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a  b  s  t  r  a  c  t

This  study  investigated  the  effects  of Trypanosoma  cruzi  infection  on pancreatic  morphology  and  glucose
metabolism  at  rest  and  during  exercise.  Wistar  rats  were  randomized  into  control  (CG =  10)  and  infected
(IG  =  10)  groups.  The  IG  animals  were  inoculated  with  T.  cruzi  Y  strain  (300,000  trypomastigotes/50  g).
After  9  weeks,  the  animals  were  subjected  to glucose  (OGTT)  and  insulin  (ITT)  tolerance  tests  and  a
treadmill  running  protocol.  Blood  glucose,  lactate  and time  to  fatigue  were  determined.  After  euthanasia,
the  pancreases  were  removed  for  morphological  and  biochemical  analyses.  The  IG presented  abnormal
glucose  kinetics  in  OGTT  and  a similar  glucose  curve  in ITT compared  to the CG.  During  the  exercise  test,
ancreas
athology
xercise

the IG  showed  anticipation  of time  to fatigue.  At  the  point  of  fatigue,  no difference  was  found  in  blood
glucose  and  lactate  between  the  groups.  There  was  a  significant  correlation  between  lactate  levels  and
the time  to  fatigue.  The  IG  presented  marked  pancreatic  inflammation,  fibrosis  and  protein  oxidation.  The
number of  �  cells  in  the  IG  animals  was  not  reduced.  T. cruzi  infection  impaired  pancreas  morphology  and
glucose metabolism  at  rest  and  during  exercise  in  rats,  which  could  constitute  an  additional  mechanism
in  the  induction  of  exercise  intolerance  in  Chagas’  disease.
ntroduction

Chagas’ disease (ChD) is a neglected illness caused by the intra-
ellular protozoan parasite Trypanosoma cruzi (T. cruzi), which
emains as an important health problem in 18 developing countries
n South and Central America [4,28].  Its main clinical manifesta-
ions are cardiac and/or digestive disturbances, with a prevalence
f about 12–14 million cases worldwide [28].

Although there is sufficient evidence showing that T. cruzi is
ble to spread and infect several organs such as the gonads, kid-
ey, liver and pancreas in humans [30,32] and animals [7,33,34],
hese infection sites have not been researched to the same extent as
ardiac and intestinal manifestations, and thus remain neglected.
ome studies addressed the involvement of the pancreas in ChD

7,30,32–34]. Traditionally, this observation has been based on
vidence of altered glucose and insulin responses after oral glu-
ose tolerance tests in chronic chagasic patients and post-mortem
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histopathological analyses of the pancreas [18,35,37].  Although the
direct pathological and functional repercussions of T. cruzi on the
heart and gut are the primary focus of investigations and inter-
ventions in ChD [4,28],  it is evident that pancreatic infections also
present an important clinical significance in this disease [26,35].
This importance is clear according to the concept of the enteroinsu-
lar axis, considering the interrelationships of pancreatic secretions
and the intestinal tube in several peptidergic routes that participate
in the metabolism of energy substrates [8].  In fact, it has been shown
that patients with the digestive form of chronic Chagas’ disease
frequently present variable degrees of pancreatic morphological
changes and glucose metabolism dysfunctions [18,26]. In addition,
previous studies suggested that chagasic individuals present per-
manently elevated blood glucose levels and a high predisposition
toward the development of type 2 diabetes mellitus (DM2) com-
pared to healthy subjects [18,26,35].

Glucose is an important compound related to exercise per-
formance under healthy and diseased conditions [37]. Clinical
investigations have shown that chagasic subjects present a reduced

functional capacity and exercise tolerance [10,16,17,20].  However,
few studies have evaluated the factors that affect the capacity
to perform physical exercise in patients with ChD, and exercise
intolerance has primarily been associated with changes in the

dx.doi.org/10.1016/j.prp.2012.05.016
http://www.sciencedirect.com/science/journal/03440338
http://www.elsevier.com/locate/prp
mailto:irscosta@ufv.br
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echanical and electrical activities of cardiac and skeletal muscle
issues [10,16,17,20,23]. Currently, several aspects of the pathogen-
sis of exercise intolerance in ChD still need to be clarified. To the
est of our knowledge, up to the present date no studies on humans
r animal models have been carried out to investigate blood glu-
ose levels during exercise in T. cruzi infection. Thus, the present
tudy was designed to investigate the effects of T. cruzi infection on
ancreatic morphology and glucose metabolism at rest and during
xercise and the relationship between these variables and exer-
ise tolerance. We  hypothesized that the dysfunction in glucose
etabolism might be an additional component involved in reduced

xercise tolerance in rats.

