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Abstract: Cancer and heart diseases are the two leading causes of mortality and morbidity worldwide.
Many cancer patients undergo heart-related complications resulting in high incidences of mortality.
It is generally hypothesized that cardiac dysfunction in cancer patients occurs due to cardiotoxicity
induced by therapeutic agents, used to treat cancers and/or cancer-induced cachexia. However, it is
not known if localized tumors or unregulated cell growth systemically affect heart function before
treatment, and/or prior to the onset of cachexia, hence, making the heart vulnerable to structural
or functional abnormalities in later stages of the disease. We incorporated complementary mouse
and Drosophila models to establish if tumor induction indeed causes cardiac defects even before
intervention with chemotherapy or onset of cachexia. We focused on one of the key pathways
involved in irregular cell growth, the Hippo–Yorkie (Yki), pathway. We used overexpression of the
transcriptional co-activator of the Yki signaling pathway to induce cellular overgrowth, and show
that Yki overexpression in the eye tissue of Drosophila results in compromised cardiac function. We
rescue these cardiac phenotypes using antioxidant treatment, with which we conclude that the Yki
induced tumorigenesis causes a systemic increase in ROS affecting cardiac function. Our results show
that systemic cardiac dysfunction occurs due to abnormal cellular overgrowth or cancer elsewhere in
the body; identification of specific cardiac defects associated with oncogenic pathways can facilitate
the possible early diagnosis of cardiac dysfunction.

Keywords: heart failure; cancer; mitochondria; reactive oxygen species; Hippo–Yorkie pathway

1. Introduction

Cancer is the second leading cause of death in the world [1] and in the United States,
it accounts for 25% of deaths per year [2]. An estimated 50–80% of cancer patients develop
cachexia, a syndrome involving loss of muscle and adipose tissue [3]. This condition often
leads to a severely reduced quality of life due to symptoms including fatigue, anemia,
prolonged inflammation, altered metabolism, and depression [3]. Nearly 30% of cancer-
related deaths are caused by complications of cachexia, such as respiratory and heart
failure [4]. Radiation and chemotherapy-induced cardiotoxicity in cancer patients has also
been implicated in heart failure [5–7]; however, more recent studies suggest that cardiac
dysfunction could also be a direct effect of tumor biology [8,9].

Cardiac cachexia is a multifactorial syndrome that is associated with heart dysfunction
and eventual heart failure. It is caused by interacting inflammatory cytokines, lipolytic and
proteolytic factors released by tumors and cachectic myocytes, neurohormones, and muscle
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catabolism [10]. Several studies have identified potential biomarkers for cancer-induced
cardiac dysfunction; for example, one study showed that patients with lung, pancreatic,
and gastrointestinal cancer had a high incidence of cardiac cachexia [11]. There have also
been recent studies on cancer-induced cardiac cachexia in mice using adenocarcinoma and
melanoma cells, to find involved biomarkers and mechanisms of action. One study showed
an increase in matrix metalloproteases in cachectic cardiac muscle, implying its role in
cardiac dysfunction [12]. In another study, cardiac wasting in cancerous mice was found
to be associated with a disruption in antioxidant systems and reactive oxygen species
(ROS) [13]. These studies point at a change in cardiac signaling molecules that leads to the
activation of the ubiquitin-proteasome system or autophagy/mitophagy pathways in the
heart causing cardiac cachexia [14]. However, there is not a clear understanding yet of how
different types of tumors trigger different pathways and their differential effect on cardiac
dysfunction. Nor it is known if cardiac dysfunction can occur before cachexia. The majority
of the studies have focused on post-chemotherapy cardiac phenotypes of patients but not
the direct effect of tumors on cardiac tissue and function. Thus, a detailed investigation of
tumor-induced cardiac effects is required to understand the signaling mechanisms causing
dysfunction of the heart in a tumor-specific manner.

