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Abstract

Precision cardiology aims to implement personalized health care and precise medical decisions based on the specific characteristics
of individuals. Metabolic remodeling plays a causal role in the pathogenesis of heart failure (HF). Changes in metabolic pathways
such as substrate preference, high-energy phosphate metabolism and amino acid metabolism, are involved in pathological structural
remodeling and functional impairment. These metabolic alterations are usually not restricted in the cardiac tissue, but also manifest
in circulation. In clinical practice, blood sample is routinely used for HF screening. Metabolomics is an emerging omics technology that
provides an efficient way to acquire dynamic metabolic profiles in circulation. An increasing number of metabolic biomarkers have
been implicated in disease progression, making it possible to fight HF in a more effective and precise way. This review summarizes
the modern analytical techniques in metabolomics as well as emerging circulating metabolites during the pathogenesis of HF, aiming

to provide new insights into the prevention, diagnosis and treatment of HF in the era of precision medicine.
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Introduction

Heart failure (HF) occurs when the heart cannot pump blood prop-
erly and does not send enough blood through the body. The most
common risk factors for HF are high blood pressure, coronary
artery disease, diabetes, obesity, smoking and genetics.! The 2021
American Heart Association Statistical Update estimates that HF
affects more than 60 million individuals globally.? Studies of the
epidemiology of HF over the past ten years have revealed that the
incidence of HF is primarily stable or dropping but the burden of
death and hospitalization remains largely unabated.?

There are different HF classifications. Acute heart failure (AHF)
occurs suddenly and is defined as new-onset HF or worsening
symptoms and signs of HF, whereas chronic heart failure (CHF) oc-
curs over time.*> The stages (A-D) of HF proposed by the American
Heart Association American College of Cardiology guidelines em-
phasize the evolution and progression of the disease, and the New
York Heart Association (NYHA) class I-IV categorizes the relation-
ship between symptoms of dyspnea and physical activity.® In addi-
tion, HF with preserved ejection fraction (HFpEF) is defined as an
ejection fraction (EF) > 50%, while its counterpart with reduced
ejection fraction (HFrEF) refers to that < 40%. The 2016 European
Society of Cardiology heart failure guidelines encourage research
in EF range and define heart failure with mid-range ejection frac-
tion (HFmIEF) as an EF of 40%-49%.” The heterogeneity of HF syn-
drome has become widely recognized and the disease characteri-
zations toned to be well addressed for the sake of developing, im-
plementing, and evaluating strategies for precise management.

The pathophysiology of HF has been demonstrated to be
closely related to cardiometabolic risk in humans. The Human
Metabolome Database (HMDB, hmdb.ca) has recorded 220 945
metabolite entries, including carbohydrates, lipids, amino acids
and ketone bodies. Metabolic inefficiency is detrimental to sys-
tolic function, since the heart consumes a large amount of ATP to
sustain cardiac contraction, and high ATP demand is fulfilled by
utilizing various metabolic substrates.® Thus, changes in metabo-
lites and related enzymes are reflective of the pathological process
of HE?:1° Notably, changes in the circulating metabolic landscape,
rather than a single specific metabolite, are more representative
in depicting the characterization of HE!

Metabolomics is a discovery-based science that depicts
metabolic fingerprint to establish predictive models and search
for novel targets for intervention.’ Circulating metabolomics is
the study of the identification and quantification of metabolic pro-
file in blood, providing clinic workers with the opportunity to trace
circulating metabolic signatures in different stages of HF. Conven-
tional routine blood examinations exhibit general effectiveness in
the diagnosis of HF, but lack specificity and personality.** One po-
tential application of circulating metabolomics in clinical practice
is to explain individual variability based on various environmen-
tal exposures, such as dietary habits, tobacco, chronic stress and
microbiota.'* What also deserves expectation is its combination
with other omics technologies, and its integration into bioinfor-
matics.’ ¢ Moreover, metabolic alterations in different patholog-
ical pathways could advance our insight into the potential mech-
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Table 1. Comparison between the analytical techniques in metabolomics.

