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In the human heart, the energy supplied by the production of ATP is predominately accomplished by ß-oxidation in

mitochondria, using fatty acids (FAs) as the primary fuel. Long-chain acylcarnitines (LCACs) are intermediate forms of FA

transport that are essential for FA delivery from the cytosol into mitochondria.
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1. Introduction

Mitochondrial dysfunction has been implicated in the development of heart failure, which is the leading cause of

hospitalization in all Western countries and is associated with high morbidity and mortality. Mitochondrial dysfunction often

develops as the result of unsuccessful adaptation to energy stress in the heart, which perpetuates a maladaptive spiral,

augmenting cardiac damage. In clinical findings, heart failure was found to be linked to defective carnitine transport and

mitochondrial fatty acid (FA) oxidation . Cardiac mitochondrial FA oxidation is a pivotal pathway for maintaining energy

homeostasis and is a significant source of adenosine triphosphate (ATP) energy provision under restricted glucose

accessibility. Due to an impermeable inner mitochondrial membrane, free long-chain FAs enter mitochondria via a

specialized carnitine carrier system, transporting activated FAs from the cytosol to mitochondria (Figure 1A) and are

enzymatically transformed into acyl-coenzyme A(-CoA) esters .

Figure 1. Carnitine shuttle in mitochondria and chemical structures of carnitines. (A) Description of acylcarnitine

metabolism (free fatty acid metabolism) in general. Acyl-CoA and carnitine are conjugated (acylcarnitine) by carnitine-

palmitoyl transferase I (CPT I) and transported across the inner membrane of mitochondria via carnitine-acylcarnitine

translocase (CACT). Then, acyl-CoA and carnitine are released into the mitochondrial matrix by carnitine-palmitoyl

transferase 2 (CPT II). Acyl-CoA is finally degraded and released as acetyl-CoA to enter the TCA cycle, synthesizing ATP.

Subfigure A is created by BioRender.com (accessed on 23 March, 2021). (B–E) Molecular structures of acyl-l-carnitine,

short-chain carnitine and long-chain acylcarnitines (LCACs).
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Acyl-l-carnitine (Figure 1B) belongs to the family of carnitines, a group of naturally occurring compounds that are

essential for the β-oxidation of FAs in mitochondria during ATP synthesis . Long-chain acylcarnitines (LCACs, e.g., C18

or C18:1) are intermediates in intramitochondrial FA metabolism. For instance, the long-chain acylcarnitine C18:1 is an

intermediate transportation form for the monounsaturated FA C18:1 and high LCAC levels have been related to CVD,

including heart failure (HF), coronary artery disease (CAD) and cardiac arrhythmias . Hence, LCACs are

not only potential CVD biomarkers, but might also be the putative cause of distinct cardiac disease.

The zebrafish has become a valuable vertebrate model in the study of human cardiac disease and has already

successfully contributed to the identification and characterization of the genetic and molecular underpinnings of CVD, as

well as the discovery and mechanistic description of bioactive small molecules. During the last decade, in vivo screening

of small molecules using zebrafish has helped to gain insights into their pharmacological characteristics, such as

absorption, distribution, metabolism, excretion and toxicity, which were limited in cell-based analyses . Cardiovascular

physiology is highly conserved between humans and zebrafish, which guarantees the meaningful translation of findings

from the zebrafish model to the human situation . Vice versa, numerous human cardiovascular drugs and

biologically active small molecules have already been shown to mediate identical effects on zebrafish physiology 

.

Here, to evaluate the putative impact of the LCACs C18 and C18:1 on mitochondrial and cardiac function in the in vivo

vertebrate model of zebrafish, we treated wild-type zebrafish embryos with C18 and C18:1 and found that treatment with

both LCACs resulted in a significantly reduced expression of genes involved in mitochondrial function and ATP production,

eventually leading to decreased ATP levels. Similarly to mitochondrial morphology, structure and density in

cardiomyocytes, cardiac chamber differentiation, specification and growth were not affected by LCAC treatment.