The primary goal of this study was to understand the relationship between tumor
biology and associated systemic cardiac dysfunction, and possible mechanisms involved in
cancer-mediated heart failure using a genetically amenable Drosophila melanogaster model
system. In addition, the study assessed the time of onset of cardiac dysfunction in mice
by implanting breast cancer cells in adult female Balb/c mice where we observed an
increase in the rate of ROS production in the heart in tumor-bearing mice. Finally, the
study determined molecular pathways in specific tissues that cause cardiac dysfunction by
expressing different oncogenes using the UAS-Gal4 system in Drosophila [15]. We explored
in detail the oncogene-induced cardiac effects through the established tumor causing Yki
oncogene in the Hippo pathway. We evaluated cardiac phenotypes using optical coherence
tomography (OCT) and imaging for cardiac morphology. We also were able to rescue the
phenotypes using antioxidant feeding, suggesting a role for ROS in tumor-induced cardiac
effects. Our study is one of the first studies to show systemic cardiac phenotypes of tumors
in a genetic model system.

2. Methods
2.1. Fly Stocks

Fly stocks were obtained from Bloomington Drosophila Stock Center (Bloomington, IN,
USA) and incubated at 25 ◦C on jazz mix media (Fisher, Pittsburgh, PA, USA). The W1118

fly strain was used as the wild type (wt) fly. Oncogene overexpressing UAS (Upstream acti-
vating sequence) strains used were PI3K (P[w[+mc] = UAS-Pi3K92E.CAAX]1,y [1]w[1118]),
RasV12 (w[*]; P[w[+mC] = UAS-Ras85D.V12]2), HepAct (w[*]; P[w[+mC] = UAS-Hep.Act]2)
and UAS-Yki (gift from D. Pan lab, UT Southwestern, Dallas). Gal4 drivers used were GMR
(w[*]; P[w[+mC] = GAL4-ninaE.GMR]12), eyeless (w[*]; P[w[+m*] = GAL4-ey.H]3-8) and dpp
(w[*]; wg[Sp-1]/CyO; P[w[+mW.hs] = GAL4-dpp.blk1]40C.6/TM6B, Tb[1]).

Fly crosses were set up at 25 ◦C between UAS lines-RasV12, PI3K, HepAct, and the
three Gal4 lines in all combinations. UAS-Yki flies were crossed with GMR-Gal4 flies to
create a stable line of GMR-Gal4>UAS-Yki flies. Larvae and flies obtained from these
crosses were kept at 29 ◦C and used for further experiments. Control larvae were obtained
from crosses between the UAS lines and wt. GGal4 flies were used as controls for GMR-
Gal4>UAS-Yki flies.

2.2. Tumor Induction and Heart Function in Mice

All animal experiments were approved by the Ohio State University Institutional
Animal Care and Use Committees and carried out in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals (2014A00000093-R2, NRC,
2011). All efforts were made to minimize animal suffering and to reduce the number
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of mice used. This project consists of two treatment-balanced experimental replications.
Under anesthetization (isoflurane vapors), a 5 mm subcutaneous incision was made medial
to the 4th nipple, and 5 × 106 67NR breast cancer cells (in matrigel) or PBS for tumor-free
controls were injected into the associated mammary fat pad of adult female Balb/c mice (as
described in [16]; n = 8–9/group). Echocardiography of the control and tumor-bearing mice
were carried out four weeks after the tumor cells’ injection (tumors ~1.5 cm diameter) as per
established protocols [17–19]. Briefly, under 1.5% (v/v) isoflurane, echocardiography was
performed on mice using Vevo 3100. B- and M-mode images were obtained, and data were
analyzed to calculate left ventricular ejection fraction (LVEF) and LV fractional shortening.

2.3. Optical Coherence Tomography (OCT) Recordings

Flies were selected from each oncogenic cross for evaluating cardiac function by OCT.
Flies were anesthetized using CO2 and placed on a thin layer of high vacuum grease
(DOW Corning, Midland, MI, USA) to immobilize. The Telesto-II OCT system (Thorlabs,
Munich, Germany) was used to obtain two-dimensional B-mode (at 76 kHz) and M-mode
(at 5.5 kHz) images of the cardiac tubes, by placing the animals with their dorsal side facing
the OCT probe. The cardiac tube was located and centered at the abdomen in B-mode, and
then the system was switched to M-mode to record continuous cardiac cycles.

