
Nutritional leucine supplementation attenuates
cardiac failure in tumour-bearing cachectic animals

Aline Tatiane Toneto1,3, Luiz Alberto Ferreira Ramos2, Emilianne Miguel Salomão1, Rebeka Tomasin1, Miguel Arcanjo
Aereas2 & Maria Cristina Cintra Gomes-Marcondes1*

1Laboratory of Nutrition and Cancer, Department of Structural and Functional Biology, Institute of Biology, State University of Campinas, Campinas, 13083-970, São Paulo,
Brazil; 2Laboratory of Electrocardiography and Hemodynamic, Department of Structural and Functional Biology, Institute of Biology, State University of Campinas,
Campinas13083-970São Paulo, Brazil; 3Faculty of Biomedical Sciences, Metrocamp College-IBMEC Group, 13035-270, Campinas, SP, Brazil

Abstract

Background The condition known as cachexia presents in most patients with malignant tumours, leading to a poor quality of
life and premature death. Although the cancer-cachexia state primarily affects skeletal muscle, possible damage in the cardiac
muscle remains to be better characterized and elucidated. Leucine, which is a branched chain amino acid, is very useful for
preserving lean body mass. Thus, this amino acid has been studied as a coadjuvant therapy in cachectic cancer patients,
but whether this treatment attenuates the effects of cachexia and improves cardiac function remains poorly understood.
Therefore, using an experimental cancer-cachexia model, we evaluated whether leucine supplementation ameliorates
cachexia in the heart.

Methods Male Wistar rats were fed either a leucine-rich or a normoprotein diet and implanted or not with subcutaneous
Walker-256 carcinoma. During the cachectic stage (approximately 21 days after tumour implantation), when the tumour mass
was greater than 10% of body weight, the rats were subjected to an electrocardiogram analysis to evaluate the heart rate,
QT-c, and T wave amplitude. The myocardial tissues were assayed for proteolytic enzymes (chymotrypsin, alkaline phospha-
tase, cathepsin, and calpain), cardiomyopathy biomarkers (myeloperoxidase, tissue inhibitor of metalloproteinases, and total
plasminogen activator inhibitor 1), and caspase-8, -9, -3, and -7 activity.

Results Both groups of tumour-bearing rats, especially the untreated group, had electrocardiography alterations that were
suggestive of ischemia, dilated cardiomyopathy, and sudden death risk. Additionally, the rats in the untreated tumour-bearing
group but not their leucine-supplemented littermates exhibited remarkable increases in chymotrypsin activity and all three
heart failure biomarkers analysed, including an increase in caspase-3 and -7 activity.

Conclusions Our data suggest that a leucine-rich diet could modulate heart damage, cardiomyocyte proteolysis, and apoptosis
driven by cancer-cachexia. Further studies must be conducted to elucidate leucine’s mechanisms of action, which potentially
includes the modulation of the heart’s inflammatory process.
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Background

Cancer-cachexia is a complex syndrome that is characterized
by inflammation, involuntary body weight loss, and adipose
and muscle tissue wasting and leads to premature death.1,2

In this multifactorial state, the development of anorexia,
early satiety, asthenia, weakness, and anaemia are commonly

noticed, as well as changes in the metabolism of carbohy-
drates, fats, and proteins.3 Moreover, the cachectic state
could be the main determinant of the reduced the quality
and lifetime of these cancer patients.4–6 Anorexia and catab-
olism, which are promoted by the presence of tumours, are
the main factors that lead to the state of cachexia,3 which
can also be caused by cytokines produced by tumours or
released by the host immune system in response to the
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effects of cancer, which promote lipolysis and proteolysis in
these patients.7

While observations of death in cancer patients related to car-
diovascular insufficiency are not new,8 studies have only recently
focused on how cachexia is responsible for or contributes to
cardiac failure. Thus, the alterations in cardiac muscle structure
and metabolism that occur during cancer-cachexia progression
are poorly understood.9,10

Emerging studies provide suggestions concerning how
cancer-induced cachexia might lead to heart damage. TIAN
and colleagues9,11 noted that cachectic mice presented de-
creased contractile cardiac function and heart rate, with con-
comitant increased fibrosis, cardiac atrophy, remodelling, and
the presence of pro-inflammatory cytokines in the heart tissue.
Other studies showed the contribution of proteolysis and
oxidative stress to cancer-cachexia-induced heart damage.10,12

