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Doxorubicin (DOX) induced cardiotoxicity is one of the important limiting
factors for the clinical use of this drug, the
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exact mechanism underlying the
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cardiotoxicity is still under debate and
different experimental protocols were
used. Lipidomics technology was used in
this study to investigate the underlying
the cardiotoxicity is still under debate and different experimental protocols were used.
Lipidomics technology was used in this study to investigate the underlying mechanism of
cardiotoxicity induced by DOX. Lipidomics refers to the complete analysis of lipid profile of
a cell or organism based on the principles and tools of analytical chemistry particularly mass
spectrometry. This study was designed to investigate cardiotoxicity induced by doxorubicin
using lipidomics technology.
Method: Twelve adult male rats divided randomly into two groups, each group comprising of
six rats. 1: Control group (single dose (1ml) saline intraperitoneally); 2: DOX group (20 mg/
kg single dose intraperitoneally). After anesthesia, the myocardial tissue harvested and stored
in liquid nitrogen, then the metabolites will be extracted from left ventricle of the heart tissue,
derivatized using boron trifluride-methanol 10% and then the metabolites identified using GCMS.
Results: The results showed that treatment with DOX produced significant (P<0.05) increase
in the level of acetic acid, cholesterol, myristic acid, and stearic acid. Whereas the level of
arachidonic acid, linolic acid, pentadecanoic acid, oleic acid and ricinoleic acid, decreased
significantly (P<0.05) in DOX group. Lauric acid, palmitic acid, and methylcyclohexane, were
found to be increased in DOX group.
Conclusion: This study showed that DOX induced cardiotoxicity can be identified by
lipidomics technique by measuring lipid biomarkers of cardiotoxicity in heart tissue which
include the saturated fatty acids (stearic acid, acetic acid and palmitic acid), unsaturated fatty
acids (arachidonic acid, linoleic acid, and oleic acid) as well as cholesterol.
Key words: Lipidomics, doxorubicin, cardiotoxicity.
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تطبيق اللبيدومكس لشرح تأثير دواء الدوكسوروبسين الحاد السام للقلب
*لبنى زهير عبد الكريم** ،انعام سامح عارف*** ،فؤاد عبد االميرالسعدي
*الدراسات العليا فرع االدوية والسموم ،كلية الصيدلة ،الجامعة المستنصرية
**فرع االدوية والسموم ،كلية الصيدلة ،الجامعة المستنصرية
***فرع الكيمياء الصيدالنية ،كلية الصيدلة ،الجامعة المستنصرية.