aterials and methods

nimals and infection

Twenty 4-month-old male Wistar rats (Rattus norvegicus)  with
n initial weight of 366.25 ± 31.17 g were used in the experiments
nd were provided with a rodent diet (AIN-93M) [29] and water
d libitum. The animals were divided into an uninfected control
roup (CG, n = 10) and an infected group (IG, n = 10) and maintained
nder a controlled environment with a temperature of 22 ± 2 ◦C and
2 h light/dark cycles. The rats of the IG were inoculated intraperi-
oneally with 1 mL  of infected mice blood containing the T. cruzi

 strain (300,000 trypomastigotes/50 g body weight), according to
he method of Martinelli et al. [22]. Infection was  confirmed by
he presence of trypomastigotes in peripheral blood aliquots col-
ected 4 days after inoculation [3].  All animals were euthanized 9

eeks after inoculation by cervical dislocation while under anes-
hesia. The experimental protocols were conducted in accordance
ith the Brazilian College for Animal Experimentation and were

pproved by the Animal Research Ethics Committee of the Federal
niversity of Viç osa, Brazil (protocol 30/2009).

ody mass and underweight

Before being euthanized, the height and weight of the animals
ere measured to determine the body mass and calculate the Lee

ndex. The Lee index is an indicator of underweight, estimated by
he formula 3

√
body mass (g)/snout-anus length (cm) [1].

ancreatic function and insulin tolerance

The oral glucose tolerance test (OGTT) was used to investi-
ate pancreatic function through the insulin response induced by

 glycemic load. Prior to the OGTT, all rats were fasted for 16 h,
lthough water was not restricted. Then, anhydrous glucose was
rally administered to the animals (3 g/kg of body weight) diluted
n 3 mL  distilled water (w/v) with a feeding syringe. Blood samples

ere collected by tail vein puncture at 0 (fasting glucose), 30, 60, 90
nd 120 min  after the glucose load to determine blood glucose via
he glucose oxidase method (OneTouch Ultra®, Johnson & Johnson,
A, USA). The area under the blood glucose response curve (AUC)
as calculated for each animal using the trapezoidal method [27].

Forty-eight hours after OGTT, the insulin tolerance test (ITT)
as performed to investigate the peripheral tolerance to insulin.
efore the ITT, the animals were fasted for 2 h to eliminate any dif-

erences in stomach contents or plasma insulin between the rats.
he rats were injected subcutaneously at the back of the neck with
.5 units/kg insulin (Biochemica, FL, USA), and the blood glucose

as measured at the same times described for the OGTT (0, 30, 60,

0 and 120 min) using the same glucose oxidase method. The ratio
f the glucose decay constant (KITT) was calculated using the for-
ula 0.693/(T1/2), where the T1/2 of plasma glucose was determined
 and Practice 208 (2012) 480– 488 481

from the glucose curve during its phase of linear decay (0–30 min)
[9].

Exercise test protocol and metabolic parameters

Each rat was  subjected to an aerobic running test until fatigue
48 h after the ITT, according to the incremental running protocol
described by Koch and Britton [14]. Prior to the exercise test, the
rats were familiarized with the motor-driven treadmill (Insight
Instruments®, Ribeirão Preto, SP, Brazil) by running at a speed
of 10 m/min  at a 5% inclination for 5 min  per day for 7 consecu-
tive days. This amount of exposure to treadmill running is slightly
below that required to produce metabolic adaptations [14]. The test
was  performed at a constant slope of 5% with a starting speed of
10 m/min. The treadmill velocity was increased by 1 m/min every
2 min, and each rat was  run until fatigued. Fatigue was  defined as
the point at which the animals were no longer able to keep pace
with the treadmill [15]. Immediately before and after the test, the
blood levels of lactate and glucose were measured using reflectance
photometry (Accutrend Lactate®, Roche, Basel, Switzerland) and
glucose oxidase (OneTouch Ultra®, Johnson & Johnson, CA, USA),
respectively. The distance traveled (m)  and time to fatigue (min)
were also recorded.