2.4. Cardiac Function Analysis

The recorded two-dimensional M-mode OCT traces were analyzed to quantify end-
diastolic diameter (EDD) and end-systolic diameter (ESD) through the ThorImage software
(Thorlabs, USA) [20]. Averages were taken for the EDD and ESD dimensions of each fly,
and these dimensions were used to calculate the fractional shortening (FS) defined as
[(EDD − ESD)/ESD] × 100. Heart rate (HR) was calculated by averaging the number of
systoles in 5–10 frames of 1.83 s each. Stroke volume (SV) was calculated as EDV − ESV,
and cardiac output (CO) was calculated as SV × HR. The arrhythmic index was calculated
as the ratio of arrhythmias per minute over HR. An arrhythmic event was considered to
occur when the distance between two systolic events (systolic interval) was larger than
twice the average systolic interval. For mice, comprehensive echocardiography analysis
was performed using Vevo 3100 (FUJIFILM Visual Sonics Inc., Toronto, ON, Canada) as
described earlier [18,19,21]. Mice were euthanized by an overdose of CO2 followed by
decapacitation as per the IACUC guidelines.

2.5. Measurement of Pericardin Fiber Thickness

Cardiac tubes were dissected from third instar larvae and fixed in ice-cold 4% (w/v)
paraformaldehyde (PFA) and washed and permeabilized with 0.4% (v/v) Triton-X100.
Tissues were blocked with 10% normal goat serums and stained overnight at 4 ◦C using
mouse-anti Pericardin monoclonal antibody EC11, followed by a secondary antibody and
DAPI. Z-stack images of each sample were captured at 0.5 µm. Fiji Image J software, (NIH,
Bethesda, MD, USA) was used to find the diameters of 40 to 60 fibers per tissue sample,
and data were combined from all samples of the same group and plotted as a frequency
histogram with a bin size of 0.05 µm.

2.6. ROS Staining

Cardiac tubes of 3rd instar larvae were dissected and stained in dihydroethidium
(DHE, Molecular Probes, Eugene, OR, USA), as described in earlier publications [20].
Tissues were fixed and then mounted on microscope slides to image within the next 20 min.
Cardiac tubes were imaged using the Olympus FV1000 confocal microscope, (Olympus,
Tokyo, Japan) using a 10× objective lens at 568 nm excitation wavelength.

2.7. Hemolymph ROS Measurement

Hemolymph was collected from 3rd instar larvae by tearing and spinning down the
larvae. Mouse heart mitochondria were isolated and ROS was measured as described
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earlier [22–24]. ROS was measured on the Hitachi Fluorescence Spectrophotometer F-7100
as described previously [25]. Fluorescence was recorded with excitation at 560 nm and
emission at 590 nm. We added 5 µg horseradish peroxidase (Sigma-Aldrich, St. Louis,
MO, USA) to 2 mL ROS buffer [mmol/L, 20 Tris-HCl, 250 sucrose, 1 EGTA-Na2, 1 EDTA-
Na2, pH 7.4 at 25 ◦C] in a cuvette, and fluorescence recording was started. We added
10 µM Amplex® Red (Thermofisher, Waltham, MA, USA) after 1 min, followed by 25 µL
hemolymph and 10 mM succinate (each after 1 min), and fluorescence was recorded for
15 min.

2.8. Antioxidant Feeding

Fly media with antioxidants was made by mixing 25 mg/mL L-ascorbic acid (Vitamin
C (Sigma-Aldrich, St. Louis, MO, USA)), 1 mM α-tocopherol (Vitamin E (Sigma-Aldrich, St.
Louis, MO, USA)), 1% (w/v) ubiquinone (CoQ10(Sigma-Aldrich, St. Louis, MO, USA)), or
1 mM reduced L-glutathione (GSH (Sigma-Aldrich, St. Louis, MO, USA)) in Jazz mix fly
media. GMR and GMR>Yki flies were allowed to feed on antioxidant media after emerging
into flies. Another set of the same flies were allowed to lay eggs and grow in antioxidant
media. Adult flies from both sets were collected on day 7 for recording cardiac function.

2.9. Statistical Analysis

Data are reported as mean ± SEM. Student’s t-test, one-way ANOVA and Holm–Sidak
test (multiple comparisons to control), or Student–Newman–Keuls test (multiple pairwise
comparisons) were used to compare groups, with significance level p ≤ 0.05 (# p < 0.05,
* p < 0.01, ## p < 0.005, ** p < 0.001).