2. LCAC Treatment Interferes with Mitochondrial Function, Resulting in
Diminished ATP Production

To assess the impact of long-chain acylcarnitines (LCACs) in vivo, we treated zebrafish embryos with the two LCACs C18

(stearoyl-l-carnitine) and C18:1 (oleoyl-l-carnitine), as well as the short-chain acylcarnitine (SCAC; propionyl-l-carnitine)

C3 as a control (Figure 1C–E). First, embryos were incubated with 0.1, 0.5, 1 and 5 µM of C18, C18:1 or C3 from 48 h

post-fertilization (hpf) for 48 h, to investigate potential adverse or toxic effects of the three molecules on zebrafish

development, morphogenesis and survival (Figure 2A). By treating embryos with the different compounds, we found that

5 µM of C18 resulted in significantly increased mortality of zebrafish embryos, whereas 5 µM of C18:1 and C3 had no

negative effects on embryo survival (Figure 2B). As we observed phenotypic changes such as pericardial edema and

intracardiac blood congestion even with low concentrations (0.1 and 0.5 µM of LCACs) (Figure 3A–F), we decided to

continue using these two concentrations in order to reduce the non-specific toxicity as much as possible. Nevertheless,

these data persuaded us to exclude the high concentration from further analyses.
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Figure 2. Experimental design of LCAC treatments in zebrafish embryos and survival rates for different concentrations of

LCACs. Interrupted mitochondrial function by LCACs is accompanied by decreased ATP production. (A) Experimental

design of compound treatments. (B) Lethality of the compounds at different concentrations. (C,D) Quantitative real-time

PCR targeting genes related to ATP production (SD, n = 3, ns: p > 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). (E,F)

Assessment of relative ATP content in zebrafish embryos after compound treatments (SD, n = 3, ns: p > 0.05, ** p < 0.01,

*** p < 0.001, **** p < 0.0001). Abbreviations: rel. = relative, ns = not significant, wt = wild-type, SFA = sodium

fluoroacetate.

Figure 3. LCAC treatment induces cardiac phenotype in embryonic zebrafish. (A–F) Lateral view of embryos after 48 h of

incubation with compounds. (A′–F′) Magnified view of hearts from subfigures A–F.

It is well known that LCACs (e.g., C14: myristoyl-L-carnitine, and C16: palmitoyl-L-carnitine) can suppress mitochondrial

function by influencing Ca  homeostasis, leading to an inhibition of the TCA cycle and finally to the depletion of ATP .

Therefore, we evaluated whether C18 and C18:1 LCAC treatment of zebrafish embryos has an impact on mitochondrial

function and subsequently the production of ATP. We first assessed the expression of marker genes such as pparg,

ppargc1a, cox4i1 and cox4i2, which are known to be downregulated in functionally compromised mitochondria . We

found that pparg and ppargc1a transcripts were indeed significantly decreased in C18- (0.1 μM: pparg: 0.69 ± 0.07,

ppargc1a: 0.81 ± 0.07; 0.5 μM: pparg: 0.50 ± 0.09, ppargc1a: 0.33 ± 0.02, SD, n = 3, p < 0.001, p < 0.0001) and C18:1-

treated embryos (0.1 μM: pparg: 0.56 ± 0.09, ppargc1a: 0.64 ± 0.03; 0.5 μM: pparg: 0.69 ± 0.08, ppargc1a: 0.74 ± 0.06,

SD, n = 3, p < 0.0001) compared to C3-treated embryos (Figure 2C,D). Consistently, mRNA levels of cox4i1 and cox4i2,

which encode subunits of cytochrome oxidase c, involved in the mitochondrial respiratory chain, were also significantly

downregulated after C18 (0.1 μM: cox4i1: 0.86 ± 0.06, cox4i2: 0.78 ± 0.08; 0.5 μM: cox4i1: 0.84 ± 0.03, cox4i2: 0.81 ±