Protein oxidation, fibrosis

The protein carbonyl content was measured using the 2,4-
dinitrophenylhydrazine (DNPH) procedure [38]. Total protein
levels in the lung tissue were measured using the Bradford method
[2].

For each group, 20 sections of 8 �m thickness stained with Sirius
red and Fast green were used to quantify the amount of collagen
and total protein in pancreatic tissue using a previously described
spectrophotometric method [19]. In this method, the maximal
absorbance of Sirius red (540 nm)  and Fast green (605 nm)  dyes
corresponds to the amount of collagen and non-collagen proteins,
respectively.

Histological processing, histochemistry and
immunohistochemistry

After the animals were euthanized, each pancreas and liver were
removed in totum and placed in histological fixative for 48 h (freshly
prepared 10% (w/v) formaldehyde in 0.1 M phosphate buffer, pH
7.2). Pancreas and liver fragments were dehydrated in ethanol,
cleared in xylol and embedded in paraffin. Blocks were cut into 4
and 8 �m sections and mounted on histological slides. The pancreas
sections were stained by hematoxylin–eosin (H&E), Fast green and
Sirius red for histopathological analysis and aldehyde-fuchsin [11]
and indirect immunoperoxidase to localize the insulin-producing
� cells that were evaluated in the stereological and kariometric
analysis. According to direct peroxidase technique [39], the sec-
tions were subjected to immunohistochemistry using anti-insulin
monoclonal antibodies (lot number A90-117p-4, Bethyl Laboratory,
Montgomery, TX, USA). The optimum dilution of the primary anti-
body was  1:500 and for the secondary antibody conjugated with
peroxidase it was  1:200. The liver sections were stained with the
best carmine method for glycogen [25]. Digital images were cap-
tured using a light microscope (Olympus BX-60®, Tóquio, Japan)
connected to a digital camera (Olympus QColor-3®, Tokyo, Japan).

Histopathology, stereology and karyometry
The inflammatory process was evaluated by determining the
relationship between the total number of polymorphonuclear
(PMN) and mononuclear (MN) cells observed in the pancreas of
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Fig. 1. Representative photomicrographs of the liver from uninfected rats (a, n = 10) and rats infected with Trypanosoma cruzi (b, n = 10). Glycogen cytoplasmic inclusions are
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ndicated by the arrowhead (best carmine method for glycogen; bar = 70 �m).  Obse

ontrol and infected animals [5].  These cells were evaluated in a
est area of 3.4 × 103 �m2 at a magnification of 1000× across five
andom, non-coincident microscopic fields for each animal and a
otal of 170 × 103 �m2 of pancreas tissue for each group [12]. All

orphological analyses were performed using the image analysis
oftware Image Pro-Plus 4.5® (Media Cybernetcs, Silver Spring, MD,
SA).

The stereological parameters analyzed were: (A) the volume
ensity (Vv) of the islets in pancreatic tissue (Vvi) and � cells per

slet (Vvc); (B) the number of � cells per islet area (NAC) and islet
olume (NVC); and (C) the islet volume (Vi). The point-counting
ethod was used to estimate the parameters of item A using

he formula Vv[structure] = PP[structure]/PT, where PP is the number of
oints that hit the structure and PT is the total number of test points
21]. For this analysis, Vvi was estimated using a test system of 200
oints in a standard test area of 73 × 103 �m2 across five random,
on-coincident microscopic fields for each animal and a total of
.6 × 106 �m2 of pancreas tissue for each group. The relationship
etween the number of points of the test system that hit the islet
rofile and those that specifically hit � cells was used to calculate
vc. A total of 100 islet profiles of the pancreas were examined in
rder to estimate items B and C. The Vvi was investigated under a
agnification of 40×,  and the other parameters were determined

nder a magnification of 400×.
The density of � cells per islet profile (NAC, � cells/�m2) was

