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Summary

Chagas disease, also known as American trypanosomiasis, is a tropical parasitic 
disease caused by the protozoan Trypanosoma cruzi. T. cruzi  targets adipose tissue, 
which serves as a reservoir of this parasite. T. cruzi infection of adipose tissue is 
characterized by increased lipolysis, oxidative stress, and parasitemia. High fat diet 
(HFD) decreases lipolysis and increases the survival rate in the mice infected with T. 
cruzi during acute infection. However, the effect of HFD on oxidative stress in adipose 
tissue has not been examined in detail. In the present study we evaluated the effect 
of HFD on oxidative stress markers in both white and brown adipose tissues (WAT 
and BAT) during acute infection. We used qPCR to examine the mRNA expression 
levels of genes involved in several antioxidant defence systems, such as those acting in 
ROS metabolism, peroxidases, and relevant oxygen transporter genes. The result of 
our study showed that HFD regulates the expression levels of oxidative stress genes 
in adipose tissues and that these effects are often different in WAT and BAT. For 
instance, while HFD down-regulated the levels of most antioxidant genes in both WAT 
and BAT, it differentially affected the expression pattern of genes involved in ROS 
metabolism (e.g. peroxidases) in WAT and BAT tissues of infected mice. Together 
with our previous studies, these findings show that infection and diet both regulate 
antioxidant enzymes and other oxidative stress defenses in mouse adipose tissues 
during acute T. cruzi infection.

INTRODUCTION
Trypanosoma cruzi is an intracellular parasite, which causes 

debilitating Chagasic cardiomyopathy. Currently nearly 100 
million people are at risk of being infected with T. cruzi in Latin 
America [1]; furthermore, the risk of this disease spreading to 
United States, Canada, Europe, and the Western Pacific region is 
increasing due to migration from the T. cruzi endemic regions [2-
5]. 

The transition of traditional Latin American diet to western-
style diet increases the risk of diabetes and obesity in the Chagas 
disease endemic region. This change in lifestyle may influence 
the pathogenesis and outcome of Chagas disease, especially as we 
have demonstrated previously that T. cruzi targets adipose tissue 
during infection and that adipose tissue plays a major role in the 
pathogenesis of Chagas disease [6]. We have also demonstrated 
that fat loss and lipolysis are key factors involved in the 
pathogenesis of heart in Chagas Disease [7]. Interestingly, we 
found that fat content of the diet influences disease progression 
and outcome. For instance, we showed that high fat diet (HFD) 
ameliorated cardiac pathology and increased the survival rate 
of the T. cruzi  infected CD1 mice compared to the infected mice 
fed on a regular diet (RD) [7]. These outcomes were attributed to 

reduced fat cell necrosis and lipolysis in HFD-fed infected mice 
compared to RD-fed infected mice [7]. However, why lipolysis 
affects cardiac pathology and survival in T. cruzi infected mice is 
still not clear.

One well established consequence of lipolysis is increased 
fatty acid oxidation and ROS generation [8], suggesting that 
lipolysis-induced oxidative damage may promote Chagas disease 
pathology. Indeed, it has been shown that T. Cruzi infection causes 
oxidative stress in both the white and brown adipose tissues 
(WAT and BAT) [9]. Furthermore, it has been shown that the 
levels of several antioxidants, including glutathione peroxidase, 
superoxide dismutase and nitric oxide synthase, were reduced 
in the adipose tissues of a murine Chagas model relative to 
uninfected mice, suggesting that higher levels of free radicals 
may be present during acute infection and contribute to disease 
progression [9]. Indeed, we showed that antioxidant depletion by 
T. cruzi infection in adipose tissue increases oxidative stress and 
contributes in the pathogenesis of Chagas disease [9]. 

In the present study we evaluated the effect of different fat 
content in the diet on oxidative stress and antioxidant defence 
genes in different adipose depots (WAT and BAT) during acute T. 
cruzi infection. In particular, we measured glutathione, catalase, 
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peroxidase and nitric oxide synthase systems in WAT and BAT 
from mice fed on either a HFD or RD.