الخالصة:
تأثير التسمم الحاد لعضلة القلب بواسطة دواء الدوكسوروبسين ) (Doxorubicinهو احد العوامل الهامة التي تحد من
االستخدام الطبي لهذا الدواء .الميكانيكية الدقيقة المسببة لتسمم عضلة القلب التزال قيد التجربة وباستخدام مختلف
البروتوكوالت التجريبية .تم استخدام تقنية اللبيدومكس ) (lipidomicsفي هذه الدراسة لتشخيص تقنية تسمم عضلة القلب
بواسطة دواء الدوكسوروبسين .تشير اللبيدومكس الى التحليالت الكاملة للدهنيات الموجودة في الخلية او العضيات بناءا على
مبادئ وادوات الكيمياء التحليلية وخاصة قياس الطيف الكتلي .صممت هذه الدراسة لتشخيص سمية عضلة القلب بدواء
الدوكسوروبسين بواسطة استخدام تقنية اللبيدومكس.
طرائق العمل:
تم تقسيم أثنا عشر جرذ ذكر بالغ بصورة عشوائية الى مجموعتين ,كل منها يتكون من ستة جرذان
.1مجموعة االسيطرة والتي اعطيت جرعة واحدة من المحلول المالح داخل الصفاق (.)intraperitoneally
.2مجموعة الدوكسوروبسين والتي اعطيت ( 20ملغ/كغ جرعة واحدة) داخل الصفاق (.)intraperitoneally
بعد تخدير الجرذان تم استئصال نسيج القلب وحفظه في النيتروجين السائل ومن ثم المتئيضات تم استخالصها من البطين
االيسر لنسيج القلب و تم اشتقاقها باستخدام  boron triflurideمع الميثانول بتركيز  %10ومن ثم تم تشخيصها باستخدام
جهاز الGC-MS .
النتائج:
أظهرت النتائج ان المعالجة بدواء الدوكسوروبسين أظهرت زيادة بشكل ملحوظ ) (P<0.05في مستوى حمض االستيك
(الخليك) ،حمض المارستك ،حمض الستياريك والكوليسترول ،بينما وجد ان هناك انخفاض بشكل ملحوظ ) (P<0.05في
مستوى حمض األراكيدونيك ،حمض اللينولييك ،حمض االوليك ،حمض الرسن اولك وحمض البنتاديكانوك في مجموعة
الدوكسوروبسين ،ووجد كذلك ان مستوى حمض اللورك ،حمض البالمتيك والميثيل سيكلوهكسان ازداد في مجموعة
الدوكسوروبسين.
االستنتاج:
اظهرت هذه الدراسة ان تسمم عضلة القلب الناتج من دواء الدوكسوروبسين تم تشخيصه عن طريق استخدام تقنية اللبيدومكس
عن طريق قياس المؤشرات الحيوية لدهنيات نسيج عضلة القلب والمقترنة بتسممه والمتضمنة االحماض الدهنيه المشبعة
(حمض الستيارك ،حمض االستيك ،وحمض البالمتيك) ،االحماض الدهنية غير المشبعة (حمض األراكيدونيك ،حمض
اللينولييك ،وحمض االوليك) وكذلك الكوليستيرول.
لكلمات المفتاحية :اللبيدومكس ،الدوكسوروبسين ،تسمم عضلة القلب.
exposure to anticancer therapy and it
depends on the kind of anticancer therapy,
and on the system of detection used[2].
Unfortunately, DOX has strong toxicity on
noncancerous tissues like, the heart,
kidneys, etc. However, it is well recognized
that the most sever toxic effect of DOX is
on the heart tissue[3]. Cardiotoxicity can be
acute or chronic, permanent or transient,
and can affect the contractility of the
myocardium, the conduction of cardiomyocyte or the vascular system of
myocardium[4]. Lipidomics is end point
research which deals with metabolic lipid
profile of the cell. They change
continuously since they are affected by
various states, not just due to the lipids

Introduction
Medical researchers usually concerned with
drugs toxic effects in the evaluation of
toxicity and the secondary drug
development. Acute cardiotoxicity occur as
result of adverse reaction of drugs is very
high and often the recovery is difficult.
Serious cardiotoxicity caused by many
drugs, might be manifested as heart failure
(HF) and elevated blood pressure which
may lead to death. There are many drugs
like doxorubicin (DOX), which is potent
anticancer drug belong to anthracycline
family, have limited use because of its
serious cardiotoxicity[1]. The definition of
cardiotoxicity is the appearance of
dysfunction in cardiac muscle as a result of
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consumed as part of the diet, but also
through the underlining disease, and many
other factors [5].
Changes that occur in lipid structure,
expression and function can induce diseases
like metabolic disorders, cardiovascular
disease and cancer. Now, lipidomics enable
the study of the expression and localization
of the whole lipid profile. lipidomics, as
part of the “omics” field of researches,
offers understanding of the pathways by
which lipids function as a part of the
biological system. Lipidomics can identify
disease biomarkers that are previously
unknown, improve lipid-related disease
diagnosis, and develop novel pharmacological therapeutics, further opening the
door to personalized medicine[6] .The
cardiotoxicity induced by doxorubicin can
be identified by measuring the level of fatty
acids of the heart tissue using gas chromatography mass spectrometry.