alculated by dividing the number of nuclei per islet profile by
he mean islet area. The nuclear profiles were counted using the
irect counting method under a magnification of 200×. The islet
rea (Ai) was measured directly using the image contour func-
ion of the Image Pro-Plus 4.5® software (Media Cybernetcs, Silver
pring, MD,  USA). The numerical density of � cells per unit volume
f islet cells (NVC, � cells/�m3) was determined using a physical
issector (d) method. In this method, the distance between look-
p and look-down sections (t) was 3 �m for each pair d. Thus, �
ells seen in lookup in anterior sections but not the look-down sec-
ions were counted (Qn), and the numerical density of islets (NVC)
as estimated as: NVC = Qn/Ai × t, where Ai is the islet area observed
n sections of thickness t (3 �m).  The absolute number of � cells
er islet (N, � cell/islet) was determined by multiplying NVC by the

slet volume. The islet volume (Vi) was calculated using Cavalieri’s
rinciple: Vi = �t  × �Ai [21].
e similar glycogen distribution in uninfected and infected animals.

Sections stained with aldehyde-fuchsin were used for the kary-
ometric study of �-cell nuclei. In the karyometric analysis, 50 �
cell nuclei for each animal were analyzed under a magnification
of 400×. Using a calibrated linear scale, the longest axis (D) and
shortest axis (d) of the � cells were measured. The geometric axis of
the nucleus (Dn) was calculated using the equation Dn = (D × d)1/2.
This parameter was  used to calculate the nuclear volume from the
formula V = �/6 × Dn [31].

In liver sections stained with the carmine method, the volume
density of glycogen cytoplasmic inclusions in the histological area
(Vv[glyc], %) was estimated according to a stereological protocol
previously described [25].

Statistical analysis

The data are presented as the mean ± standard deviation
(mean ± SD). Normal distribution of the data was verified using
the Kolmogorov–Smirnov test. The blood glucose, lactate, protein
carbonyl levels and index of inflammatory processes were com-
pared using the Student’s t-test. Stereological and karyometric data
were compared using the Mann–Whitney U test. The relation-
ship between blood glucose, lactate and total time to fatigue was
assessed by linear regression. A probability of p < 0.05 was  consid-
ered statistically significant.

Results

Body mass, underweight and liver glycogen

No statistical difference was found between the groups for body
mass (CG, 502.17 ± 20.41 g vs. IG, 494.69 ± 31.06 g), Lee index (CG,
311.89 ± 17.93 vs. IG, 300.04 ± 13.21), or the volume density of
glycogen inclusions in the liver tissue (CG, 16.38 ± 4.03% vs. IG,
17.10 ± 5.57%) (Fig. 1).

Pancreatic functioning and insulin tolerance
Animals of the IG presented fasted glucose levels that were sig-
nificantly higher than the CG animals (p < 0.05). In the OGTT, the IG
animals showed high levels of blood glucose at all testing times and
abnormal glucose kinetics compared to the CG. For the IG animals,
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ig. 2. Blood glucose response after the oral glucose tolerance test (OGTT) and ins
n  the OGTT, the area under the glucose curve (AUC) was calculated, and in the ITT
tatistical difference between groups was *p < 0.001.

he increase in blood glucose was prolonged and the glucose decay
as delayed, only occurring after 90 min  (Fig. 2a). The area under

he glucose curve was significantly higher in the IG compared to
he CG (Fig. 2c).

The levels of blood glucose in the ITT were higher in the IG ani-
als during the test compared to the CG animals, with significant

ifference after 30 min  (Fig. 2b). In addition, the glucose decay rate
KITT) in this test was similar between the groups (Fig. 2d).

xercise test protocol and metabolic parameters

Infection with T. cruzi impaired exercise tolerance, with a sig-
ificant reduction in distance traveled and total time to fatigue
ompared to the CG (Fig. 3a and b). Before exercise, the IG animals
resented blood glucose levels that were significantly higher com-
ared to the CG. At this moment in time, there was no significant
ifference between the lactate levels in the IG and CG groups. At the
oint of fatigue, the blood glucose level decreased and the lactate

evel increased compared to the levels at the beginning of the exer-
ise in both groups. However, no statistical differences were found
etween the groups for these variables at the point of fatigue (Fig. 3c
nd d). An inverse and significant correlation was found between
he blood levels of lactate and glucose at the point of fatigue and
etween lactate and total time to fatigue during the exercise test
Fig. 4a–d) in both groups.

