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Editorial

Targeting metabolic pathways to treat cardiovascular diseases

Cardiovascular disease remains a leading cause of morbidity and
mortality, and according to the World Health Organization represents
an estimated 31% of all deaths worldwide. In the last two decades there
is growing recognition of the importance of metabolism in the cardio-
vascular system as it was found that disturbances in cardiac metabolism
often are at the basis of causing cardiac disease. As a biological pump,
the heart's energy needs are enormous, being responsible for approxi-
mately 10% of whole-body fuel consumption [1]. However, apart from
the critical role of energy metabolism, alterations in various metabolic
pathways directly or indirectly impact on cardiac contractile function.
These include post-translational protein modification, such as palmi-
toylation and O-GlcNAcylation, and metabolism-derived signals such as
bioactive lipids. In line with the emergence of a pivotal role for energy
metabolism, an increasing number of reports have indicated that in-
terventions targeting metabolic pathways, referred to as ‘metabolic
modulation’, are an effective approach to combat cardiovascular dis-
ease, in particular the most prevalent diseases of our time, i.e., diabetes,
heart failure, and the metabolic syndrome. Therefore, novel strategies
and compounds directed at intermediary metabolism are being devel-
oped and already show high promise in the treatment of diabetes and
heart failure. However, these strategies and/or compounds present
numerous challenges concerning their actual mechanism and potential,
requiring in-depth unraveling of their metabolic actions by the research
community.

In order to foster interaction and collaboration among researchers in
this specific field and provide an interactive learning environment for
trainees, in 2001 the Society for Heart and Vascular Metabolism (SHVM)
was founded at the initiative of William C. Stanley (who passed away
untimely in 2013) [2]. Since 2003 the SHVM has held annual meetings
which have become a “must” for any researcher working in the field of
cardiac metabolism. Within the main topic of heart and vascular me-
tabolism, each meeting is focused on a specific theme. These meetings
have facilitated the establishment of many links and fruitful colla-
borations, which have led to a marked advance in our understanding of
the role of cardiac energy metabolism in health and disease.

In 2015 it was decided that the results of the annual SHVM con-
ferences should be made available to a wider audience. The editors of
Biochimica et Biophysica Acta agreed to publish the proceedings of the
13th SHVM meeting, held in Tarrytown (New York, USA), in a Special
Issue of BBA — Molecular Basis of Disease (BBA-DIS). In subsequent
years the publishing of these proceedings in BBA-DIS has become a
tradition. Table 1 lists the SHVM meetings held in 2015-2019 together
with the bibliographic data of its proceedings. Thus, the 17th SHVM
conference was held in Amsterdam, the Netherlands, on June 23-26,
2019, and focused on Targeting metabolic pathways to treat cardiovascular
diseases (www.heartmetabolism.org/2019). As a result, the 5th Special
Issue of BBA-DIS that is devoted to SHVM conference proceedings
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consists of 12 contributions from experts in the metabolic field who
each review the state-of-the-art knowledge on a specific aspect of car-
diac and vascular metabolism, thereby especially pinpointing promising
areas for further research. Together, these review articles bring an
overall picture of a further upheaval in metabolic-driven research and
in therapeutic opportunities in our common battle against the most
prevalent cardiovascular diseases.

The annual SHVM meeting started with a trainee workshop on
human induced pluripotent stem (hiPS) cell-derived cardiomyocytes as
a model system for research. Having been one of the pioneers in this
specific field, Robert Passier presented an overview of the current status
of the generation and application of hiPSC-cardiomyocytes [3]. While
in recent years hiPSC-cardiomyocytes are more commonly being ap-
plied in research, they suffer from an immature phenotype which in
many aspects resembles more that of the fetal heart than of the adult
heart. Mechanical and electrical triggers for hiPSC cardiomyocyte ma-
turation have been explored extensively, but only recently focus has
shifted to improve maturation through metabolic parameters. In his
contribution, metabolic changes occurring during human embryonic/
postnatal development and maturation in vivo are taken as a blueprint
for hiPSC-cardiomyocyte maturation in vitro. This approach includes,
for instance, the addition of fatty acids to the culture medium so as to
enhance maturation.

