shown to promote an increase in the proportion of 
M1-inflammatory macrophages infiltrating the AT; while its 
activation inhibited the release of inflammatory mediators 
[68, 69]. Coincidentally, macrophage and T-cell proportions 
were predominant in the AT of infected mice. Moreover, 
the expression of PPAR-γ in these infiltrating cells follow-
ing isolation was clearly downregulated (as seen in Fig. 3a), 
indicating the prevalence of an inflammatory phenotype. 
Also, adiponectin decrease may favor inflammation, weak-
ening the proportion of Tregs, as shown in adverse metabolic 
or autoimmune dysregulated contexts [70, 71]. In line with 
our results, adiponectin decrease seems to be a common 
feature of T. cruzi in vivo and in vitro infection models, 
indicating that is one of the most affected anti-inflammatory 
factors [29, 31, 67].

The beneficial effects of PPAR-γ agonist administration 
in inflammatory contexts have been well documented, espe-
cially regarding their inhibitory actions on pro-inflamma-
tory cytokine secretion [72]. In fact, the protective role of 
PPAR-γ agonists in acute T. cruzi infection has been previ-
ously evaluated at cardiac tissue level and these findings 
suggested that they have antiflogistic effects [73–75]. Thus, 
we hypothesized that inducing PPAR-γ expression and acti-
vation using endogenous or synthetic agonists will act to 
reduce AT inflammation, therefore, improving lipid storage 
and consequently preventing adipocyte atrophy. Both ago-
nists failed to counteract the expression of pro-inflammatory 
cytokines in infected animals; however, the inflammatory 
infiltrate was markedly reduced. Nevertheless, we would 
like to mention that both Rsg and PGJ exerted the expected 
effects in AT of control healthy animals. PPAR-γ can favor 

lipid storage in AT by stimulating lipogenic enzyme expres-
sion [76–80], a mechanism that may be the responsible for 
the weight gain observed after agonist treatment in animals 
and humans [36, 37]. Interestingly, even though Rsg failed to 
effectively counteract the inflammatory cytokine production 
or restore PPAR-γ expression, it did restore the expression 
of the lipolytic enzymes ATGL and HSL, and the lipogenic 
enzymes FAS and DGAT1. Overall, these results point out 
that agonist treatment partially reversed some of the met-
abolic imbalances found in AT of infected mice but was 
unable to efficiently control the inflammation at this level, 
suggesting a dissociation between PPAR-γ-mediated inflam-
matory and metabolic actions during infection.

The course of an infectious process has traditionally 
been regarded as the result of a host–parasite relationship 
in which defensive mechanisms, mostly immune-mediated, 
exerted a major role in pathogen resistance. Fruitful as 
it was, it is becoming clear that a series of non-compet-
ing processes, partly related to the immune response and 
microorganism presence also account for infection course 
and/or disease morbidity. Results from the present work 
indicate that experimental acute T. cruzi infection dis-
rupts both adipocyte catabolic and anabolic metabolism 
secondary to PPAR-γ robust downregulation, tipping the 
balance towards to an adverse status compatible with the 
AT atrophy and the acquisition of an inflammatory pheno-
type. These severe metabolic alterations are much likely 
to affect the energetic demands dealing with the parasite 
control and the ensuing disease evolution.
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