MATERIALS AND METHODS
Ethical approval

All animal experimental protocols were approved by the 
Institutional Animal Care and Use Committee (IACUC) of the 
Albert Einstein College of Medicine (No. 20130202) and the 
Rutgers Biomedical and Health Sciences (No. 15107), and adhere 
to the National Research Council guidelines (Guide for the Care 
and Use of Laboratory Animals: Eighth Edition, Washington, DC: 
The National Academies Press, 2011).

Experimental animal model

The Brazil strain of T. cruzi was maintained by passage in 
C3H/Hej mice (Jackson Laboratories, Bar Harbor, ME). Male CD-1 
mice (Jackson Laboratories) were infected intraperitoneally (i.p.) 
at 8-10 weeks of age with 5x 104 trypomastigotes of the Brazil 
strain (Combs et al, 2005). Mice were maintained on a 12-h light/
dark cycle. Mice, starting at the day of infection, were randomly 
divided into 2 groups (15 per group) and fed on either high fat 
diet (HFD; 60% fat D12492 Research Diets, Inc., New Brunswick, 
NJ) or regular diet (RD, 10% fatD12450 Research Diets, Inc., New 
Brunswick, NJ) [7].

Polymerase chain reaction array

An RT2 Profiler (SA Biosciences, Valencia, CA) custom 
designed PCR array for mouse genes in Oxidative Stress PCR Array 
Data analysis was performed normalized to the expression of 
18sRNA using the DDCT method according to the manufacturer’s 
protocol (SABiosciences) and as previously mentioned [7].

Gene list with NCBI accession number

Gpx1 NM_008160, Gpx2 NM_030677, Gpx3 NM_008161, 
Gpx4 NM_008162, Gpx5 NM_010343, Gpx6 NM_145451, Gpx7 
NM_024198, Gsr NM_010344, Gss NM_008180, Cat NM_009804, 
Alb NM_009654, Prdx1 NM_011034, Prdx2 NM_011563, 
Prdx3 NM_007452, Prdx4 NM_016764, Prdx5 NM_012021, 
Prdx6 NM_007453, CygbNM_030206, Mpo NM_010824, 
Lpo NM_080420, Epx NM_007946, Sod1 NM_011434, Sod2 
NM_013671, Sod3 NM_011435, Txnrd1 NM_015762, Txnrd2 
NM_013711, Txnrd3 NM_153162, Ccl5 NM_013653, Il19 
NM_001009940, Il22 NM_016971, Nos2 NM_010927, Nox1 
NM_172203, Nox4 NM_015760, Scd1 NM_009127, 

STATISTICAL ANALYSIS
Data were pooled and statistical analysis was performed 

using a Student’s t-test (Microsoft Excel) as appropriate and 
significance differences were determined as p values between < 
0.05 and < 0.005 as appropriate. Gene array analyses were done 
in duplicates as described earlier.

RESULTS AND DISCUSSION
T. cruzi infection and HFD alters mRNA levels of 
glutathione system enzymes in the adipose tissue

It has been shown that in response to acute T. cruzi 
infection, the host up-regulates glutathione antioxidant defence 
by overexpressing glutathione peroxidase (GPx), glutathione 
reductase (GSR), and glutathione synthetase (GSS) [10]. GPx 

protects cells from the H2O2 induced oxidative stress and limits 
free radical formation. The GPx reaction is coupled to GSR, which 
maintains reduced glutathione (GSH) levels [11]. Earlier we 
have demonstrated that Gpx mRNA levels decrease in BAT and 
increase in WAT during acute T. cruzi infection in CD1 mice fed on 
a chow diet [9]. Here we analyzed the effect of a HFD on the mRNA 
levels of GPx, GSR, and GSS in WAT and BAT of T. cruzi infected 
mice by qPCR compared to feeding a RD. In WAT, HFD drastically 
decreased the mRNA levels of all examined isoforms of GPx, 
except GPx3 (Figure 1A). In BAT, only GPx 1, 3 and 4 isoforms 
were significantly decreased by HFD, while other isoforms, like 
GPx 2, 5, 6 and 7, were significantly increased compared to RD 
infected mice (Figure 1B). We found no significant difference in 
the mRNA levels of GSR in WAT samples of infected mice fed on 
HFD (Figure 1C). However, the GSR levels significantly decreased 
in BAT in infected mice fed on HFD compared to RD (Figure 1D). 
Finally, the mRNA levels of GSS significantly decreased in both 
the WAT and BAT of infected mice fed on a HFD compared to RD 
fed infected mice (Figure 1E,1F). The qPCR analysis data suggest 
that T. cruzi infection reduces, and HFD further decreases, the 
activation of glutathione antioxidant system in white and brown 
adipose tissues during acute T. cruzi infection. Earlier we have 
shown that GPX5 is significantly reduced in the adipose tissues of 
T. cruzi infected mice fed on a chow diet [9]. However, the above 
data demonstrate that diet influences the glutathione oxido-
reductive system during infection. HFD regulates glutathione 
peroxidase expression in mice as reported by Sekine et al., which 
has a synergistic effect on GPx expression during T. cruzi infection 
[12]. 