Subsequently, Paul Wijnker demonstrated how engineered heart
tissue can be applied successfully to delineate specific pathology and
treatment responses in patients with hypertrophic cardiomyopathy
(HCM) [4]. HCM is the most common inherited cardiomyopathy but,
with over 1500 associated mutations, many of which cause specific
cellular perturbations. As a result, depending on the mutation, in-
dividual patients will need tailored treatment. Working with en-
gineered heart tissue allows the evaluation of effective treatment op-
tions.

Targeting cardiac fatty acid metabolism is regarded as a primary
approach for metabolic modulation therapy because of the importance
of long-chain fatty acids as the main fuel for myocardial energy pro-
vision which requires a properly controlled rate of fatty acid utilization,
avoiding both too low uptake rates, which could elicit an energy deficit,
and too high uptake rates, which pose the risk of excess lipid accu-
mulation and lipotoxicity. The latter is a main cause of cardiac insulin
resistance and diabetic cardiomyopathy. In their contribution, Sander
Houten and colleagues discuss the essential role of carnitine and car-
nitine acyl-transferases in not only mitochondrial fatty acid 3-oxidation
but also peroxisomal 3-oxidation [5]. Specifically, the review discusses
the physiological function of exchange of acylcarnitines between per-
oxisomes and mitochondria, an underexplored aspect that may serve a
significant function in the proper handling by the heart of exogenous
long-chain and medium-chain fatty acid species.


http://www.sciencedirect.com/science/journal/09254439
https://www.elsevier.com/locate/bbadis
https://doi.org/10.1016/j.bbadis.2020.165879
http://www.heartmetabolism.org/2019
https://doi.org/10.1016/j.bbadis.2020.165879
https://doi.org/10.1016/j.bbadis.2020.165879
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbadis.2020.165879&domain=pdf

879
165

0)