0.05, SD, n = 3, p < 0.01, p < 0.001, p < 0.0001) or C18:1 (0.1 μM: cox4i1: 0.80 ± 0.04, cox4i2: 0.81 ± 0.01; 0.5 μM:

cox4i1: 0.73 ± 0.05, cox4i2: 0.76 ± 0.05, SD, n = 3, p < 0.001, p < 0.0001) treatment compared to the C3-controls (Figure
2C,D).
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To prove that impaired mitochondrial activity caused by LCAC treatment subsequently led to the reduction of ATP, we

quantified ATP levels in C18-, C18:1- and C3-treated zebrafish embryos. As a control, we treated zebrafish embryos with

sodium fluoroacetate (SFA), a known inhibitor of the TCA cycle . We found a significant reduction of ATP levels in C18-

(0.1 μM: 63.89% ± 12.73%; 0.5 μM: 57.25% ± 4.36%, SD, n = 3, p < 0.01, p < 0.001), C18:1- (0.1 μM: 57.36% ± 16.01%;

0.5 μM: 56.66% ± 5.26%, SD, n = 3, p < 0.001) and SFA-treated zebrafish embryos, whereas treatment of zebrafish

embryos with C3 (0.1 μM: 104.44% ± 7.70%; 0.5 μM: 89.83% ± 15.04%, SD, n = 3) had no effect on ATP production

(Figure 2E,F).

3. Mitochondrial Structure in Cardiomyocytes Is Not Impaired by LCAC
Treatment

To determine whether high LCAC uptake in mitochondria affects mitochondrial morphology and structure, thereby leading

to defective ATP production, we first conducted quantitative real-time PCR (qRT-PCR) analyses to investigate the

expression of mfn1, encoding the mitochondrial membrane protein involved in regulating mitochondrial morphology and

metabolism . We found the mfn1a and mfn1b mRNA levels in C18- and C18:1-treated embryos to be unaltered

compared to the C3 control (Figure 4A,B). Next, we analyzed the mitochondrial ultrastructure in the ventricular and atrial

cardiomyocytes of C3-, C18- and C18:1-treated embryos via transmission electron microscopy (TEM). We found that the

mitochondrial structure in cardiomyocytes was not altered in C18- and C18:1-treated zebrafish embryos compared to

control-treated (C3) or wild-type embryos (Figure 4C–H). The structure of the inner and outer mitochondrial membrane,

as well as the cristae, were completely unaffected by LCAC treatment. Additionally, we found no other subcellular

alterations in LCAC-treated embryos compared to C3 controls. Moreover, the mitochondrial density in C18- (0.1 μM: 7.4 ±

1.52/25 µm , 0.5 μM: 6.8 ± 1.3/25 µm , n = 5) and C18:1-treated embryonic hearts (0.1 μM: 6.8 ± 3.11/25 µm , 0.5 μM:

7.0 ± 2.35/25 µm , n = 5) was not significantly altered compared to C3-treated (0.1 μM: 7.4 ± 1.14/25 µm , 0.5 μM: 7.8 ±

1.64/25 µm , n = 5) or wild-type embryos (8.4 ± 1,14/25 µm , n = 5) (Figure 4I). Next, we assessed mitochondrial size in

C18-, C18:1- and C3-treated cardiomyocytes and found that the average size of cardiac mitochondria was also not

impaired by C18 (0.1 μM: 0.43 ± 0.34 µm , 0.5 μM: 0.30 ± 0.27 µm , n = 10) or C18:1 treatment (0.1 μM: 0.30 ± 0.27 µm ,

0.5 μM: 0.39 ± 0.22 µm , n = 10) compared to C3-treated or wild-type embryos (C3: 0.1 μM: 0.34 ± 0.17 µm , 0.5 μM:

0.32 ± 0.16 µm ; wt: 0.37 ± 0.17 µm , n = 10) (Figure 4J). These findings demonstrate that mitochondria density,

morphology and structure are not impaired in cardiomyocytes treated with 0. 1 μM or 0.5 μM of LCACs.