istopathological analysis

Histopathological analysis of the heart confirmed the pres-
nce of cardiac infection by amastigote forms of T. cruzi with

ardiomyocyte hypertrophy (Fig. 5b). At the same time, pancre-
tic inflammation was also evident, and vacuolization of acinar
ells was observed along with evidence of cell apoptosis in the IG
Fig. 5g–j). In addition, marked inflammatory infiltrates were found
lerance test (ITT) of rats from control (CG, n = 10) and infected (IG, n = 10) groups.
ucose decay rate (KITT) was determined. The data are expressed as mean ± SD. The

in the exocrine pancreas of IG animals with a dominant perivas-
cular, periductal and periacinar distribution (Fig. 5g and j). The
infiltration of inflammatory cells into pancreatic islets was scarce
(Fig. 5g, h and j).

The number of both MN and PMN  cells was significantly higher
in IG compared to CG (p < 0.05) (Fig. 6a). The IG animals also showed
significantly higher collagen and protein carbonyl contents com-
pared to CG animals (p < 0.05) (Fig. 6b and c).

Stereology and karyometry

The quantitative morphological parameters are shown in
Table 1. No significant differences were found between the groups
for all relative and absolute parameters estimated in the stereolog-
ical analysis. The karyometric variables were significantly reduced
in IG animals compared to CG animals (p < 0.05).

Discussion

In the present study, infection was induced with the T. cruzi Y
strain due to its high virulence and capacity to parasitize several
organs and tissues. Moreover, this strain has also shown evidence of
a similar immune-pathogenic mechanism in humans and rats [24].
Due to the resistance of rats to T. cruzi, a high parasite number was
used in the inoculum to induce infection, which was  confirmed in
all of the IG animals. Our results showed that the inoculum and the
consequential T. cruzi infection were sufficient to induce a marked
dysfunction in glucose kinetics at rest and during exercise and a
reduction in exercise tolerance in the IG animals. Interestingly,
such alterations occurred in the presence of marked morpholog-

ical changes in the exocrine pancreas and minimal changes in the
endocrine pancreas.

Changes in glucose metabolism in ChD have been reported
in human [18,26,35] and animal model of T. cruzi infection [34].
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ig. 3. Spatial, temporal and metabolic parameters of running capacity until the poi
re  expressed as mean ± SD. The statistical difference between the groups was *p < 

vidence has been found showing that the modifications in body
omposition are able to alter the insulin response and consequently

lucose kinetics [9].  Due to the systemic characteristics of ChD, the
ccurrence of anorexia and weight loss are not unusual [36], which
re events that can affect the levels of blood glucose in OGTT and
TT and during exercise. After 9 weeks of infection, no significant

ig. 4. Correlation between the spatial, temporal and metabolic parameters of running ca
 = 10) groups. The correlation data are representative of rats from the control (A and C) an
atigue in rats from the control (CG, n = 10) and infected (IG, n = 10) groups. The data

difference was found in body mass, Lee index, or the volume density
of glycogen inclusions in the liver tissue between IG and CG animals,

a finding that reduced the influence of body mass and changes in
the glycogen stores on the results obtained.

Since the same glucose curves were found in the ITT for both
the IG and CG animals, a dysfunction in glucose kinetics does not

pacity until the point of fatigue in rats from the control (CG, n = 10) and infected (IG,
d infected (B and D) groups. All correlations were statistically significant (p < 0.05).
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Fig. 5. Representative photomicrographs of the ventricular myocardium and pancreas from uninfected rats (a, d, e and f, n = 10) and rats infected with Trypanosoma cruzi
(b,  c, g, h, i and j, n = 10). (a) Myocardial longitudinal section showing a well-organized structure and low cellularity. (b) Cardiac myocytes with increased diameters and
intense  pericellular inflammatory infiltrates (H&E staining, bar = 20 �m).  (c) Amastigote forms of T. cruzi in the myocyte cytoplasm (H&E staining, bar = 10 �m).  The same
pattern  of � cell labeling is shown in panel d (aldehyde-fuchsin histochemistry, bar = 60 �m)  and (e) (insulin immunocytochemistry, bar = 60 �m).  (f) Normal morphology
of  endocrine (islet) and exocrine pancreas (H&E staining, bar = 60 �m).  (g and j) Intense inflammatory infiltrates and disorganization of the exocrine pancreas and minor
inflammatory infiltrates in the pancreatic islets (asterisk) (H&E staining, bar = 100 �m).  (h) Vacuolization and hypochromia of acinar cells (H&E staining, bar = 25 �m).  (I)
Detailed  cell vacuolization, suggesting the occurrence of apoptosis (H&E staining, bar = 15 �m).