T. cruzi infection and HFD regulates mRNA levels of 
catalase and albumin in the adipose tissue 

We have previously shown that T. cruzi infection causes 
oxidative stress and results in the accumulation of intracellular 
free radicals in adipose tissue in a murine Chagas model [9]. 
Here we analyzed the effect of HFD on the expression levels of 
antioxidant enzyme catalase (Cat), which protects cells against 
free radical induced toxicity and whose deficiency leads to 
the accumulation of H2O2 and other highly reactive hydroxyl 
radicals [13]. qPCR analysis demonstrated that HFD significantly 
reduced the mRNA levels of catalase in both the WAT (Figure 
2A) and BAT (Figure 2B) compared to RD during acute T. cruzi 
infection, suggesting that HFD further reduces catalase levels 
during infection. Catalase expression in adipose tissue is mainly 
regulated by PPAR-g [14]. We have earlier demonstrated that 
PPAR-g decreases in the adipose tissues of T. cruzi infected mice 
[7]. It has been shown that antioxidant catalase rescues against 
HFD-induced cardiac dysfunction in mice [15]. This suggests 
that reduced catalase levels during infection may responsible 
for the cardiac pathogenesis during acute T. cruzi infection. We 
also analyzed the effect of HFD during infection on albumin (Alb), 
which is the most abundant circulating protein in the plasma 
and has important antioxidant properties [16]. Pereira et al, 
showed that T. cruzi infection alters Alb level [17]. We found 
that HFD drastically decreases the mRNA levels of Alb in WAT 
(Figure 2C) but, surprisingly, increases Alb mRNA in BAT (Figure 
2D) compared to RD fed infected mice. This suggests that HFD 
has a differential effect on Albumin in WAT and BAT. Adipose 
tissue expresses Albumin and hypoalbumin is associated with 
inflammation and oxidative stress [18,19]. 
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Figure 1 T. cruzi infection and HFD synergistically alter glutathione signalling system in different adipose tissues. The qPCR analysis 
data suggest that infection reduces mRNA level of genes involved in glutathione system and HFD further decreases the activation of glutathione 
antioxidant system in the adipose tissues during acute T. cruzi infection. P ≤ 0.005, represented by black stars. Bars represent mean values of the 
data with Standard Error of the mean (SEM) as vertical lines. RD - regular diet; HFD-high fat diet.

Alteration in peroxiredoxins and cytoglobin signalling 
by HFD in T. cruzi infected mice

Peroxiredoxins (Prdx) are members of a ubiquitous family 
of cysteine-dependent peroxidase enzymes that play important 
roles in regulating peroxide levels within cells. They have 
cytoprotective functions against intracellular and extracellular 
reactive oxygen species (ROS) and reactive nitrogen species 
(RNS) [20]. Our qPCR analysis demonstrated a significant down 
regulation of various isoforms of Prdx (Prdx 2, 3, 4, 5, & 6) mRNA 
levels in both WAT (Figure 3A) and BAT (Figure 3B) of infected 
mice fed on a HFD compared to RD, except Prdx1. It has been 
demonstrated that Peroxiredoxin 3 regulates adipocyte oxidative 
stress, mitochondrial biogenesis, and adipokine expression [21]. 
We also measured the mRNA levels of cytoglobin (CygB), an 
antioxidant protein expressed in tissues as part of the defense 
against oxidative stress [22]. Interestingly, HFD increased CygB 
mRNA levels 13-fold in WAT and decreased them 13-fold in BAT 
compared to RD fed infected mice (Figure 3C,3D). Thus far, the 
exact mechanism of CygB function in WAT and BAT is not known. 
However, HFD has shown to reduce the levels of CygB in mice 
with time [23]. 