202

6 (

186

isease

asis of Dis
B

lar

lecu

Mo

A -

BB,

ial

itorial

Edito

o-
in my
he malrllllation
is t reg dent
-B2) in the en
R in is dep by
36 (S 1 role ke is lated he
in CD ivotal uptal ¢
tein ap cid is s an e-
o o Y ace b o the m
lyco se f fa w. dos K t b-
ne g and te o ma, en with he su d
embra sporter The ra rcolergletweelnrities d by t36 an
sm ran ke. e sa 6 imila: late CD fatty
tran: cid u ptake th CD3 sim regu er, e
Thefatty ty acid D36 l-r;g of e uprake is Togeth Le, t};] have
rdial 1 fatty of C cycli has € upt UT4. heart, tal. [ 6 and
Cafl cellula esence ular rehanisrilglucos ter GL f the iken e'n CDS‘cular
o pr esic ec dia por ce o t Lu di arti e
the rv is m car ans ren 00S olve in p bran
on ula Th 0 e tr: efe J invi ins, in m e
subcelllmma' hich T};lucostrate prtudies. ]ii};lctly 1r0t€1~nsted meubstra1t
arcole by w.ng o subs cent s o dls. king p socia rant s .
S nism eycli the e. Re hat ar affic icle-as aber lanc ients
cha r re mine lanc '-nst e tr. vesi tify el ba' pati 1
lula ter ba tei hes ific rec fu tic ively
cel T4 de se fuel.Ilg proking. T specifi ets to lucose diabe ollecti lar
- E GLU gluco fficki raffic and, g targ cid-g eating-tors (C-Ovascuthe
% S ﬁ S % acidl_osed tr‘iular.;.tATPaSiomiSII; fatty athat t; inhibln car(fililure, ve
N Lox ) . si - e . [} a a
i § 5 E > dlLSE]T4 nype H) offer 1; propeI'Vatlgn(SGLle effect heart tudies ?the
o 3 a5 3 G lar- MPs), tore obs r- ficia for ls isms ot f
= 288 S o A estore rte e ion era sm so
N 23 8 8 cu 4 dr ting © ben izatio ev ni asi
e = S g ° va ins an xci nsp d ber liza d. S cha ost d
o 1) a9 3 tei tes € -tra ke ita. te me € ic an
b= ces 8 ro a the co ar sp ba.-l hom tic an
= 28 = p ke r . e m ho de clal iabe ionic
S T8 @ a ing 05! a d 1 efi on dia on
8% 2] pt low luc has an hotly ben nd T di
3 == @ 4 v Fol ium-g ins) lity en ing ism aj y fo ism an these
z 2 2% 5 sodi lifloz morta s be derly boli herap bolis of @
= . K a a a n
7|2 2 2 wlt}‘an as iudn}? nism hfthe ug to meif)n for dgac metof acFizre) me
£ 2 2 kno re cha t o ibe irect ar isms fai _
S o e, e ar cri dire ing ¢ nis t 1
S| A iseas ing m at p as a dir ting ha hear 2+ Jcal
= dis lyin, th nbe. ing lica mec 1 a iac
535 W Iev hi nly ut ing pr ible r in t hyp
) ] no in t O b rly nd ib. in d 0
£ 3 T2 not ol nts, nde ic (a 0SS T1 an d t
g g SGL art, atie .1u_ etic ep GLU ted ieve .
53 he ep cia iab th £ ula beli iling
<3 he ilur cru 1d ess do eg is fai
25 t fai is as ve ddr an pregt 1 he al
£ 8 rt is no a upre 1tY_ t er
i - hei1 eostas inent o [7](caMKiIzs Ofte;leractl‘:i ditlon’t es. se;’diac
E5 ho! rom et I K i hy In a tra ca t
2 3 = t p h inase aM its . ubs ve ha
3 ¢ 3 mos ustropt kina 2is. C and failure able s impro ated tes,
£ S E cines'liaﬂ Menden f SGLT. tients’f heart oxidiz and deline diseas d
E g g Ju. ep o a o of Iter as iac iate
,LS ..: = Odullnfleﬁ:eCtsfailurelogmen}tlortag?S can agroup fl:;r Carill_assoclﬁnd_
= < : .
1 £l » m icia art ve as T2i ch i's LU ese i's
Z 3 g beneil o ht:?) the de havehat SGL reseaz, sGLTfeaSe Gusses tfflSGLTZ