Several processes, rather than protein spoliation itself, might
be involved in the reported cardiac atrophy. Among these pro-
cesses, programmed cell death, or apoptosis, with a general
loss of healthy myocardial tissue, is reported to be increased
in several cardiomyopathies.13–16 This process involves the acti-
vation of caspases and the cleavage of apoptosis regulators,
which could be related to myocardial failure.17,18

The use of biomarkers in association with electrocardio-
graphic information generates more accurate information
regarding cardiac damage.19,20 In the cardiac context,
myeloperoxidase (MPO) is a marker of oxidative stress and in-
flammation. In addition, tissue inhibitor of metalloprotein-
ases 1 (TIMP-1) is linked to pathological tissue remodelling,
and the total plasminogen activator inhibitor 1 (Total PAI-1)
level is related to thrombosis risk and fibrosis. All of these
biomarkers are involved in cardiomyopathies, cardiac dys-
function, ischemia, and heart failure.21,22

Protein synthesis requires an appropriate balance of amino
acids, and some amino acids, especially branched chain amino
acids, are reduced in patients with cancer-cachexia.23 Studies
show the benefits of a semi-purified diet containing a high con-
tent of leucine for biochemical changes related to protein me-
tabolism in the gastrocnemiusmuscle of young tumour-bearing
rats24,25; however, to our knowledge, no studies focused on
whether leucine could contribute to the attenuation of cardiac
spoliation induced by cancer-cachexia. Therefore, this study
aimed to observe the effect of leucine modulation on cardiac
damage and failure in a cancer-cachexia model.

Methods

Animals and diet

Male Wistar rats obtained from the animal facilities at the
State University of Campinas, UNICAMP, Brazil were housed
in collective cages during the entire experimental period.
The animals received food and water ad libitum with

controlled light and darkness (12–12 h), temperature (22
± 2 C), and humidity (50–60%). The semipurified diets were
provided in accordance with AIN-93M from the American In-
stitute of Nutrition.26 The normoprotein diet (C) included
18% protein. The leucine-rich diet (L) contained 18% protein
plus 3% L-leucine24,27 (Table 1).

Tumour implant

The tumour-bearing rats received a subcutaneous injection of
approximately 2.5 × 106 Walker-256 carcinoma cells in a 0.9%
NaCl suspension (0.5mL) in the right flank.25,28 The rats with-
out tumours received a unique injection containing a 0.5mL
NaCl solution (0.9% w/v) without anaesthesia.

The general guidelines of the United Kingdom Co-ordinating
Committee on Cancer Research (UKCCCR, 1998)29 for animal
welfare were followed, and the experimental protocols were
approved by the Institutional Committee for Ethics in Animal
Research (CEEA.IB/UNICAMP, protocol No. 2678-1).

Experimental protocol

The adult rats (90 days old) were distributed into four groups
(n = 5 animals/group) according to tumour implant and nutri-
tional scheme, as follows: control (C) rats fed a control diet,
tumour-bearing rats (W), rats fed a leucine-rich diet (L), and
tumour-bearing rats fed a leucine-rich diet (WL). Body
weights were recorded 3 times/week. Twenty-one days after
tumour implantation (pre-agonic state), the rats were submit-
ted to electrocardiogram measurement and sacrificed via
deep anaesthesia to collect samples from the heart and blood
for biochemical analysis.

Electrocardiogram (ECG)

The rats were anaesthetized (100mg/kg of ketamine
+ 7mg/kg body weight of xylazine, i.m., diluted in a vehicle
solution of 0.9% sodium chloride (saline)), fixed in the supine
position and subjected to ECGs for spontaneous breathing.
Recordings were made with electrodes in the form of hypo-
dermic needles using a computerized four-channel ECG
MLS360/7 ECG Analysis Module (AD Instruments—Australia).
Wave amplitudes were measured in millivolts (mV), and the
durations of the intervals were measured in milliseconds (ms).

Cardiac biomarker analysis

Heart samples

The heart ventricle samples were homogenized with sample
buffer (Multiplex MAP Cell Signalling Buffer, Millipore, USA)
according to the manufacturer’s instructions.
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Analyses of cardiac biomarkers (MPO, TIMP 1, and PAI-1) in
the serum and heart tissue were performed using immuno-
assay kits (Multiplex Map Cell Signalling assay, Millipore)
and fluorescent flow cytometry using Luminex equipment
(Millipore, USA).