HFD changes peroxidase signalling in the adipose 
tissue of T. cruzi infected mice

Previously, Dhiman et al., demonstrated that T. cruzi 
infection leads to myeloperoxidase (MPO) mediated activation of 

neutrophils and causes oxidative and nitrosative stress in Chagas 
patients [24]. Treatments that down-regulate the activity of 
MPO have been suggested as therapeutic strategies for chagasic 
cardiomyopathic patients [24]. Here we measured the mRNA 
levels of various peroxidases, including MPO, lactoperoxidase 
and eosinophil peroxidase in the different adipose tissue depots. 
MPO levels significantly increases (4-fold) in the WAT and 
significantly decreased (2.5-fold) in the BAT of infected mice fed 
on a HFD compared to RD (Figure 4A,4B). Lactoperoxidase (Lpo) 
is one of the family members of heme peroxidases - a family of 
peroxidases involved in the production of strong oxidants which 
act as a shield against pathogenic bacteria, fungi or parasites [25]. 
HFD significantly down-regulated the expression of Lpo in both 
WAT (Figure 4C) and BAT (Figure 4D) compared to RD. Another 
peroxidase, Eosinophil peroxidase (Epx) was significantly 
decreased in both WAT (Figure 4E) and BAT (Figure 4F) (40- and 
3-fold, respectively) of the T. cruzi infected mice fed on a HFD 
compared to RD. Epx is usually released to the site of parasitic 
infection for active killing of protozoans and has been shown to be 
involved in the formation of cytotoxic oxidants in various disease 
models [26]. Earlier we have shown an increased Epx levels in 
the WAT of T. cruzi infected mice fed on a chow diet compared 
to the uninfected mice [9]. Even though, the levels of Lpo and 
dEpx are significantly greater in the infected mice compared to 
the uninfected mice fed on a HFD, their levels were significantly 
lower compared to the infected mice fed on a RD in both the WAT 
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Figure 2 Diet regulates mRNA levels of catalase and albumin in the adipose tissues of T. cruzi infected CD1 mice. qPCR analysis demonstrated 
that HFD significantly reduces the mRNA levels of catalase in both the WAT (Figure 2A) and BAT (Figure 2B) compared to RD in acute T. cruzi 
infection. HFD drastically decreases the mRNA levels of Alb in WAT (Figure 2C) and increases in BAT (Figure 2D) compared to RD fed infected 
mice. P ≤ 0.005, represented by black stars.  Bars represent mean values of the data with Standard Error of the mean (SEM) as vertical lines.  RD - 
regular diet; HFD-high fat diet.

Figure 3 Alteration in the mRNA levels of genes involved in peroxiredoxins and cytoglobin levels in the adipose tissues during acute T. 
cruzi infection. Study at mRNA level by qPCR analysis demonstrated a significant down regulation of various isoforms of Prdx (Prdx 2, 3, 4, 5, & 6) 
mRNA levels in both the WAT (Figure 3A) and BAT (Figure 3B) of infected mice fed on a HFD compared to RD, except Prdx1. HFD increases CygB 
mRNA levels to 10 fold in the WAT and decreases to 100 fold in the BAT compared to RD fed infected mice (Figure 3C and 3D). Bars represent mean 
values of the data with Standard Error of the mean (SEM) as vertical lines.  RD - regular diet; HFD-high fat diet.

and BAT. Together, these results indicate that HFD regulates the 
levels of several peroxidases involved in host defence against T. 
cruzi.