3. Results
3.1. Tumorigenesis Causes Systemic Cardiac Dysfunction

To investigate the effect of oncogenes on cardiac function in a mammalian model sys-
tem without the intervention of therapeutics, we induced tumor growth in a mouse model
and measured cardiac function. Mice were injected with adenocarcinoma cells in their
mammary glands. After 4 weeks of tumor growth, we measured cardiac function using
echocardiography. We observed a significant reduction in cardiac function as shown in
Figure 1. Our echocardiography analysis (Figure 1A) showed left ventricular ejection frac-
tion (LVEF, Figure 1B) and left ventricular fractional shortening (LVFS) (n ≥ 9) (Figure 1C)
were reduced by 20 ± 5% and 22 ± 6%, respectively (n ≥ 8 mice in each group), indicating
that the tumor in the mammary tissue caused a systemic effect on the heart causing reduced
function. These cardiac dysfunction outcomes were similar to the cancer-cachexia model
where male mice injected (s.c.) with adenocarcinoma cells presented reduced LVFS [26].
These results suggest that tumors can cause systemic cardiac dysfunction even before the
use of any therapeutic interventions. It is to be noted that, as shown in Figure 1D, the body
mass of animals was similar between sham and tumor groups whether the tumor-bearing
mice were compared with or without tumor weight. This indicates the tumor-bearing mice
did not have considerable body mass loss due to cachexia and cardiac phenotypes show
before the onset of cachexia. Our results for the first time indicate that cardiac dysfunction
is present in tumor-bearing mice before the onset of cachexia or any therapeutic interven-
tion. However, the precise signaling pathway involved in cardiac dysfunction caused by
tumors is not identified.
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were obtained in B- (left) and M-mode (right). Images were obtained for mice with or without tumors; (B) Left ventricular 
ejection fraction significantly reduced in mice with tumors (p < 0.001, n ≥ 8); (C) Mice with tumor showed a lower left 
ventricular fractional shortening (p < 0.03, n ≥ 8); (D). The body mass of sham/control, tumor-bearing mice (given both 
with or after tumor excision). The body mass between sham and tumor groups (with or after tumor excision) was compa-
rable. Statistical significance was calculated by Student’s t-test and ANOVA. 
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ing oncogenes in imaginal discs and measuring heart function using optical coherence 
tomography (OCT) [20]. We chose a multitude of pathways (Table 1) such as the Yorkie 
pathway (Figure 2), PI3K (Supplemental Figure S1), RasV12 (Supplemental Figure S2), 
and HepAct (Supplemental Figure S3) in an unbiased manner. We observed altered cardiac 
function as measured by OCT in all the oncogenic backgrounds in various degrees (Table 
1). All the mutants exhibit reduced ejection fraction/fractional shortening as observed in 
mice (Figure 1), and differences in cardiac output (Table 1). For example, Hep Activated 
(JNK) shows increased stroke volume, whereas it is decreased for PI3K kinase. Our results 
summarized in Table 1 indicate that not all oncogenes have the same effect on heart func-
tion and Drosophila presents a testable model to study these tumor-induced cardiac dys-
functions. We also measured cardiac fibrosis by staining for pericardin and quantifying 
the thickness of the pericardin fibers. We did not notice any difference in pericardin fiber 
thickness (Supplemental Figure S4) indicating that no structural changes as observed and 
reported in cachexia [27] are occurring in the cardiac tubes of flies overexpressing onco-
genes for a given time span. 

Figure 1. Tumors cause cardiac dysfunction in mice. Tumors were induced in C57Bl6 mice by injecting adenocarcinoma
cells into mammary glands. After 4 weeks echocardiography was performed on all the mice. (A) Echocardiography images
were obtained in B- (left) and M-mode (right). Images were obtained for mice with or without tumors; (B) Left ventricular
ejection fraction significantly reduced in mice with tumors (p < 0.001, n ≥ 8); (C) Mice with tumor showed a lower left
ventricular fractional shortening (p < 0.03, n ≥ 8); (D). The body mass of sham/control, tumor-bearing mice (given both with
or after tumor excision). The body mass between sham and tumor groups (with or after tumor excision) was comparable.
Statistical significance was calculated by Student’s t-test and ANOVA.