peritoneal route. The DOX group received
(20 mg/ kg single dose) intraperitoneally.
Induction of cardiotoxicity
Induction of cardiotoxicity carried out by
the administration of DOX intraperitoneally
in a dose of 20 mg /kg as a single dose for
acute cardiotoxicity induction[7] .
Sample collection and preparation
At the end of the experiment, the rats were
anesthetized by intramuscular administration of 50 mg/kg ketamine and 5 mg/kg
xylazine[8]. The heart is immediately
removed and washed with tap water then
distilled water and rapidly stored in liquid
nitrogen.
Cardiac lipidomics
Extraction of metabolomics: Extraction of
metabolites from left ventricle of the heart
tissue were done by the method described
by Gregor et al. (2012) using a chloroformmethanol procedure[9] . The stored heart
tissues were thawed at room temperature
for 5 minutes then ~100 mg of left ventricle
heart tissue crashed and homogenized in
600 μL chloroform: methanol (1:2)
previously cooled, using ceramic mortar
and pestle then further pulverized in tissue
homogenizer. Two hundred microliters of
chloroform and then 200 μL deionized
water (HPLC grade) was added to each
sample. Samples were vortexed for 10
seconds, then centrifuged for 20 minutes at
4000 rpm in 4°C. The upper layer separated
and dried in a fume hood under a stream of
nitrogen gas. All extracted samples were
stored at −20 ºC until required.

Aim of study
This study aimed to evaluate the cardiotoxic
effect of DOX to myocardium through the
study of lipid profile of the heart tissue
(lipidomics study).

Materials and Methods
Animals
Twelve adults male Wistar rats were used in
the study purchased from animal house college
of
Pharmacy-Mustansiryiah
university. The rats were kept in cages with
free access to food and water. The cages
were placed in a quiet and temperaturecontrolled room in which a 12:12-hour
light-dark cycle was maintained. The
weight of the rats varied between 200220gm. The rabbits were allowed a ten days
acclimatization period before being used in
experiments.

Derivatization of myocardium extracts
by acid catalyzed esterification(9):Briefly,
150 μL chloroform: methanol (1:1) and 100
μL of 10% BF3 in methanol was added to
each of the stored dried extracted samples
of the upper layer of the heart tissue.
Samples were vortexed for one minute and
heated for 90 minutes at 80 ºC. Once
samples had cooled, 0.6 ml hexane and 0.3
ml water (HPLC grade) was added. After
vortexing for one minute, the organic layer

Study design
The rats divided randomly into two groups,
each consisting of six rats. The Control
group received single dose of saline
injection at a dose of 1 ml via intra-
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(upper layer) was transferred to glass screw
cap tube and left to dry overnight. Samples
were reconstituted with 0.5 mL hexane and
3 μL from each sample were injected into a
GC-MS.

*100 Then convert the values to Log10 and
the difference between metabolites
determined by comparison the treated
groups with the control groups.
Statistical
analysis:
Results
were
expressed as the mean ± the standard error
of the mean (SEM). Statistical significance
is indicated by (*) whenever the P value is
< 0.05. One-way ANOVA test, followed by
a post hoc Tukey's multiple comparisons
test was used to detect the significant
difference between groups. GraphPad
Prism 7 software was used in the statistical
analysis.

Aquadruple
GC-MS
analysis
condition[10]: 2 μL of each sample was
Injected in split/splitless injector manually
by a 10 μL syringe. The injection programs
include, washing syringe before and after
sample injection and removal of air bubbles
by sample pumping and an air buffer for
removal of sample from syringe after
injection. The capillary column properties
were phenyl- coated fused silica 35%,
length of column 30-meter, film thickness
was 0.32 mm I.D. and 0.25 μm.