Histological analysis

Hearts from additional experimental groups (n = 5 per group)
were rapidly excised, and a portion of the ventricles were
fixed in 10% neutral-buffered formalin and embedded in
paraffin. Sections with a thickness of 5μm were stained with
HE trichrome and then analysed using light microscopy.

Apoptotic and proteolytic enzymes

Heart tissue caspase activity was determined using a method
described by Koeplinger and colleagues.30 Briefly, heart tissue
samples [after homogenization in sample buffer (20mM Tris,
1mM DTT, 2mM ATP, and 5mM MgCl2)] were incubated for
30min in the dark with 20μM fluorogenic substrate, followed
by fluorescence measurement in a Hidex ChamaleonTM V
plate reader (excitation 355 nM, emission 460 nM). For
caspases 3 and 7, we used the Z-Asp-Glu-Val-Asp-AMC
substrate; for caspase 8 we used the Z-Ile-Glu-Thr-Asp-AMC
substrate; and for caspase 9 we used the Ac-Leu-Glu-His-
Asp-AMC substrate. All substrates were purchased from
AnaSpec (AnaSpec, San Jose, CA, USA).

The myocardiummuscle homogenate was also assessed for
chymotrypsin-like, cathepsin, and calpain enzyme activities.
Chymotrypsin-like activity was evaluated using the substrate
N-Succinyl-Leu-Leu-Val-Tyr-7-Amino-4-Methylcoumarin diluted
in dimethyl sulfoxide (DMSO) and Tris (pH8.0) and assessed
using the fluorometric method with a 360nm excitation
wavelength and a 460nm emission wavelength.31 The activity

of cathepsin was evaluated using a fluorometric method
and the substrate benzyloxycarbonyl-phenylalanine-arginine
4-methyl-7-coumarin amide with a 340 nm excitation wave-
length and a 460 nm emission wavelength.32 Calpain was
measured by incubating the samples in reaction buffer with
casein for 5min, followed by the addition of 5mM CaCl2 and
subsequent reading of the absorbance at 500 nm in a spectro-
photometer, in accordance with colorimetric methodology.32

The total protein content of the heart tissue samples,
which was used to normalize the enzymatic activities, was
determined using the Bradford method with bovine serum
albumin (BSA) as a standard.33

Statistical analysis

The data are expressed as the mean ± SEM. The data were
analysed statistically using two-way ANOVA to determine
the effects of diet and/or tumour growth on heart parame-
ters. Comparisons among the groups were assessed using a
post-hoc Bonferroni multiple comparison test (Graph Pad
Prism software, v3.00 for Windows 98, USA). The results
were considered statistically significant when the P value
was less than 5%.34

Results

Body and heart parameters

In this study, the final body weight decreased, as did the per-
centage of weight and weight gain, in both tumour-bearing
rats (W and LW groups) (Table 1). Thus, the effect of tumour
development was considered very significant (F = 8.83,
P< 0.0001), although diet did not modulate weight loss. No
differences in tumour weight or relative tumour weight
(Table 1) were observed in groups W and LW. We observed

Table 1 Semi-purified diet composition according to AIN-93M

Ingredients* Control Leucine

Cornstarcha 397.5 g 385.5 g
Casein** 200 g 200 g
Dextrina 132 g 122 g
Sugar 100 g 90 g
Cellulose micro fibre 50 g 50 g
Salt mix*** 35 g 35 g
Vitamin mix*** 10 g 10 g
Cystineb 3 g 3 g
Choline 2.5 g 2.5 g
Soy oil 70 g 70 g
Leucineb — 30 g