] °’=°~ 2 iv to t 18 isin inc isc o
s g g £ N actltribute lieved ested rk by hromlsl and lni ew dlsrkings | me-
g 2 :; g g con t is be e sugg t wo most pctivlty he rev the wo eficia tal
< =5 £ 2 hear.eS hav ReCenOf the MKII a tes. T tive of ¢ ben erime? of
o = = & z di ism. e Ca cy ec dia Xp de
g = 5% g stu lis in, on te Ca yo sp ar € 0 i-
a 2 ° bo in, a om er! ible ¢ in an 1 m li
g £5 8 5 etal ifloz nu rdi T P! ib in ima ag
ke T m 1i atte ca ade 055 ted anim emp e-
g RS 5 = pag tly into bro as p lua an ith am
- g8 g em direc ke ina ism eva ed d w sm -
: ges 5 ta ilure. lis er loy te la sup
3 g8y o can up them failu tabo rth mp trea dp dy ith
= 2 £% ¢ cose uts art me e fu hey e iet) tre n an e stu wit
§ 2 Z g 2 glu nd p he diac in wer T fat d ctio f th ent w .
g S 2 g ings a ion to car zin [8]. igh fun‘ SO atm tality.
5 B8 g £ Ing latio nd liflo t al. hig diac inding; : tre or ne
a - =) in re II a ag ee n a ar fin ibitors: d m to
3 = o z in MK mp hrk ice o ined ¢ jor ibi uce iac ke
g _&é g g o Ca of e 1 Le mic mine maj 2 inh red rdia
g 2% 3 3 isms ichae /db exa The GLT tion, in ca a
g w2 2 8 an Mi (db nd ions. fS ne ts is to
E $E3 g ch dy by betes eks, a tratio ects o olic fu t effec ilure the
g g E 3 & stu 2 dia 2 we ncen ial eff diast ithou rt fa rng t
o £ zE 2 type for 414 te co eficia diac as wi 0 (MD) hea ct du is no
- g2 2 yZin bstrat c ben car but w bolism ™ infar t size the
5 3 §g>'§ g ﬂ(]))olic su cardia rovei lism d meta farctioniniti‘“1 Infarc during eby
$ g ZEE a the imp tabo ci in he t. lso ther :
S T -OC.? =] t ed in me ino a dial f t men t a ,a) R mn
= S & ort ifloz se n ar ize o eat ia, bu . y ion
o ) Q p li co in am: oC size tr ia, injury fus rt
A pag d glu hain t-my he ion hemia, n i er hea
em e -c S t us isc 10 ing rep f f
2 ﬁ improvanche(ity of pi(;ed b}i repezlfuring“I:eperfusdurlniegree.é)ence Oe
g d br ever e i ing d ions he inci due
=] . an he s det its cli UrTi -calle enti lv, t the ay re. .ng
£ it B rg.Mfin fus-loon.t po T o
9] 2 la; g o er ia c ifican: m . Xp. ]
S ) b lvin ult rep tent nd, ignific e o ilure her e (91,
& £ g evo a rest d of ic po ize a t sig thes t fal. furt] thors i's
s ] S ly rio utic t si no hat ear i's is -au LT2
=5 ] 3 Onitial PetheraPZ infar;zi's do showdt thus I;GLTZI Sand co by SGdium/
) = = ) in . c L ies e ot an ry $O d
E g 3 ER ring edu G tudies an f th ad inju he an
2 5 S o e = offe to 1 ugh ical s Size o ndre ion i 2t tion
E g =2 z 3 f‘ﬂ‘ilurecent pinjury,bout thjv by I(?En of -ron of NMPK’ "
g T8 o <) T . is al ie igati t1
g ‘: é = § < ML, rfuslonthesls he revi mitiga OdulaTATB’ A
e E = S g repe hypo d in t t the irect mKIIr S
8 é i g < E novel-scussedes tha its dl) CaM
S 5 S < 5 i s
S & Y : % é who be exp. hange
£ s - =] - exc
RE : hydrogen
.8 285 < hydrog e
e ) ) g 3 idativi
HE ?J‘% £ 3 g oxid
HE %ﬁ?éi 2
) £ - =g
HE F5EL 2
§ 2 e N @ ]
171 &) el —~ [=]
1%} — (=] N
- 2 ] K N
= = o -
5 g Q 0 © s
& 8 I = =
2 : g 1
ks 00 = 2 T g
5| & = EEZ
: .% g 7]
£