Figure 4. Sustained mitochondrial structure and distribution. (A,B) Quantitative real-time PCR targeting factors

responsible for mitochondrial structure (SD, n = 3, ns: p > 0.05). (C–H) Mitochondria of compound-treated embryonic

hearts visualized by means of electron microscopy. (I,J) Mitochondrial density and average size of mitochondria in EM

images of embryonic zebrafish hearts treated with carnitines (SD, n = 5, 10: respectively, ns: p > 0.05). Abbreviations: ns

= not significant, wt = wild-type.
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4. Treatment of Embryos with LCACs Leads to Cardiac Dysfunction

It has been reported that mitochondrial dysfunction induced by specific mutations  or the pharmacological inhibition of

mitochondrial activity  induces severe defects in the embryonic zebrafish heart. Since we observed mitochondrial

dysfunction in C18- and C18:1-treated zebrafish, as well as a cardiac phenotype, we decided to characterize this

phenotype in greater detail. The phenotype, characterized by a pericardial edema, was not observed in control-treated

(C3-treated) embryos (Figure 3A–F,A’–F’). Pericardial edema in zebrafish embryos is a sign of either defective heart

development or cardiac malfunction . First, to evaluate whether the observed cardiac defects in LCAC-treated embryos

were caused by impaired heart chamber differentiation and specification, we dissected embryonic zebrafish hearts at 96

hpf and subsequently performed immunostainings using antibodies directed against meromyosin (MF20) and the atrial-

specific myosin heavy chain (S46) to visualize distinguishable ventricle and atrium features. As shown in Figure 5,

similarly to the situation in embryos incubated with the control C3, we found that cardiac chamber differentiation and

specification was completely unaffected in C18- and C18:1-treated zebrafish embryos (Figure 5A–F). Furthermore, to

investigate whether LCAC treatment resulted in diminished cardiomyocyte numbers, we assessed total cardiomyocyte

numbers and also counted the ventricular and atrial cardiomyocytes after treatments with C3, C18 and C18:1 separately.

To do so, we treated embryos of transgenic zebrafish Tg(myl7:dsRed.nuc) expressing red fluorescence specifically in

cardiomyocyte nuclei, with 0.1 μM and 0.5 μM of C18, C18:1 and C3 (Figure 6A–H) enabling the counting of

cardiomyocytes, and found that neither the total cardiomyocyte numbers nor ventricular or atrial cardiomyocytes were

reduced after treatment of the transgenic zebrafish embryos with 0.1 μM and 0.5 μM of C18, C18:1 or C3, or in the wild-

type embryos (Figure 6I–K).

Figure 5. Cardiac chamber specification and development of LCAC-exposed zebrafish larvae. (A–F) Immunofluorescence

staining of carnitine-treated embryonic hearts against sarcomeric myosin heavy chain (MF20) and slow developmental

myosin heavy chain (S46).
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Figure 6. Impact of LCACs on cardiomyocyte numbers in zebrafish embryos. (A–H) Red-fluorescence-positive

cardiomyocytes (CMs) of zebrafish embryos in wild-type and 0.1 M or 0.5 µM carnitine-treated embryos. (I–K) Counting

CMs of whole heart, ventricle and atrium from wt and C3-, C18- and C18:1-treated embryos (total CMs: wt: 319.33 ±

26.08, C3 0.1 µM: 304.67 ± 7.57, C18 0.1 µM: 311.67 ± 5.51, C18:1 0.1 µM: 310.67 ± 17.56, C3 0.5 µM: 320.67 ± 21.78,

C18 0.5 µM: 333.33 ± 37.17, C18:1 0.5 µM: 279.0 ± 55.75, SD, n = 3, ns: p > 0.05; ventricular CMs: wt: 215.67 ± 20.74,

C3 0.1 µM: 211.67 ± 11.37, C18 0.1 µM: 215.67 ± 8.33, C18:1 0.1 µM: 220.67 ± 12.34, C3 0.5 µM: 227.67 ± 15.01, C18

0.5 µM: 232.67 ± 16.62, C18:1 0.5 µM: 214.67 ± 8.15, SD, n = 3, ns: p > 0.05; atrial CMs: wt: 103.67 ± 7.02, C3 0.1 µM:

93.0 ± 4.0, C18 0.1 µM: 96.0 ± 13.75, C18:1 0.1 µM: 90.0 ± 17.44, C3 0.5 µM: 93.0 ± 14.73, C18 0.5 µM: 99.67 ± 19.73,

C18:1 0.5 µM: 97.67 ± 10.41, SD, n = 3, ns: p > 0.05). Abbreviations: ns = not significant, wt =wild-type.