*Composition and amount of nutrients in 1 kg of diet, based on the American Institute of Nutrition—AIN-93 (REEVES et al, 199326).
**Correction of casein to total protein content equal to 74.4%, casein protein source contains 1.6% leucine.
***In accordance with AIN-93 (REEVES et al, 1993).
aIngredion (São Paulo, Brazil) donation.
bAjinomoto Interamericana Ind. (São Paulo, Brazil) donation.
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a decrease in heart weight and a higher relative heart rate in
tumour-bearing rats; these results were produced primarily
by the effects of the tumour (F = 10.45, P = 0.0019, indicating
that this result is very significant), but the effect of diet was
not considered to be significant. On the other hand, the
leucine-rich diet had a positive effect on the myocardial pro-
tein content in group L and the maintenance of the heart pro-
tein content in group LW in comparison to the C groups
(Table 1; diet effects correspond to F = 6.93, P = 0.0129 and
tumour effects correspond to F = 6.03, P = 0.0197). However,
this positive effect did not affect the reduction in left ventric-
ular thickness that was observed in both tumour-bearing
groups (tumour effect corresponds to F = 70.63, P< 0.0001)
or the reduction in right ventricular thickness that was ob-
served only in group LW (F = 14.98, P = 0.0005), revealing a
very significant interaction between diet and tumour effects
(Table 2).

Electrocardiography analysis and cardiac
biomarkers

Cancer-cachexia can affect cardiac tissue and function; to ad-
dress that topic, we initially used some ECG parameters, such
as QT interval corrected for heart rate (QT-c), T-wave ampli-
tude, and heart rate. Figure 1A shows a significant decrease
in heart rate in both tumour-bearing groups (tumour effects
correspond to F = 25.88, P = 0.0005). On the other hand, tu-
mour evolution increased the QT-c interval (F = 8.92,
P = 0.0105), revealing a significant effect. These data sug-
gested a higher risk of death (sudden death), especially in
group W, which strictly correlated with an increase in the
area under the curve’s T wave (Figure 1C and 1D; the interac-
tion effects between tumour and diet are considered signifi-
cant; F = 21.12, P = 0.0018). While these results are likely
associated with cardiac failure in group W, the ECG register
could show an increased time of ventricular depolarization
(QRS) adding to an increased repolarization time (higher T
wave interval; Figure 1C and 1G). Counteracting this point,
despite having increased QT-c and a reduction in heart rate
in association with a thin ventricle wall, leucine treatment
strongly prevented the T wave increase, reducing the higher
QT-c interval (11% lower than group W and similar to group
C). The ECG register did not show an ischemia process in
any studied group (T wave inversion), and no change in ST
interval was observed (Figure 1C, E, F, G, and H).

To determine whether myocardial tissue can suffer some
effects of tumour growth, we also observed that the alkaline
phosphatase and chymotrypsin activities were enhanced only
in group W (Figure 2A and 2B; the interaction effect of diet
and tumour is considered significant, F = 8.35, P = 0.0127).
We also found that the leucine-rich diet led to an increase
in chymotrypsin activity, which was verified here in both
leucine-treated groups (Figure 2B; a significant diet/tumour

interaction; F = 4.74, P = 0.0501). Furthermore, we found a de-
crease in cathepsin activity in both tumour-bearing groups
(the tumour effect is considered significant; F = 8.46,
P = 0.0108), and calpain activity was similar in all groups (Figure
2C and 2D). Regarding these cardiac biomarkers, in this work,
we observed a large increase in all three biomarkers analysed
(MPO (interaction effect F = 5.84, P = 0.0288; tumour effect
F = 10.32, P = 0.0058), TIMP-1 (tumour effect F = 6.68,
P = 0.0216), and total PAI-1 (tumour effect F = 8.62,
P = 0.0097)) in only untreated tumour-bearing rats (W) (Figure
3A, 3B, 3C). The leucine-treated group (LW) also exhibited a
slight increase in MPO and TIMP-1 in comparison to group L
(Figure 3A and 3B), with values similar to those of the controls.

Apoptotic enzymatic activities

In this work, we observed a significant increase in the activity of
caspases 3 and 7 in cardiac tissue from untreated tumour-
bearing rats (W) (Figure 4A; tumour effects correspond to
F = 17.16, P = 0.0009), suggesting an increase in the apoptotic
rate. Regarding the upstream caspase activation pathway, in
our model, the observed increase in myocardial apoptosis ap-
pears to be linked to the intrinsic pathway rather than the ex-
trinsic pathway, as a trend towards an increase in caspase-9
activity was observed in untreated tumour-bearing rats (W;
the tumour and diet effect interaction is not significant,
F = 4.39, P = 0.0509). In contrast, the caspase-8 activity did not
exhibit any evident changes (Figure 4B and 4C, respectively).