Results
Metabolomics detection of heart tissue:
Myocardium
tissue
metabolomics
particularly lipidomics showed total fatty
acids, and other metabolites, distributed
between control and DOX treated group as
shown in fig. (1). Table (1) showed that
acetic acid, cholesterol, myristic acid,
stearic acid found to be increased
significantly (P<0.05) in DOX treated
group. Arachidonic acid, linolic acid,
pentadecanoic acid, oleic acid and
ricinoleic acid, decreased significantly
(P<0.05) in DOX group. Lauric acid,
palmitic acid, and methylcyclohexane, were
found to be increased in DOX group,
whereas tridecanoic acid, cyclohexane,
hydroxylamine, methylcyclopentane, and
3-methylhexane were decreased in DOX
treated group. Dichloroacetic acid, erucyl
amide, margaric acid, octadecadienoate,
octadecenyl aldehyde, palmitaldehyde,
phthalic acid, and undecanoic acid found
only in control group and absent from DOX
group whereas brassidic acid found only in
DOX treated group. Metabolomics amount
were measured in relative levels to control
group as showed in fig. (2).

The GC-MS operation procedure: The
GC oven heated as 10°C/min for 60°C to
325°C, 1 min initial time and 10 min final
time, running for 37.5 min and cooling
down to 60°C. The ion source heat was
adjusted to 220°C. Energy of electron was
70 eV. Splitless and split conditions were
used for samples injection. Helium was
used as carrier gas flushed out flow of 10.5
ml/min for 1 min, a saver run for 3 min at
20 ml/min rate. Mass Selective Detector
(MSD) was put at 20 Hz signal data rate and
set at 290°C for transfer line of the MSD.
MS was operated on after 5.90 min of delay
time of solvent.
Data analysis: Data analysis occur
according to Fiehn and Kind, 2005(11,12)
calculate the metabolomics in each sample
represented by a GC-MS total ion
chromatograms were identified (using the
NIST mass spectral library) and the peak
areas for each of the compound was
determined by the relative level to control
group according to the following equation:
Relative level of metabolite (fold change) =
(sample areas-control area)/(control area)
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Figure (1): Number of metabolites in control and DOX treated groups
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Figure (2): Fold change in myocardial tissue metabolomics after treatment with DOX
treated groups data present in log relative levels to control
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Cardiac metabolomics of control and DOX treated groups (heart tissue
derivatized BF3-methanol 1%).
Metabolom
Acetic acid
Arachidonic acid
Brassidic acid
Cholesterol
Dichloroacetic acid
Lauric acid
Erucyl amide
Palmitic acid
Linolic acid
Margaric acid
Myristic acid
Oleic acid
Stearic acid
Octadecadienoate
Octadecenyl aldehyde
Palmitaldehyde
Pentadecanoic acid
Phthalic acid
Ricinoleic acid
Tridecanoic acid
Undecanoic acid
Cyclohexane
Hydroxylamine
Methylcyclopentane
Methylcyclohexane
3-Methylhexane

Control
0.1767±0.04
4.992±0.16
─
0.1967±0.10
0.59
0.7483±0.24
4.57
1.905±1.38
2.308±0.76
15.09
1.348±0.10
0.6717±0.16
1.187±0.52
7.33
1.05
4.52
0.51±0.02
0.59
4.96±0.30
0.1867±0.01
0.1
7.6
0.78
25.76
0.505
2.36

DOX
74.99±2.01*
0.02±0.00*
0.19
5.08±0.23*
─
1.435±0.41
─
4.05±1.10
0.125±0.02*
─
2.03±0.21*
0.245±0.10*
5.9±0.27*
─
─
─
0.16±0.02*
─
0.55±0.05*
0.185±0.03
─
2.04
0.61
12.71
0.76
2.14

high conc.

low conc.