Modulation of superoxide and thioredoxin signalling 
by HFD during acute T. cruzi infection

Superoxide dismutase (Sod) is an antioxidant enzyme that 
plays an important role in protecting cells from oxidative insults 

by reducing superoxide anions to hydrogen peroxide. T. cruzi 
infection causes oxidative stress, which acts as an inflammatory 
mediator, and Sod is induced concomitantly with pro inflammatory 
cytokines to rescue infected cells/tissues from oxidative damage 
[27,28]. We analyzed various isoforms of Sod (Sod 1, 2 and 3) 
by qPCR during acute T. cruzi infection in a murine Chagas 
disease model. HFD significantly decreased the mRNA levels of 
Sod in both WAT (Figure 5A) and BAT (Figure 5B) compared to 
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Figure 4 HFD changes peroxidase levels in the adipose tissue of T. cruzi infected mice. qPCR analysis of MPO gene showed that it was 
significantly increased (4-fold) in the WAT and significantly decreased (2.5-fold) in the BAT of infected mice fed on a HFD compared to RD (Figure 
4A,4B). HFD significantly down regulated the expression of Lpo in both the WAT (Figure 4C) and BAT (Figure 4D) during acute infection in mice 
compared to feeding with RD.  Epx significantly decreased in both the  WAT (Figure 4E) and BAT (Figure 4F)  (40- and 3-fold, respectively) of the 
T. cruzi infected mice fed on a HFD compared to RD. Bars represent mean values of the data with Standard Error of the mean (SEM) as vertical lines.  
RD - regular diet; HFD-high fat diet.

Figure 5 Modulation of superoxide and thioredoxin system signalling in the adipose tissue with diet during acute T. cruzi infection. HFD 
significantly decreased the mRNA levels of Sod in both the WAT (Figure 5A) and BAT (Figure 5B) when compared to infected RD fed mice (except 
Sod3 in the WAT). The levels of Txnrd 2 and 3 significantly decreases in both the WAT and BAT of the infected mice fed on a HFD compared to RD 
(Figure 5C,5D).  Bars represent mean values of the data with Standard Error of the mean (SEM) as vertical lines.  RD - regular diet; HFD-high fat diet.
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infected RD fed mice (except Sod3 in the WAT). Decreased Sod 
in adipose tissue is associated with an increased perivascular 
adipose tissue dysfunction in HFD fed mice [29]. HFD has shown 
to decrease the levels of Sod and increase oxidative stress in mice 
[30] which backs our observation. Thioredoxin system (Txn) is 
one of the oxidative stress scavenging systems that protect cells 
by reducing ROS and maintaining the intracellular redox state 
[31]. Thioredoxin reductase (Txnrd) is an important part of the 
Txn system [32], which plays a major role in maintaining the 
cellular redox state. We assessed the levels of all three isoforms 
of Txnrd: cytosolic (Txnrd 1), mitochondrial (Txnrd 2) and testis-
specific thioredoxin reductase (Txnrd3) in the adipose tissues 
of the infected mice fed on either a HFD or RD. The levels of 
Txnrd 2 and 3 significantly decreased in both WAT and BAT of 
the infected mice fed on a HFD compared to RD (Figure 5C,5D). 
Our qPCR data provides the evidence that T. cruzi infection and 
HFD synergistically alter the Txn system in the different depots 
of adipose tissues. Txnrd 1 suppresses adipocyte differentiation 
and insulin responsiveness, which supports our observation that 
acute T. cruzi infection reduces fat anabolism [10,33].

Diet regulates NO and NOX signalling in T. cruzi 
infected adipose tissues

Inducible nitric oxide synthase 2 (iNOS2) produces nitric 

oxide (NO), which plays a prominent role in controlling 
early murine T. cruzi  infection [34-36]. Our qPCR analysis 
demonstrated a significant down-regulation of NOS2 in both 
types of adipose tissue (WAT and BAT) of the infected mice fed 
on a HFD compared to a RD (Figure 6A,6B). Also, T. cruzi infection 
activates NADPH oxidase (Nox) in mice and causes an oxidative 
burst, inflammatory cell proliferation, and cytokine production 
[37]. Nox activation results in the production of high amount of 
ROS, which act as primary defensive barrier against infection 
[38]. We found that HFD caused a significant down-regulation of 
Nox1 and Nox4 (approximately 3.5- and 2-fold, respectively) in 
the WAT of the infected mice compared to RD (Figure 6C). mRNA 
levels of Nox1 were not significantly altered in the BAT (Figure 
6D) of the infected mice fed on either a HFD or RD. However, 
Nox4 levels significantly decreased in WAT (Figure 6E) and 
increased in the BAT (Figure 6F) in the infected mice fed on a 
HFD compared to RD. Earlier we have demonstrated that T. cruzi  
acute infection in WAT of CD1 mice fed on a chow diet increases 
Nox and decreases Nos2. Here also, we observed a similar result 
that HFD significantly reduces Nos2 mRNA levels compared to 
RD during acute infection in WAT as well as in BAT. Together, 
these results indicate that HFD prevents the formation of Nos2 
which could control early murine T. cruzi infection [34-36].