3.2. Overgrowth Causes Systemic Cardiac Dysfunction in Drosophila

To identify the putative signaling pathways involved in tumor-induced cardiac dys-
function we used the genetically amenable system Drosophila melanogaster by overexpress-
ing oncogenes in imaginal discs and measuring heart function using optical coherence
tomography (OCT) [20]. We chose a multitude of pathways (Table 1) such as the Yorkie
pathway (Figure 2), PI3K (Supplemental Figure S1), RasV12 (Supplemental Figure S2), and
HepAct (Supplemental Figure S3) in an unbiased manner. We observed altered cardiac
function as measured by OCT in all the oncogenic backgrounds in various degrees (Table 1).
All the mutants exhibit reduced ejection fraction/fractional shortening as observed in mice
(Figure 1), and differences in cardiac output (Table 1). For example, Hep Activated (JNK)
shows increased stroke volume, whereas it is decreased for PI3K kinase. Our results sum-
marized in Table 1 indicate that not all oncogenes have the same effect on heart function and
Drosophila presents a testable model to study these tumor-induced cardiac dysfunctions.
We also measured cardiac fibrosis by staining for pericardin and quantifying the thickness
of the pericardin fibers. We did not notice any difference in pericardin fiber thickness
(Supplemental Figure S4) indicating that no structural changes as observed and reported
in cachexia [27] are occurring in the cardiac tubes of flies overexpressing oncogenes for a
given time span.
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Table 1. Quantification of cardiac function in groups of flies with systemic overexpression of
various oncogenes.
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3.3. Effect of Overexpression of Yorkie-Induced Overgrowth on Cardiac Function

To decipher the mechanism of tumor-induced cardiac dysfunction, we chose the
Yorkie (Yki) pathway for further analysis. We focused on Yorkie as we had a clear system
where we could express the oncogene only in the eye in adult stages with GMR driver
and study heart function. Yki, a homolog of the mammalian YAP, is a part of the Hippo
(Hpo)-Yki signaling pathway [28]. This signaling pathway controls growth and regulates
the size of organs through a cascade of kinases, which inhibits Yki/YAP, a transcriptional
coactivator that promotes cell proliferation and inhibits apoptosis [29]. Overexpression of
Yki in Drosophila larval eye imaginal discs is known to cause an overgrowth in adult eye
size [30].
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As shown in Figure 2, overexpressing Yki using GMR Gal4 driver, which results
in severe overgrowth of the eye but not expressed in the heart [31], results in cardiac
dysfunction. We observed significantly lower EF and FS in GMR>Yki larvae as compared
to GMR-Gal4 control larvae (Figure 2B,C). HR was found to be increased in these larvae as
well (Figure 2F). No differences were observed in SV and CO (Figure 2E,G). We noticed
occasional arrhythmic events in both GMR-Gal4 and GMR>Yki larvae, but their calculated
arrhythmic index was not significantly different (Figure 2A,D). These larvae also did not
show signs of cardiac fibrosis (Supplemental Figure S4D).