The data presented as Mean ± SE, *: p<0.05 compare to control
cardiomyopathy and eventually heart
failure[13].
Lipidomics can play an important role in
mechanistic studies, prediction of risk
factors, and therapeutic monitoring for
metabolic diseases given the strong
association of lipids with these diseases like
cardiac
problems[14].
Lipidomics
application in vascular health research,
toxic and ischemic heart diseases has
established utilities in population profiling,
identification of biomarker, pathogenesis
studies, and monitoring the responses to

Discussion
In this study, metabolomics analysis based
on GC-MS was used to display the
lipidomics profile of myocardium with the
acute toxicity induced by DOX. DOX, is
one of Anthracycline antibiotic family,
recognized as one of the widely used and
most effective chemotherapeutic agent for
treatment of several types of human
cancers. However, the clinical use of DOX
is limited because of its significant
cardiotoxicity, which often resulting in the
progression of permanent degenerative
AJPS (2019)
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therapy through the systematic quantitative
analysis of multiple classes of lipids
including oxidized lipids[15]. The myocardium is the greatest energetically
demanding organ in the body, and mainly
utilizes long-chain fatty acids and glucose
as the main substrates to generate ATP, that
is required for the contractility of
myocardium[4,16].
An important finding is that the changes in
fatty acid levels were very different, where
there were upgrading in the level of the
saturated fatty acids while there were
downgrading in the unsaturated fatty acids
level. The level of saturated fatty acids
(stearic acid, palmitic acid, myristic acid,
lauric acid, and acetic acid) found to be
increased significantly (P<0.05) by nearly
two folds elevation in DOX treated rats
(table-1) , this increase may indicate that
there was inhibition in the ß-oxidation of
the saturated fatty acids. It is known that
fatty acids ß-oxidation is tightly linked with
glycometabolism in the heart. The main
cause of reduction in fatty acids oxidation
was inhibition of TAC cycle (citrate cycle)
and oxidative phosphorylation which occur
as a result of DOX accumulation in the
heart. Therefore, the acyl-CoA and NADH
accumulation should have occurred in
DOX-treated myocardial cells. Downregulation of the two enzymes, NADH
dehydrogenase (NADHD) and carnitine
palmitoyltransferase I (CPTI) in DOX
treated myocardial cells were found in the
previous studies, which gives indirect
evidence to the assumption[17] .
However, the level of unsaturated fatty
acids (oleic acid, linoleic acid, arachidonic
acid, and ricinoleic acid) were found to be
decreased significantly (P <0.05) (table-1)
by approximately two folds (fig. 2) in DOX
treated group. One of the possible
explanation was that the unsaturated fatty
acids undergo peroxidation in the presence
of DOX (a process by which oxidants like
free radicals can attack lipids containing
carbon-carbon double bond(s), especially
polyunsaturated fatty acids[18]. The
abnormal oxidation process of fatty acids
AJPS (2019)
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responsible for excessive oxidation damage
on the mitochondria of the myocardium.
The normally beating heart required high
energy supply which is largely depend on
the supply of fatty-acyl coenzyme A[19] . In
the present study the level of acetate
increased significantly (P <0.05) nearly by
two-fold change(fig.2) in DOX treated
group. Acetate considered as a vital source
of acetyl Coenzyme A (acetyl-CoA) and it
played an important role in maintaining the
homeostasis of energy in mammalian
cells[20]. Acetyl-CoA is mainly used in
anabolic processes like the biosynthesis of
fatty acids and in catabolic process (TCA
cycle) as an energy generator. In the
mitochondria, acetyl-CoA derived from
pyruvate and acetate, enters into the TCA
cycle in order to meet energy
requirements[21]. DOX reduce the uptake of
acetate by the cells, this may illustrate the
reduced ability of the mitochondria to
metabolize the acetate to produce energy.
Several previous studies showed that the
pyruvate transport rate was inhibited by
DOX. In this context, Andreadou et al. 2009
made in vivo metabolomics study using
NMR spectroscopy to prove significantly
increased acetate levels in myocardium
tissue exposed to DOX, the authors
suggested that these metabolites which
produced intracellular considered as a novel
biomarker for DOX cardiotoxicity[22].
The level of cholesterol was shown to be
elevated significantly (P <0.05) (table-1) in
DOX-induced group, increased two folds
(fig. 2) when compared to control group.
Lipolysis rate could be reduced or blocked
by DOX as approved by the previous
studies, suggesting that cholesterol
accumulation was a characteristic of
cardiotoxicity induced by DOX[17,23].