Editorial

Epidemiological studies have clearly indicated that sex and gender
affect the occurrence, development and consequences of cardiovascular
diseases. For instance, the prevalence of cardiovascular disease is lower
in non-menopausal women than in men of the same age, but it increases
with age and in post-menopausal women becomes the major cause of
mortality. Importantly, gender differences include biological but also
socio-cultural parameters. The putatively complex molecular mechan-
isms underlying sex and gender differences in cardiac pathophysiology
are still poorly understood. Renée Ventura-Clapier and co-workers re-
view current knowledge on gender related differences in energy me-
tabolism [10] to conclude that there is a lack of experimental and
clinical studies addressing this issue. Furthermore, she argues that with
experimental studies more care should be taken to consider and discuss
gender issues and, at least, properly describe the gender studied (details
that are lacking in many published experimental animal studies). Ob-
viously, understanding gender issues is a prerequisite for developing
personalized therapeutic strategies.

Loss of insulin action or function during obesity and diabetes is
known to disrupt energy metabolism in the heart by triggering hy-
perglycemia and fatty acid over-utilization, leading to glucolipotoxi-
city. Thomas Pulinilkunnil and his team at Dalhousie University [11]
have previously demonstrated that glucolipotoxicity negatively reg-
ulates the lysosomal protein degradation pathway or autophagy by
inhibiting transcription factor EB (TFEB), a master regulator of lyso-
somal biogenesis and lysosomal function. In the current paper, they
examine nutrient specific and upstream regulators of TFEB in the heart,
as well as metabolic alterations in response to the loss of TFEB action,
and explore whether these alterations impact on cardiomyocyte func-
tion. By utilizing in vitro, ex vivo and in vivo models of lipid overload,
they demonstrate that saturated fatty acids (such as palmitate), in
contrast to polyunsaturated fatty acids, decreases TFEB content in a
concentration dependent manner. Thus, hearts from mice on high-fat/
high-sucrose diet exhibited a decline in nuclear TFEB content, whereas
adenoviral expression of constitutively active TFEB rescued glucolipo-
toxicity-induced lysosomal dysfunction and cell death. Together, their
data indicate that loss of TFEB is sufficient to remodel substrate me-
tabolism and to render the cardiomyocyte prematurely susceptible to
nutrient overload-induced cell death.

Besides fatty acids and glucose, the heart may also use other sub-
strates for energy provision, such as lactate, ketone bodies and amino
acids [1]. In the last decade ketone bodies have emerged in particular
focus because of several reports indicating their beneficial action on the
failing heart. Ketone bodies serve in carbohydrate-depleted conditions
as glucose-sparing energy substrates, but also have important signaling
functions. Kieran Clarke and her group [12] has applied manipulation
of ketone body metabolism to treat cardiac disease, especially by ad-
ministering exogenous ketone esters, and in their review discuss the
state-of-the-art on both our molecular understanding of the beneficial
role of ketones for heart disease and practical aspects of its therapeutic
application.

Structural and functional alterations in mitochondria have long
been known to play a key role in the pathogenesis of ischemia-re-
perfusion (IR) injury in the heart. The mechanisms involved, such as
induction of mitochondrial permeability transition or oxidative damage
of intramitochondrial structures and molecules, are modulated or ag-
gravated by mitochondrial ROS production, placing mitochondrial ROS
at the center stage of IR injury. The general view is that mitochondrial
oxidative stress is quite moderate during ischemia itself, but much more
pronounced during the burst of ROS at the onset of reperfusion as well
as during the hours and days following an ischemic insult. Moreover,
novel sources of mitochondrial ROS beyond that directly related to the
electron transport chain have been revealed, such as monoamine oxi-
dases, the p66Shc protein, and NADPH oxidase 4. The comprehensive
review by Heiko Bugger and Katharina Pfeil [13] provides an in-depth
report on the various sources of mitochondrial ROS as well as the
consequences of ROS, both in IR and post-infarction remodeling. The
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authors also point to the challenge of finding an effective treatment
approach in human cardiac IR injury, which calls for additional studies
and testing of new compounds or treatment strategies.

Finally, Edoardo Bertero, Christoph Maack and coworkers [14]
discuss the essential role of cardiolipin in mitochondrial morphology,
metabolism, and respiration. Mitochondrial membranes are character-
ized by a unique lipid composition, and are the only cellular mem-
branes containing the phospholipid cardiolipin which play an essential
role in mitochondrial morphology, metabolism, and respiration. Mi-
tochondrial dysfunction has been implicated in the pathogenesis of
numerous disorders. In this review the authors discuss cardiolipin
biogenesis and function under physiological conditions and inherited
disorders characterized by perturbed cardiolipin biosynthesis and re-
modeling, namely Barth syndrome (BTHS), dilated cardiomyopathy
with ataxia (DCMA), and Sengers syndrome.