Table 1
Stereology of the pancreatic tissue and karyometry of � cell nuclei in rats from control (CG, n = 10) and infected (IG, n = 10) groups.

Parameters Control group Infected group

Vv [islet] (%) 2.920 ± 1.451 2.760 ± 1.370
Vi [�m3] 2,022,648.264 ± 641,182.222 1,727,643.212 ± 759,538.311
Vv  [� cell] (%) 64.690 ± 10.950 60.480 ± 9.300
NAC [� cells/�m2] 0.010 ± 0.005 0.008 ± 0.003
NVC [� cells/�m3] 0.043 ± 0.014 0.034 ± 0.010
N  [� cell/islet] 69,250.763 ± 28,165.934 73,145.215 ± 36,424.107
Nuclei  geometric axis (�m) 7.130 ± 0.530 6.460 ± 0.630*

Nuclei area (�m2) 12.770 ± 1.930 10.520 ± 1.990*

Nuclei volume (�m3) 192.650 ± 44.480 144.790 ± 39.820*

Vv, volume density; NAC, number density per islet area; NVC, number density per islet volume; Vi , islet volume. Data are expressed as mean ± S.D. Statistical difference between
groups (*p < 0.001).
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MN,  polymorphonuclear cells. The data are expressed as mean ± SD. The statistica

eem to be related to the peripheral insulin resistance in T. cruzi
nfection, a finding that was reinforced by the similar glucose decay
ates (KITT) found in both groups. Insulin resistance cannot be disre-
arded in the pathogenesis of glucose metabolism dysfunctions in
hD; however, it has been reported that insulin resistance appears
o be mainly related to the comorbidities associated with ChD, such
s obesity and diabetes mellitus [18,35].

The present study showed for the first time that T. cruzi infec-
ion affects glucose and lactate metabolism during exercise, leading
o a reduction in exercise tolerance. Exercise intolerance has tra-
itionally been related to cardiac dysfunction in chagasic subjects
10,16,17,20]; however, the metabolic mechanisms associated with
xercise intolerance remain poorly understood. It is believed that
mmune-mediated mechanisms and the increase in oxidative stress
riggered by T. cruzi could be associated with exercise intolerance
n ChD. In fact, there is evidence to show that the increased secre-
ions of chemokine MCP-1 induced by T. cruzi are related to muscle
eakness and reduced exercise capacity in chagasic patients [40].

n addition, previous studies showed that T. cruzi infection reduces
he activity of antioxidant enzymes and stimulates the produc-
ion of free radicals, events that cause a dysfunction in the cellular

etabolism of energy via the uncoupling of several enzymatic com-
lexes integrated within the electron transport chain [13,41,42].
owever, whether or not these molecular changes are associated
ith dysfunctions in glucose and lactate metabolism due to T. cruzi

nfection warrants further investigation.
Although no statistical differences were found between the

lood glucose and lactate levels at the end of the exercise test,
eductions in time to fatigue and the distance traveled during the
xercise test were found. In addition, the blood glucose and lac-
ate levels showed an inverse and significant correlation at the end
f the exercise test, similar to those observed between lactate and

otal time to fatigue. These findings suggest that the IG animals
resented a higher energetic expenditure and a more active anaer-
bic metabolism compared to the CG. A lower energetic efficiency
from control (CG, n = 10) and infected (IG, n = 10) groups. MN,  mononuclear cells;
rence between the groups was *p < 0.001.