Conclusions
From this study and according to the results
above, DOX lipidomics biomarkers
associated with cardiotoxicity were
identified and it can be concluded that DOX
administration could affect myocardial
function by producing several changes in
167
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lipid metabolism which are considered as a
primary source of energy for this organ.
Whereas the unsaturated fatty acids
undergo
peroxidation
particularly
arachidonic acid, linoleic acid, and oleic
acid as a result of increased oxidative stress
produced by DOX, so these fatty acids
expected to be biomarkers of cardiotoxicity
induced by DOX. Also, acetic acid might
be considered as a biomarker of
cardiotoxicity since DOX reduce the uptake
of acetate by the cells, as a result, the ability
of the mitochondria reduced to metabolize
acetate to produce energy. The abnormal
oxidation process of all these fatty acids
responsible for excessive oxidation damage
on the mitochondria of the myocardium

Jun 11 [cited 2019 Sep 20];5. Available
from:
https://www.ncbi.nlm.nih.gov/pmc/arti
cles/PMC6008528/
5- Yang K, Han X. Lipidomics:
Techniques,
Applications,
and
Outcomes Related to Biomedical
Sciences. Trends Biochem Sci. 2016
Nov 1;41(11):954–69.
6- Campbell M. Lipidomics: A Rising Star
in “OMICS” Research [Internet].
Proteomics & Metabolomics from
Technology Networks. [cited 2019 Sep
20].
Available
from:
https://www.technologynetworks.com/
proteomics/articles/lipidomics-a-risingstar-in-omics-research-315484
7- Polegato BF, Minicucci MF, Azevedo
PS, Carvalho RF, Chiuso-Minicucci F,
Pereira EJ, et al. Acute DoxorubicinInduced Cardiotoxicity is Associated
with
Matrix
Metalloproteinase-2
Alterations in Rats. Cell Physiol
Biochem. 2015;35(5):1924–33.
8- Struck MB, Andrutis KA, Ramirez HE,
Battles AH. Effect of a short-term fast
on ketamine-xylazine anesthesia in rats.
J Am Assoc Lab Anim Sci JAALAS.
2011 May;50(3):344–8.
9- McCombie G, Medina-Gomez G,
Lelliott CJ, Vidal-Puig A, Griffin JL.
Metabolomic and Lipidomic Analysis
of the Heart of Peroxisome ProliferatorActivated Receptor-γ Coactivator 1-β
Knock Out Mice on a High Fat Diet.
Metabolites. 2012 Jun 18;2(2):366–81.
10- Kind T, Wohlgemuth G, Lee DY, Lu Y,
Palazoglu M, Shahbaz S, et al.
FiehnLib: mass spectral and retention
index libraries for metabolomics based
on quadrupole and time-of-flight gas
chromatography/mass
spectrometry.
Anal
Chem.
2009
Dec
15;81(24):10038–48.
11- Fiehn O, Kind T. Metabolite profiling in
blood plasma. Methods Mol Biol
Clifton NJ. 2007; 358:3–17.
12- Nikiforova VJ, Kopka J, Tolstikov V,
Fiehn O, Hopkins L, Hawkesford MJ, et
al. Systems rebalancing of metabolism

leading to heart failure. Cholesterol also

accumulated in DOX treated hearts which
could be considered a characteristic of
cardiotoxicity induced by DOX.