Discussion

During cancer-cachexia progression, some metabolic alter-
ations that lead to lean mass and fat spoliation and chronic
inflammation and culminate in involuntary weight loss, fa-
tigue, and asthenia are commonly observed.1,35 Walker tu-
mour growth, as an experimental model of cachexia,36

represents an important effect on lean body mass wasting,
as verified here in this work. Additionally, tumour growth
exerted some important effects on heart tissue and function,
suggesting the presence of cardiac cachexia in these animals.
On the other hand, no differences in tumour weight or
tumour relative weight were observed, ensuring that the
animals from both groups W and LW were potentially
exposed to the same effect of tumour growth and cachexia-
inducing factors. However, the leucine treatment could
influence the tumour effects and change some host re-
sponses, especially heart parameters, which could be related
to positive modulation of the effects of tumour damage on
cardiac function.

Previous studies demonstrated that the cancer-cachexia
syndrome leads to skeletal muscle protein spoliation1,9,24

and that supplementation with branched-chain amino acids,
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especially leucine, can restore this alteration24; however,
more studies are needed to elucidate whether cancer-
cachexia damages heart tissue and how leucine could
modulate this process.

Several studies showed that cancer-cachexia indeed affects
cardiac tissue.9,10,12 Furthermore, during years of work on
cancer-cachexia models, we observed several instances of
sudden death in animals even before the establishment of a
complete cachectic state. Here we show some ECG parame-
ters in tumour-bearing rats that were compromised by tu-
mour effects (significant decrease in heart rate, alteration in
the QT-c interval, and increased area under the T-wave
curve), suggesting a higher risk of death in the tumour-
bearing group. In association with morphometric parameters,
which showed an important reduction in the left ventricle
wall, these changes likely suggest cardiac failure.10,37,38

Although the electrocardiography yields some interesting
and important data, Xu and colleagues demonstrated that
the cardiac damage, at the cellular level, that occurs in a
cancer-cachexia model is much more severe than suggested
by electrocardiography.20 Meanwhile, in the present work,
nutritional supplementation with leucine led to some positive
effects on the changes in QT-c, T-wave amplitude, and area in
group LW, despite the observed reduction in the right and
left ventricle walls. The reduction of the ventricular wall
might not indicate an impaired contractile force, but when
associated with the reduction of cardiac mass (lower weight

and protein content, which was present especially in group
W, rather than group LW) this change could compromise
the contractile strength, reducing the heart rate and indicat-
ing cardiac failure.10,37,38

To address this issue, we used biomarkers for heart dam-
age (MPO, TIMP-1, and total PAI-1) and assessed apoptotic
and proteolytic enzyme activities in association with ECG to
better understand the extent of the damage that occurs in
the heart in the different treatment groups.

Our previous work showed some important impairments
in skeletal muscle in tumour-bearing rats, which had in-
creased chymotrypsin activity, representing enhancements
of the ubiquitin–proteasome pathway.24,27,39–41 The present
results likely suggest that the higher proteolytic activity
(increased chymotrypsin activity) that is associated with
higher cell activity (higher AP activity) in heart tissue could
be responsible for the ECG failure that was observed only in
group W. In our previous research,24,27,39,40,42 as also found
here, the leucine-rich diet also minimized the observed
changes in those enzymes, even in the heart. Despite the
presence of tumour, the LW group exhibited some improve-
ments in cardiac tissue, with minimal damaging effects
produced by tumour development, as confirmed by the
significant diet interaction effect. Indeed, previous studies
showed the benefits produced by leucine treatment in skele-
tal muscle.23,40,43–45 Some studies demonstrated that the
main proteolytic pathway that is activated during cancer

Table 2 Morphometric parameters of body weight and heart and tumour tissues

Groups C W L LW

Initial body weight (g) 401.6+9.1 413.4+5.93 417.7+8.08 402.5+7.35
Final body weight (g) a 454.6+ 10.1 397.6+ 17.7* 476.2.9+ 10.9 396.1+ 12.15*#
Percentage of final body weight (%) a § 113.3+1.0 95.9+ 3.4* 113.9+ 1.1 98.5+2.5*#
Weight gain (g) per day a § 2.52+0.21 �0.75+0.67* 2.78+0.23 �0.31+ 0.49*#
Heart weight (grams) b 1.27+0.05 1.14+0.04* 1.42+0.06* 1.15+0.06*#
Relative heart weight (%) b §§ 0.28+0.01 0.30+0.01* 0.29+0.01 0.32+ 0.01*#
Myocardial protein (μg/mg) c 88.65+ 6.89 80.84+ 3.51* 112.20+ 6.07* 89.75+7.58
Heart water content §§§ 73.33+ 2.91 67.54+4.02 71.37+3.10 71.84+4.05
Left ventricular thickness (μm) d 281.7+ 12.4 221.5+ 9.1*# 323.8+ 16.8* 186.5+ 5.9*#
Right ventricular thickness (μm) e 83.9+ 6.2 88.9+ 4.2 101.2+ 5.3* 66.4+ 4.6*#
Tumour weight (g) — 55.66+5.98 — 48.84+7.40
Relative tumour weight (%)f — 14.86+2.08 — 13.97+2.14