due to the increased anaerobic metabolism of glucose is proposed
as a mechanism for partially explaining the exercise intolerance
in T. cruzi infection. This mechanism is not unrealistic consider-
ing the possible negative influence of the infection in the electron
transport chain and hence in the aerobic process of energy pro-
duction [13,41,42].  In this context, a previous study showed that
chagasic patients had increased levels of anaerobic metabolism that
were associated with vascular dysfunction, reduced levels of VO2
max, lactate dehydrogenase, citrate synthase and, consequently,
exercise tolerance [23]. Thus, a more glycolytic and less oxidative
glucose metabolism is consistent with an increased production of
lactate and with the anticipation of fatigue point during a pro-
gressive exercise protocol, as used in the present study. However,
there is sufficient evidence that the determination of exercise tol-
erance is multifactorial. Thus, as T. cruzi is able to parasitize and
damage structures such as peripheral nerves and skeletal muscles,
equally important elements in determining the exercise tolerance
[16,17,23,40], we cannot attribute the results exclusively to the
metabolic changes. In this context, the weak correlation between
glucose and lactate levels and time to fatigue indicates that other
organs and tissues should be investigated to improve the knowl-
edge about the pathophysiological mechanism related to exercise
intolerance in Chagas’ disease.

Histopathological evidence of pancreatitis was  observed in the
IG animals. Based on the stereological analysis of the IG, morpho-
logical changes in the exocrine pancreas were more pronounced
compared to those in the endocrine pancreas. However, the kary-
ometric parameters of the � cells in the IG animals were markedly
reduced compared to the CG animals. From a morphological point
of view, in the case of pancreatitis caused by T. cruzi, several other
hypotheses can be used in an attempt to explain the dysfunction
in glucose kinetics, such as hypoinsulinemia caused by insulitis,

chronic inflammation with pancreatic fibrosis and microvas-
cular damage, and parasympathetic denervation of pancreatic
islets with the predominance of sympathetic stimuli [7,26,34,35].
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imilar mechanisms have been described in other severe proto-
oan infections, such as malaria [6,34].  Some studies reported that
ypoinsulinemia caused by the direct disruption of � cells by T. cruzi
ay  be an important mechanism involved in the dysfunction of

lucose metabolism, especially hyperglycemia [18,34]. This mecha-
ism was not supported in the present study because the number of

 cells in the pancreatic islets of IG animals compared to CG animals
as not reduced. However, possible functional changes rather than

tructural defect in insulin-producing cells cannot be excluded.
hus, it is possible that the occurrence of hypoinsulinemia in T. cruzi
nfection was due to a reduction in the glucose-induced release
f insulin by � cells and a failure in the counter-regulation of
ypoglycemia dependent on parasympathetic stimuli [18,26,34].
urthermore, due to the high content of protein carbonyl in pan-
reatic tissue, we cannot rule out the possibility of an endocrine
ancreatic dysfunction secondary to oxidative inhibition of recep-
ors or other proteins that participate in cell signaling pathways.
lthough this mechanism is possible, it must still be proven. In

act, as an abnormal glucose curve in the OGTT was observed in
he present study, it is possible that functional changes in � cells
ould be directly linked to a dysfunction in glucose metabolism
t rest rather than peripheral insulin resistance. As the levels of
nsulin were not investigated these functional changes cannot be
etermined, which was the main limitation of the present study.

Although many hypotheses have been proposed, the phys-
opathological mechanisms of glucose metabolism dysfunctions
n ChD remain poorly understood. This situation is unfortunately

orsened by the shortage of studies on the metabolic repercussions
f T. cruzi infection related to organs other than the heart and gut.
hus, additional studies should be performed to better clarify the
iochemical and molecular basis of glucose metabolism dysfunc-
ions at rest and during exercise in T. cruzi infection. Taken together,
he data obtained from this study allow us to conclude that T.
ruzi infection impaired glucose metabolism at rest and during
xercise in rats, which could constitute an additional mechanism
nderlying the exercise intolerance encountered in ChD. It is impor-
ant to emphasize the fact that as these metabolic changes were
bserved in the absence of pronounced morphological changes of
he pancreatic islets, further studies are required to better charac-
erize the relationship between the endocrine pancreas and glucose

etabolism at rest and during exercise in ChD. Finally, the results
ere important to indicate the need to extend investigations to

ther organs, suggesting that the pancreas may  not be exclusively
nvolved in the metabolic abnormalities observed in T. cruzi infec-
ion.
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