Figure 6 Diets differentially regulate T. cruzi infection induced nitrosative stress in different adipose depots during T. cruzi infection. 
qPCR study showed down regulation expression of Nox1 and Nox4 approximately 3.5 and 2 folds respectively, in the WAT of the infected mice 
(Figure 6C) on HFD compared to RD. mRNA levels of Nox1 significantly does not alter in the BAT (Figure 6D) of the infected mice fed on either 
an HFD or RD. However, Nox4 levels significantly decreases on HFD in WAT (Figure 6E) but it is reverse in the case of BAT (Figure 6F), as it is 
increased on HFD when compared to RD infected mice. Bars represent mean values of the data with Standard Error of the mean (SEM) as vertical 
lines.  RD - regular diet; HFD-high fat diet.
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HFD alters MUFA signalling in T. cruzi infected adipose 
tissue

Stearoyl coenzyme A desaturase (Scd1) is an iron-containing 
enzyme that catalyzes a rate-limiting step in the synthesis of 
unsaturated fatty acids, including monounsaturated fatty acids 
(MUFA), which are the major lipids in tissues. Any alterations 
in Scd1 levels significantly alter the steady lipid profile and 
have a drastic impact on cellular functions by mediating diverse 
inflammatory stresses [39]. Our qPCR analysis showed that HFD 
significantly decreased the level of Scd1 in both WAT (3-fold) 
(Figure 7A) and BAT (17-fold) (Figure 7B) compared to RD fed 
infected mice. It has been previously shown that Scd1 deficiency 
has beneficial effect in WAT from inflammatory insult caused by 
HFD [40], in our study the highly decreased levels of Scd1 may 
have protective role in the adipose tissues of the T. cruzi infected 
mice from inflammatory stress. Future studies are required to 
clarify the exact mechanism and role of Scd1 in adipose tissues 
during infection.

We previously showed that acute T. cruzi infection significantly 
increases oxidative stress and inflammation in the adipose tissues 
of the infected mice [10]. In this manuscript we report the effect 
of HFD on oxidative and nitrosative stresses and inflammatory 
markers in different depots of the adipose tissues during acute 
T. cruzi infection. Our results indicate that HFD further worsens 
the oxidative stress induced pathogenesis in adipose tissue by 
significantly reducing the expression levels of anti-oxidant genes. 
Suppressing inflammation and anti-oxidant levels may help the 
parasites stay within the adipose tissue during acute infection 
and escape the host immune attack. The differences in the mRNA 
levels of the oxidant and anti-oxidant genes between the WAT 
and BAT during infection in a murine Chagas model fed on either 
a HFD or RD may be due to the variations in the mitochondrial 
oxidation levels in these tissues. 

CONCLUSION
Adipose tissue undergoes oxidative and nitrosative stress 

during acute T. cruzi infection. HFD increases parasite load in 
the adipose tissues which could alter the levels of oxidative and 
nitrosative stresses during acute infection. HFD further amplifies 
the pathological state of adipose tissue by expressing lower levels 
of many stress and antioxidant defence genes (ROS metabolism, 
peroxidases genes and relevant oxygen transporter genes) in both 
the WAT and BAT. Our study demonstrated the redox condition 

of the different adipose depots when fed on a HFD or RD during 
acute T. cruzi infection, which helps understand the pathological 
status of these tissues during infection. In conclusion, we showed 
that HFD reduces oxidative and nitrosative stresses during acute 
infection and thus may facilitate the parasite survival in adipose 
tissues during acute infection. Further studies are required to 
understand the specific mechanisms involved in the role of diet 
in regulating antioxidant and oxidative stress in acute T. cruzi 
infected adipose tissue.
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