Reference
1- Li Y, Ju L, Hou Z, Deng H, Zhang Z,
Wang L, et al. Screening, verification,
and optimization of biomarkers for
early prediction of cardiotoxicity based
on metabolomics. J Proteome Res.
2015 Jun 5;14(6):2437–45.
2- Madonna R. Early Diagnosis and
Prediction of Anticancer Drug-induced
Cardiotoxicity: From Cardiac Imaging
to ‘Omics’ Technologies. Rev Espanola
Cardiol Engl Ed. 2017 Jul;70(7):576–
82.
3- Guven C, Sevgiler Y, Taskin E.
Mitochondrial Dysfunction Associated
with Doxorubicin. Mitochondrial Dis
[Internet]. 2018 Aug 29 [cited 2019 Sep
20];
Available
from:
https://www.intechopen.com/books/mit
ochondrial-diseases/mitochondrialdysfunction-associated-withdoxorubicin
4- Saleme B, Sutendra G. A Similar
Metabolic Profile Between the Failing
Myocardium and Tumor Could Provide
Alternative Therapeutic Targets in
Chemotherapy-Induced Cardiotoxicity.
Front Cardiovasc Med [Internet]. 2018
AJPS (2019)

(reseach article)

168

Al Mustansiriyah Journal of Pharmaceutical Sciences, 2019, Vol. 19, No.4

in response to sulfur deprivation, as
revealed by metabolome analysis of
Arabidopsis plants. Plant Physiol. 2005
May;138(1):304–18.
13- Mubarak S, Hamid SA, Farrag AR,
Samir N, Hussein JS. CARDIOPROTECTIVE EFFECT OF DATE PALM
AGAINST DOXORUBICIN-INDUCED CARDIOTOXICITY. Asian J
Pharm Clin Res. 2018 Jul 7;141–6.
14- Meikle PJ, Wong G, Barlow CK,
Kingwell BA. Lipidomics: Potential
role in risk prediction and therapeutic
monitoring for diabetes and cardiovascular disease. Pharmacol Ther. 2014
Jul 1;143(1):12–23.
15- Rasmiena AA, Ng TW, Meikle PJ.
Metabolomics and ischaemic heart
disease. Clin Sci Lond Engl 1979. 2013
Mar;124(5):289–306.
16- Lopaschuk GD, Ussher JR, Folmes
CDL, Jaswal JS, Stanley WC.
Myocardial fatty acid metabolism in
health and disease. Physiol Rev. 2010
Jan;90(1):207–58.
17- Tan G, Lou Z, Liao W, Zhu Z, Dong X,
Zhang W, et al. Potential biomarkers in
mouse myocardium of doxorubicininduced
cardiomyopathy:
a
metabonomic
method
and
its
application. PloS One. 2011;6(11):
e27683.
18- Ayala A, Muñoz MF, Argüelles S. Lipid
peroxidation: production, metabolism,
and
signaling
mechanisms
of
malondialdehyde and 4-hydroxy-2nonenal. Oxid Med Cell Longev. 2014;
2014:360438.
19- Kolwicz SC, Purohit S, Tian R. Cardiac
metabolism and its interactions with
contraction, growth, and survival of
cardiomyocytes. Circ Res. 2013 Aug
16;113(5):603–16.
20- Shimazu T, Hirschey MD, Huang J-Y,
Ho LTY, Verdin E. Acetate metabolism
and aging: An emerging connection.
Mech Ageing Dev. 2010 Aug;131(7–
8):511–6.
21- Gaspar JA, Doss MX, Hengstler JG,
Cadenas C, Hescheler J, Sachinidis A.
AJPS (2019)

(reseach article)

Unique metabolic features of stem cells,
cardiomyocytes, and their progenitors.
Circ Res. 2014 Apr 11;114(8):1346–60.
22- Chaudhari U, Ellis JK, Wagh V,
Nemade H, Hescheler J, Keun HC, et al.
Metabolite signatures of doxorubicin
induced toxicity in human induced
pluripotent
stem
cell-derived
cardiomyocytes. Amino Acids. 2017
Dec;49(12):1955–63.
23- Chen Y, Tang Y, Zhang Y-C, Huang XH, Xie Y-Q, Xiang Y. A Metabolomic
Study of Rats with DoxorubicinInduced
Cardiomyopathy
and
Shengmai Injection Treatment. PLOS
ONE. 2015 May 4;10(5): e0125209.

169