References

1. Zhou, B.; Tian, R. Mitochondrial dysfunction in pathophysiology of heart failure. J. Clin. Investig. 2018, 128, 3716–
3726.

2. Grevengoed, T.J.; Klett, E.L.; Coleman, R.A. Acyl-CoA metabolism and partitioning. Ann. Rev. Nutr. 2014, 34, 1–30.

3. Knottnerus, S.J.G.; Bleeker, J.C.; Wüst, R.C.; Ferdinandusse, S.; IJlst, L.; Wijburg, F.A.; Wanders, R.J.; Visser, G.;
Houtkooper, R.H. Disorders of mitochondrial long-chain fatty acid oxidation and the carnitine shuttle. Rev. Endocr.
Metab. Disord. 2018, 19, 93–106.

4. Bieber, L.L. Carnitine. Ann. Rev. Biochem. 1988, 57, 261–283.

5. Shah, S.H.; Bain, J.R.; Muehlbauer, M.J.; Stevens, R.D.; Crosslin, D.R.; Haynes, C.; Dungan, J.; Newby, L.K.; Hauser,
E.R.; Ginsburg, G.S.; et al. Association of a peripheral blood metabolic profile with coronary artery disease and risk of
subsequent car-diovascular events. Circ. Cardiovasc. Genet. 2010, 3, 207–214.

6. Kalim, S.; Clish, C.B.; Wenger, J.; Elmariah, S.; Yeh, R.W.; Deferio, J.J.; Pierce, K.; Deik, A.; Gerszten, R.E.; Thadhani,
R.; et al. A Plasma Long-Chain Acylcarnitine Predicts Cardiovascular Mortality in Incident Dialysis Patients. J. Am.
Hear. Assoc. 2013, 2, e000542.

7. Rizza, S.; Copetti, M.; Rossi, C.; Cianfarani, M.; Zucchelli, M.; Luzi, A.; Pecchioli, C.; Porzio, O.; Di Cola, G.; Urbani, A.;
et al. Metabolomics signature improves the prediction of cardiovascular events in elderly subjects. Atheroscler 2014,
232, 260–264.

8. Zordoky, B.; Sung, M.M.; Ezekowitz, J.; Mandal, R.; Han, B.; Bjorndahl, T.C.; Bouatra, S.; Anderson, T.; Oudit, G.Y.;
Wishart, D.S.; et al. Metabolomic Fingerprint of Heart Failure with Preserved Ejection Fraction. PLOS ONE 2015, 10,
e0124844.



9. Krause, J.; Loeser, A.; Boernigen, D.; Schnabel, R.; Blankenberg, S.; Eschenhagen, T.; Stenzig, J.; Zeller, T.
433Metabolomics in translational medicine - A link between acylcarnitines and atrial fibrillation. Cardiovasc. Res. 2018,
114, S104.

10. Verdonschot, J.A.; Wang, P.; Van Bilsen, M.; Hazebroek, M.R.; Merken, J.J.; Vanhoutte, E.K.; Henkens, M.T.;
Wijngaard, A.V.D.; Glatz, J.F.; Krapels, I.P.; et al. Metabolic Profiling Associates with Disease Severity in Nonischemic
Dilated Cardiomyopathy. J. Card. Fail. 2020, 26, 212–222.

11. Bonnet, D.; Martin, D.; De Lonlay, P.; Villain, E.; Jouvet, P.; Rabier, D.; Brivet, M.; Saudubray, J.-M. Arrhythmias and
Conduction Defects as Presenting Symptoms of Fatty Acid Oxidation Disorders in Children. Circulation 1999, 100,
2248–2253.

12. MacRae, C.A.; Peterson, R.T. Zebrafish as tools for drug discovery. Nat. Rev. Drug Discov. 2015, 14, 721–731.

13. Pott, A.; Rottbauer, W.; Just, S. Streamlining drug discovery assays for cardiovascular disease using zebrafish. Expert
Opin. Drug Discov. 2020, 15, 27–37.