3.4. Quenching Reactive Oxygen Species Rescues Cardiac Phenotypes

One of the key factors involved in cardiac dysfunction is oxidative stress caused by
dysregulated ROS production [21,32]. Therefore, we explored the possibility of rescuing
cardiac dysfunction in Yki-overexpressing flies by reducing oxidative stress. We fed the Yki
flies with antioxidants (GSH, Vitamin E, CoQ 10, and Vitamin C) from eclosion to day 7, and
measured their cardiac function on day 7. Yki-overexpressing flies fed with antioxidants af-
ter eclosion and imaged in Day 7 showed an improvement of cardiac function. GSH feeding
does not reduce the overgrowth of the eye (Figure 3A) but rescued cardiac ejection fraction
(Figure 3B) and fractional shortening (Figure 3C). Feeding flies with vitamin E and CoQ
10 also rescued cardiac dysfunction but not overgrowth (Supplemental Figures S5 and S6).
However, feeding Yki-overexpressing flies with vitamin C does not rescue heart function
(Supplemental Figure S7). Our results indicate that selective antioxidant treatment to
Drosophila-bearing tumors helps with their cardiac dysfunction.
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Figure 3. Heart function of 7-day-old flies overexpressing Yki using GMR-Gal4 driver, with glutathione supplementation
from day 1–7. (A) Headshots of flies showing eyes with overgrowth. Note that GSH feeding does not reduce overgrowth;
(B) Quantification of ejection fraction of flies; (C) Quantification of fractional shortening of flies. GSH feeding rescued EF
and FS or GMR>Yki flies. # p < 0.05; ## p < 0.005, n ≥ 25 flies. Statistical significance was calculated by the Holm–Sidak test
(multiple comparisons to control), and the Student–Newman–Keuls test (multiple pairwise comparisons).

3.5. Systemic Reactive Oxygen Species Increase in Yki-Overexpressing Flies

Since we observed rescue of cardiac dysfunction by feeding flies with antioxidants,
we tested whether Yorkie-overexpressing flies have increased systemic ROS compared
to controls. We also tested whether antioxidants can decrease systemic ROS in flies. As
shown in Figure 4, flies overexpressing Yki generated higher amounts of ROS as compared
to the control flies. Yki-overexpressing flies presented an increased rate as well as the total
amount of ROS (Figure 4B). Feeding flies with GSH reduced the ROS generation, which was
comparable to control flies (Figure 4). We further looked at the tissue level and dissected
Drosophila larval hearts from the same genotypes fed with antioxidants (Supplemental
Figure S8). In the agreement in Figure 4, where systemic ROS was reduced after feeding
flies with antioxidants, we observed reduced ROS staining by DHE in CoQ-fed GMR-Yki
flies compared to GMR-Yki on regular media (control).
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significance was calculated by Student’s t-test).

In order to corroborate our ROS data from flies, we also tested ROS production in
mitochondria isolated from mice. We measured ROS generation from cardiac tissues from
control and tumor-bearing mice. Similar to what we observed in Drosophila, we detected
an increase in ROS production in tumor-bearing mice (Supplemental Figure S9). The rate of
ROS production was statistically significant in tumor-bearing mice (Supplemental Figure
S9A,B) while total ROS showed an increasing trend but was not statistically significant.
These results indicate a ROS-based cardiac dysfunction in the hearts of tumor-bearing mice.

Overall, our results indicate that tumors can have an indirect effect on cardiac func-
tion. One of the pathways through which this can happen is through systemic ROS. We
hypothesize that the increase in systemic ROS contributes to increased oxidative stress in
cardiac tubes, resulting in cardiac dysfunction. Feeding of selective antioxidants to flies
overexpressing oncogenes helps to reduce ROS and improve cardiac function.

4. Discussion

Our study demonstrates that tumor-induced cardiac dysfunction is evident in mice
and Drosophila melanogaster model systems to varying degrees depending on the type and
location of tumor development. We have shown the occurrence of this phenotype by using
induced tumors in mice and overexpressing oncogenes in Drosophila. It is intriguing
that not all pathways we tested in Drosophila showed the same phenotype but varied
in degree and kind. While most pathways increased heart rate and decreased cardiac
ejection fraction and fractional shortening, some pathways, such as JNK (HepAct), showed
an increase in cardiac output, while others showed a decrease (PI3K). This emphasizes the
importance of the evaluation and prognosis of cardiac dysfunctions related to cancer in an
oncogene-specific manner.