Legend: C (Control group), W (untreated tumour-bearing rats group), L (leucine-rich diet group), LW (tumour-bearing rats fed a leucine-
rich diet).
§(Final body weight/Initial body weight)× 100%; weight gain= (final body weight� initial body weight) / days.
§§(Heart weight/body weight)× 100%.
§§§(Fresh heart weight� dry heart weight) / fresh heart weight× 100%. Decreased body weight, and percentage/weight gain produced by

tumour effect.
a(Two-way ANOVA, P< 0.0001; followed by the Bonferroni test *P< 0.05 vs. control group, # P< 0.05 vs. leucine group; n=5).
Decreased heart weight and relative heart weigh produced by tumour effect.

b(Two-way ANOVA, F= 10.45 P=0.0019; followed by the Bonferroni test *P< 0.05 vs. control group, # P< 0.05 vs. leucine group;
n=5).

cMyocardial protein content changed mainly by diet effect (two-way ANOVA, F=6.93 P=0.0129; followed the Bonferroni test * P< 0.05
vs. control group, n=5) and by tumour effect (two-way ANOVA, F=6.03 P=0.0197; followed by the Bonferroni test * P< 0.05 vs. con-
trol group, n=5).
dLeft ventricle wall reduction as a tumour effect (two-way ANOVA, F=70.63 P< 0.0001; followed by the Bonferroni test * P< 0.05 vs.
control group, # P< 0.05 vs. leucine group; n=5).

eRight ventricle wall reduction as an interaction effect between tumour and diet (two-way ANOVA, F=14.98 P=0.0005; followed by the
Bonferroni test * P< 0.05 vs. control group, # P< 0.05 vs. leucine group; n=5).

f(Tumour weight/final body weight without tumour)× 100%.
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evolution is the ubiquitin–proteasome pathway; therefore,
catabolic processes that involve the lysosomal and calcium-
dependent pathways are less related to muscle mass
wasting.1,46 In this way, we suggest that these pathways are
less important in myocardial catabolic process.

The search for and use of cardiac biomarkers have in-
creased considerably for predicting an abnormality before
the symptomatic stage of the disease.22 Several studies iden-
tified some biomarkers linked to the major heart disorders,
such as myocardium infarction, heart failure, coronary

Figure 1 Electrocardiography registers from different experimental groups. A—Heart rate (bpm) (* P< 0.01 vs. control, # P< 0.005 vs. leucine,
two-way ANOVA with Bonferroni test, n = 5); B—QT-c (seconds—s) (# P< 0.01 vs. leucine, two-way ANOVA with Bonferroni test, n = 5); C—T-wave
amplitude (millivolt—mV); D—T wave’s area under curve (* P< 0.001 vs. C, L, and LW group, two-way ANOVA with Bonferroni test, n = 5); E—Elec-
trocardiography trace of control group; F—Electrocardiography trace of leucine-rich diet group; G—Electrocardiography trace of tumour-bearing
group; H—Electrocardiography trace of tumour-bearing rats fed a leucine-rich diet. Graphs E, F, G, and H represent the electrocardiography traces
in D1 (peripheral derivation one), as the best register representative of each group (n = 5); the grey range along the ECG trace means all registers
obtained from all animals per group (n = 4); the black line means the average of the grey range from all of the animals. Legend: C (Control group),
W (tumour-bearing untreated group), L (leucine-rich diet group), LW (tumour-bearing group fed a leucine-rich diet).
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disease, fibrosis, and inflammation. One mechanism postu-
lated for cancer-cachexia involves general chronic inflamma-
tion and oxidative stress,1,35,47 suggesting that the increased
MPO level in cardiac tissue might induce the changes in car-
diac tissue parameters that were seen only in tumour-bearing
rats. As neutrophils release MPO, which impairs NO-induced
endothelial relaxation, the myocardial tissue can be subjected
to increased coronary arterial disease, ischemia and myocar-
dium infarction, as shown by other researchers.48–50 In fact,
the leucine-rich diet might have exerted a stronger cell signal-
ling effect, which minimized MPO release, improving some
myocardial parameters in the LW group.