14. Paone, C.; Diofano, F.; Park, D.-D.; Rottbauer, W.; Just, S. Genetics of Cardiovascular Disease: Fishing for Causality.
Front. Cardiovasc. Med. 2018, 5, 60.

15. Asnani, A.; Peterson, R.T. The zebrafish as a tool to identify novel therapies for human cardiovascular disease. Dis.
Model. Mech. 2014, 7, 763–767.

16. Milan, D.J.; Peterson, T.A.; Ruskin, J.N.; Peterson, R.T.; Macrae, C.A. Drugs That Induce Repolarization Abnormalities
Cause Bradycardia in Zebrafish. Circulation 2003, 107, 1355–1358.

17. Burns, C.G.; Milan, D.J.; Grande, E.J.; Rottbauer, W.; A Macrae, C.; Fishman, M.C. High-throughput assay for small
molecules that modulate zebrafish embryonic heart rate. Nat. Chem. Biol. 2005, 1, 263–264.

18. Chi, N.C.; Shaw, R.; Jungblut, B.; Huisken, J.; Ferrer, T.; Arnaout, R.; Scott, I.; Beis, D.; Xiao, T.; Baier, H.; et al.
Genetic and Physiologic Dissection of the Vertebrate Cardiac Conduction System. PLoS Biol. 2008, 6, e109.

19. Kessler, M.; Berger, I.M.; Just, S.; Rottbauer, W. Loss of dihydrolipoyl succinyltransferase (DLST) leads to reduced
resting heart rate in the zebrafish. Basic Res. Cardiol. 2015, 110, 14.

20. Pott, A.; Bock, S.; Berger, I.M.; Frese, K.; Dahme, T.; Keßler, M.; Rinné, S.; Decher, N.; Just, S.; Rottbauer, W.; et al.
Mutation of the Na+/K+-ATPase Atp1a1a.1 causes QT interval prolongation and bradycardia in zebrafish. J. Mol. Cell.
Cardiol. 2018, 120, 42–52.

21. Berezhnov, A.V.; Fedotova, E.I.; Nenov, M.N.; Kasymov, V.A.; Pimenov, O.Y.; Dynnik, V.V. Dissecting cellular
mechanisms of long-chain acylcarnitines-driven cardiotoxicity: Disturbance of calcium homeostasis, activation of
Ca(2+)-dependent phospholipases, and mitochondrial energetics collapse. Int. J. Mol. Sci. 2020, 21, 7461.

22. Wu, Z.; Puigserver, P.; Andersson, U.; Zhang, C.; Adelmant, G.; Mootha, V.; Troy, A.; Cinti, S.; Lowell, B.; Scarpulla,
R.C.; et al. Mechanisms controlling mitochondrial biogenesis and respiration through the thermogenic coactivator PGC-
1. Cell 1999, 98, 115–124.

23. Shao, X.; Fu, Y.; Ma, J.; Li, X.; Lu, C.; Zhang, R. Functional alterations and transcriptomic changes during zebrafish
cardiac aging. Biogerontology 2020, 21, 637–652.

24. Chen, H.; Detmer, S.A.; Ewald, A.J.; Griffin, E.E.; Fraser, S.E.; Chan, D.C. Mitofusins Mfn1 and Mfn2 coordinately
regulate mitochondrial fusion and are essential for embryonic development. J. Cell Biol. 2003, 160, 189–200.

25. Eura, Y.; Ishihara, N.; Yokota, S.; Mihara, K. Two mitofusin proteins, mammalian homologues of FZO, with distinct
functions are both required for mitochondrial fusion. J. Biochem. 2003, 134, 333–344.

26. Pinho, B.R.; Santos, M.M.; Fonseca-Silva, A.; Valentao, P.; Andrade, P.B.; Oliveira, J.M. How mitochondrial dysfunction
affects zebrafish development and cardiovascular function: An in vivo model for testing mitochondria-targeted drugs.
Br. J. Pharmacol. 2013, 169, 1072–1090.

Retrieved from https://encyclopedia.pub/entry/history/show/31458