We also showed that a similar dysfunctional phenotype can be observed in mice with
67NR breast cancer cell line-induced tumors (that are known to harbor several mutations
such- ER-alpha positive, p53 null, etc. [33]), where we observed reduced EF and FS in
tumor-bearing mice. Our results are in coherence with previously published work on other
cancer models [13]. The development of heart dysfunction in C26 adenocarcinoma and
B16F12 melanoma mouse models has been well characterized [12,13,34]. Recent clinical
studies on cancer patient populations have also reported cardiac defects in treatment-naïve
patients. Kazemi-Bajestani et al. observed that in a cachexia clinical trial of 70 patients with
non-small cell carcinoma, 7 displayed reduced LVEF, and 10 had diastolic dysfunction with
preserved LVEF [8]. The same group conducted another study where it was observed that
cancer patients had significantly reduced left ventricular mass [35]. These studies show
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that prior to the onset of cachexia and any sort of cancer treatment, tumors can have their
own effect on cardiac tissue unrelated to the therapeutic agents or systemic muscle loss.
This systemic effect caused by cancer cells could be an important consideration prior to
treating cancer patients in order to avoid unfavorable cardiac outcomes post-treatment.
Our tumor-bearing mice had comparable body masses to their control counterparts, which
indicates that they were not undergoing cachexia at the time of their cardiac function
measurements. Additionally, the mice model we have used is not a severe cachexia model.
This reinforces the central point of this study that tumors initiate cardiac dysfunction and
also indicates that this can even occur prior to the onset of cachexia. It is to be noted that
previous studies have implicated oxidative stress in cachectic heart muscles in mouse but
our study shows that cardiac phenotypes precede cachexia [13].

ROS has been implicated in causing cardiac dysfunction in our current work using
the D. melanogaster model. An increase in ROS levels observed in hearts with dysfunction
was evident in cachectic hearts, strongly indicating a role in the development of cardiac
dysfunction. Gomes et al. illustrated that increasing oxidative stress in a culture of
myotubes increased the major components of the protein degradation pathway [36]. It
was also demonstrated that oxidative damage in cardiomyocytes is associated with cancer-
induced cardiac atrophy [13]. It was revealed that Xanthine oxidase expression was
increased while SOD activity was reduced in the heart, implying that this could be majorly
contributing to increased ROS in cardiac atrophy [13]. Increased ROS levels have been
previously found to trigger the ubiquitin-proteasome system and increase muscle atrophy
via the induction of E3 ligases atrogin-1 and MuRF-1 [37,38].

ROS production and oxidative stress are known to contribute to several cardiac
disorders such as hypertrophy, heart failure, ischemia-reperfusion injury and cardiomy-
opathies [39]. All our experiments attempting to measure ROS indicate a trend in increased
oxidative stress in a systemic manner in the presence of a tumor. This shows that ROS is
at least one of the major candidates from the tumors to the heart that is causing cardiac
dysfunction. We observed this increased oxidative stress not only in the Drosophila model
system but also in mice. Although there was no increase in total ROS production in tumor-
bearing mice, we saw a significant increase in the rate of ROS production. However, there
is a trend of increasing total ROS as well in tumor-bearing mice indicating that ROS does
increase in cardiac tissue due to a distant tumor. It is intriguing that supplementation of
anti-oxidants by food can bring about an effect on cardiac function, restoring it back to
wild-type levels. We have tried several anti-oxidants and some of them, such as GSH,
CoQ, and vitamin E, have better results than others (vitamin C) again indicating the im-
portance of choosing the right anti-oxidant for therapy. It would be interesting to conduct
these studies in mice and higher animals in future studies. Furthermore, our experiments
have only dealt with the Yorkie pathway in Drosophila for the scope of this paper, but it
would be intriguing for future studies to focus on other pathways and examine if the same
antioxidants could be effective in flies and other model systems.

5. Conclusions

In summary, this is the first study to dwell on the direct effect of cancers on cardiac
dysfunction in a genetic model. Our studies for the first time indicate the importance of
treatment for possible heart problems that can occur with certain cancers, so that they do
not become the burdening cause of severe cardiac dysfunction-related complications, post-
cancer therapy. We also showed that deregulation of different oncogenic pathways causes
specific systemic effects on the heart and they need to be understood at the molecular
level, in order to design specific and effective treatment. Our observation that cardiac
dysfunction precedes cachexia suggests that there is an early effect of tumors on cardiac
tissues which triggers cardiac dysfunction. At least in case of the Yki pathway that we have
studied in detail here, ROS is the mediator of such effects. Further studies are to be carried
out in future in higher model organisms in a pathway specific manner to understand how
specific oncogenes affect cardiac function.
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from day 1–7. Figure S6: Cardiac function of 7-day-old flies overexpressing Yki using GMR-Gal4
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