Indeed, both tumour and host tissues produce cytokines that
act on multiple target sites (from myocytes and endothelial
cells to neurons), triggering a complex cascade of biological re-
sponses, including oxidative stress, which is responsible for the
characteristic wasting associated with cachexia; these changes
were also observed in cardiac tissue.1,9,12,35,47 Additionally, be-
cause leucine is essential for protein synthesis, an increasing
number of studies suggest that leucine supplementation ther-
apy might attenuate the catabolic and anti-anabolic effects of
the inflammation generated by cancer-cachexia.45,51,52 MPO is

a marker for oxidative stress and is also associated with inflam-
mation; in this way, the maintenance of levels of this biomarker
that was observed in the leucine-treated tumour-bearing group
(LW) suggests that leucine likely contributes to both a reduc-
tion in the cardiac inflammatory state and oxidative stress.

Similarly, TIMP-1 can reflect pathological myocardial re-
modelling processes during heart failure syndromes,22 and
this biomarker is also linked to inflammation, as it is synthe-
sized in response to pro-inflammatory cytokines.53 TIMP-1
was associated with decreases in cardiac function and acute
heart failure and was identified as an independent predictive
factor of myocardial infarction, acute heart failure, and death
in patients with coronary diseases.53,54 Thus, once again, leu-
cine treatment seems to reduce the inflammatory process in
the myocardial tissue, as untreated tumour-bearing rats but
not rats fed a leucine-rich diet showed a significant increase
in the levels of this biomarker.

Finally, functionally involved in the fibrinolysis system, the
increased total PAI-1 content that was observed only in un-
treated tumour-bearing rats is not only an independent prog-
nostic factor marker of heart failure after myocardial
infarction but also indicates coronary and thrombolytic

Figure 2 Proteolytic enzyme activity in myocardial muscle from different experimental groups. A—Alkaline phosphatase activity (arbitrary units per
protein content per minute) (* P< 0.01 vs. control, # P< 0.001 vs. leucine, two-way ANOVA with Bonferroni test, n = 5); B—Chymotrypsin activity
(* P = 0.05 vs. control, two-way ANOVA with Bonferroni test, n = 5); C—Cathepsin B activity (* P = 0.01 vs. control, two-way ANOVA with Bonferroni test,
n = 5); D—Calpain activity. For details, see the Material and methods. Legend: C (Control group), W (tumour-bearing untreated group), L (leucine-rich
diet group), LW (tumour-bearing group fed a leucine-rich diet).

A B C D

Figure 3 Cardiac biomarkers in myocardial tissue from different experimental groups. A—MPO (Myeloperoxidase—pg/mL) (* P< 0.005 vs. control,
# P = 0.02 vs. leucine, two-way ANOVA with Bonferroni test, n = 5). B—TIMP1 (Tissue Inhibitor Metalloproteinase 1—pg/mL) (* P< 0.05 vs. control,
# P< 0.05 vs. leucine, two-way ANOVA with Bonferroni test, n = 5). C—tPAI-1 (Total Plasminogen Activator Inhibitor 1—pg/mL) (* P = 0.0097 vs.
control, two-way ANOVA with Bonferroni test, n = 5). For details, see the Material and methods. Legend: C (Control group), W (untreated
tumour-bearing group), L (leucine-rich diet group), LW (leucine-treated tumour-bearing group).
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diseases and is valuable in predicting subsequent ischemic
events.55–57

In summary, the alterations observed in all three of the
analysed biomarkers suggest that the untreated tumour-
bearing group (W) but not the leucine-treated group (LW) is
more likely to experience heart damage that is currently
linked to cancer-cachexia, such as fibrosis and atro-
phy,9,11,12,58 as well as thrombosis and ischemia, which have
not been investigated previously in studies of heart damage
induced by cancer-cachexia.