Taken together, the various reviews collected in this Special Issue of
Biochimica et Biophysica Acta — Molecular Mechanisms of Disease present
an updated understanding of the significance of metabolic homeostasis
in the cardiovascular system. Myocardial energy metabolism remains a
highly dynamic process that is pivotal for securing an optimal con-
tractile function. Detailed insight into the underlying molecular me-
chanisms is essential for identifying additional diagnostic and ther-
apeutic options to treat aberrations in cardiac functioning seen in the
failing heart.
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Editorial

Jan F.C. Glatz is Professor of Cardiac Metabolism at the
faculty of Health, Medicine and Life Sciences (FHML) of
Maastricht University, the Netherlands. Currently he serves
as chair of the Department of Genetics & Cell Biology as
well as deputy-chair of the Department of Clinical Genetics
(Maastricht University Medical Center+). In the period
2012-2015 Dr. Glatz was President of the Society for Heart
and Vascular Metabolism (SHVM). Dr. Glatz's major con-
tributions to understanding cardiac metabolism include the
disclosure of the molecular mechanism of cardiac fatty acid
uptake, especially the role of membrane substrate trans-
porters (in particular CD36/SR-B2) and that of cytoplasmic
heart-type fatty acid-binding protein (FABP3), and the un-
raveling of the significance of altered cardiac fatty acid handling in obesity-induced
cardiac insulin resistance and diabetic cardiomyopathy. He also put forward the apparent
necessity for a fatty acid—glucose fuel balance for the heart to maintain its proper con-
tractile function, and suggested that re-balancing cellular energy substrate metabolism is
a promising approach to mend the failing heart. His main current scientific interests are
(i) the regulation of energy metabolism (in particular substrate preference) in the healthy
and diseased heart with focus on the application of intracellular membrane substrate
transporter recycling for so-called metabolic modulation therapy, and (ii) the application
of human iPS cell-derived cardiomyocytes for the functional characterization of genetic
variants of unknown significance.

Coert J. Zuurbier is Associate Professor at the department
of Anesthesiology, Amsterdam UMC, University of
Amsterdam, The Netherlands. His long term research goals
are (1) to elucidate molecular and physiological mechan-
isms of cell death and vascular damage in the heart, that
contribute to the pathology of heart failure, stress hy-
perglycemia, diabetes and ischemia-reperfusion (I/R) in-
jury, and (2) to develop clinical relevant strategies to
combat cardiac cell death and vascular damage in the set-
ting of stress hyperglycemia, heart failure, diabetes and
acute ischemia/reperfusion. The focus is on deciphering
and manipulation of the crucial cellular mechanisms un-
derlying death/survival programs of the cardiac cell, in
both acute (ischemia/reperfusion) and chronic (heart
failure, diabetes) pathologies. The most important pioneering, reproducible, discoveries
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from his lab are (1) glycocalyx role in diabetes and hyperglycemia, (2) mitochondria-
hexokinase binding role in cardiac infarction, metabolism, diabetes and cardioprotection,
(3) interaction between anesthesia and metabolism, and (4) elucidation of cardiovascular
mechanisms behind the kidney-targeted diabetes-heart failure novel drug class of SGLT2
inhibitors.

Terje S. Larsen is Professor in Physiology at the depart-
ment of Medical Biology, Health Sciences Faculty of the
Arctic University of Norway. For a number of years
(1998-2005 and 2009-2017) he served as chair of the de-
partment of Medical Biology, and today he is leading the
Cardiovascular Research Group, which is one of the re-
search groups at the department. Since 2018, he has served
as President of the Society for Heart and Vascular
Metabolism (SHVM). Dr. Larsen and his collaborators have
focused on alterations in myocardial metabolism during
obesity and type 2 diabetes, and how such changes lead to
cardiomyopathy and reduced cardiac efficiency (the re-
lationship between cardiac work and oxygen consumption).
The experimental activity includes use of various (lipid-
lowering) PPAR agonists, exercise training, and dietary interventions to determine their
impact on substrate utilization and mechanical function of the heart. Most recently, they
have shown that dietary supplementation with small amounts of a novel marine oil re-
duces abdominal obesity, suppresses low-grade inflammation in adipose tissue, and im-
proves insulin sensitivity in diet-induced obesity. This oil also has cardioprotective ef-
fects, in the sense that it improves the recovery of cardiac function following ischemia. Dr.
Larsen currently is leading investigations to understand the mechanism(s) by which the
oil may afford protection of the heart.
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