We believe that the observed alterations in ECG parame-
ters and the expression of biomarkers associated with
increased proteolytic pathway activity reinforce the observa-
tion that the cardiac damage observed in the untreated
tumour-bearing groups was attenuated by leucine
supplementation.

As an example, consider the TIMP-1 expression and QT-c
data in light of the following facts: (i) cancer-cachexia might
result in heart mass loss, heart dilatation, and a decrease in
wall thickness;10,38 (ii) increases in TIMP-1 levels were found
in heart samples from dogs with cardiac diseases, especially
dilated cardiomyopathies;59 and (iii) it is well established that
an increase in the QT interval (QT-c) can be linked to dilated
cardiomyopathies or hypertrophy and sudden death risk.
Thus, we have two powerful tools that suggest that the un-
treated tumour-bearing rats (W) but not their leucine-
supplemented littermates (LW) are more likely to suffer heart
failure and/or sudden death.10,37,38

Another indicator that leucine might attenuate the pro-
cesses that occur in the heart in response to cancer-cachexia
lies in the fact that we observed an increase in the area under
the T-wave amplitude, especially in the untreated group, which
is typically associated with ischemia. We also observed a con-
comitant increase in MPO and total PAI-1 expression in un-
treated tumour-bearing rats; these two factors are involved in
distinct pathways that can lead to ischemia.50,55

Taken together, the increase in proteolytic pathway and
biomarker expression and the observed alterations in ECG
might indicate heart failure and sudden death risk, especially
in untreated tumour-bearing rats (W), suggesting a possible

benefit of leucine supplementation for the cardiac function
of cancer-cachectic rats.

Apoptosis is an extremely rare phenomenon in the healthy
myocardium.13 Nevertheless, the role of apoptosis in cardio-
myopathies and cardiac failure is well documented in animals
and humans.14–16 Thus, the observed increase in effector cas-
pase activity is consistent with the observed alterations in
ECG and biomarkers, which suggested the occurrence of
ischemia, fibrosis, and heart failure, especially in tumour-
bearing rats (W).

It has been demonstrated that cancer-cachexia might drive
cardiac alterations and heart damage, including atrophy and
disruptions in myocardial structure.9,11 Moreover, although
we noticed a tendency towards increased caspase-3 and -7
activity in leucine-supplemented tumour-bearing rats (LW)
in comparison to the controls (C), this alteration was not sig-
nificant, providing additional evidence of the possible modu-
latory effect of the treatment on heart damage. Concurrently,
we observed a tendency towards a decrease in caspase-3 and
7 activity when comparing healthy leucine-treated rats (L)
with the healthy untreated group (C), which supports the
hypothesis that leucine reduces the occurrence of apoptosis
in the myocardium.

The increased caspase-3 and -7 activity that were observed
in group W may also be because of an increase in the expres-
sion of these caspases, supplying more substrate to the initi-
ator caspases and thus increasing effector activity. Increased
caspase-3 expression has been reported in animal models of
heart failure.60,61

Given that in addition to cachexia, the chemotherapeutic
treatment of malignancies is closely related to future heart
damage and failure,62 it is possible that a leucine-rich diet
might improve quality of life and survival in patients undergo-
ing cancer treatment or even in patients in remission.

Conclusions

Our findings support previous achievements regarding the
role of cancer-induced cachexia in the promotion of cardiac

Figure 4 Caspase activity in cardiac tissue from different experimental groups. A—Caspases 3 and 7 (* P< 0.001 vs. control, two-way ANOVA with
Bonferroni test, n = 5). B—Caspase 8. C—Caspase 9 (* P = 0.0509 vs. control, two-way ANOVA with Bonferroni test, n = 5). For details, see the Material
and methods. Legend: C (Control group), W (tumour-bearing group), L (leucine-rich diet group), LW (tumour-bearing rats fed a leucine-rich diet).
* P< 0.05 compared with group C. # P< 0.05 compared with group L.
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failure. This effect is evidenced by the observed increases in
MPO, TIMP, and total PAI-1, which are all biomarkers of heart
damage or failure, activated proteasome activity, alterations
in ECG, and increased effector caspase activity in untreated
tumour-bearing rats (W). Furthermore, in most cases, a
leucine-rich diet seems to attenuate the deleterious effects
on heart tissue that are generated by tumour progression.
Thus, in the context of cancer-cachexia, a leucine-rich diet
might minimize cardiac muscle damage.
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