Advantages Disadvantages
NMR Non-destructive; Relatively poor sensitivity;
High throughput; Limited metabolites coverage

Unbiased sample analysis

GC-MS High sensitivity and specificity;
Reproducibility;
Public database/libraries
LC-MS/MS High sensitivity and specificity;

Detecting semipolar, polar and high weight metabolites;

Reproducibility;
Nonessentials for derivatization;
Wide metabolites coverage

Requirement for derivatization
Biased sample analysis (gasified and stable metabolites);
Longer sample preparation time
Sample needs to be ionized;
Poor for unknown metabolites identification;
Local database dependence

NMR, nuclear magnetic resonance spectroscopy; GC-MS, gas chromatography-mass spectrometry; LC-MS/MS, liquid chromatography-tandem mass spectrometry.

anism behind the phenotype of HEY In this review, we will sum-
marize the approaches and technologies suitable for detecting cir-
culating metabolites; the characterizations of circulating metabo-
lites and their roles in the pathogenesis of HF; and finally, the im-
plications of metabolic changes in precision medicine.

Approaches and techniques for
metabolomics analysis

Untargeted metabolomics and targeted
metabolomics

The approaches of metabolomics include untargeted
metabolomics and targeted metabolomics. Untargeted
metabolomics is an unbiased analysis that aims to identify
as many metabolites as possible. This approach is applied to
analyze both known and unknown metabolites, discover novel
biomarkers, propose a new hypothesis and establish compre-
hensive and systematic knowledge for pathological processes.
Untargeted metabolomics has a huge demand for data tools,
as the volume and complexity of data can scale by multiple
orders of magnitude, especially in the study of a large popula-
tion."* However, many major pertinent challenges remain. The
biggest drawback is that the majority of peaks in the profile
are not identifiable, leading to poor compound identification.
Partial and incomplete metabolomes persist due to factors such
as limitations in mass spectrometry data acquisition speeds,
and a wide range of metabolite concentrations that confound
the understanding of metabolite perturbations.’®'® Untargeted
metabolomics is suitable for qualitative and semi-quantitative
research independent of reference standards, which is beneficial
to cost reduction.

In contrast, targeted metabolomics is used for quantifying a
comparatively smaller group of metabolites that are biochem-
ically significant and relevant, with higher sensitivity and se-
lectivity?® This approach exists for interrogating pathophysio-
logical processes of interest and focuses on the already verified
functions and pathways. Internal standards with stable isotope-
labeled metabolites, or external standards with calibration curves
are indispensable for absolute quantification, thus leading to the
relatively high cost of targeted metabolomics.

Techniques

Various techniques have been applied in metabolomics. In this re-
view, we specifically elaborate on the technologies that are suited
for measuring circulating metabolites in humans. We intend to
highlight the advantages and disadvantages of these technolo-

gles and introduce their application in precision clinical medicine
(Table 1).

Nuclear magnetic resonance spectroscopy (NMR) is nonde-
structive and has advantages at times when the volume of clinical
samples is limited. The ability to detect all metabolites within de-
tectable concentrations in a single test dramatically reduces the
experimental period. Furthermore, NMR spectroscopy is ideal for
measuring certain metabolites for which the mass spectrum is
unsuitable, such as protein-bound metabolites, metal ions, and
H* ions. Molecular information at the atomic level could be re-
leased through NMR detection.?! However, the major limitations
of NMR lie in sensitivity and quantification ?? There are thousands
of metabolites in body fluids, but only hundreds of them can be
detected by NMR, while the low-abundance metabolites are fil-
tered.?! Notably, metabolites of lower concentration sometimes
play a more critical role in clinical diagnostics.

Gas chromatography-mass spectrometry (GC-MS) is applied to
detect metabolites that are easily gasified, or have stable prop-
erties, with high chromatographic efficiency and reproducibility.
For detecting polar, thermolabile, nonvolatile metabolites, chem-
ical derivatization is required and prolongs the processing time
for sample preparation.”” There are public databases/libraries for
subsequent analysis, making it the method of choice for many an-
alysts.20:23

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) is extensively applied in precision medicine, such as
biomarker discovery, disease diagnosis and treatment.!? This
approach is suitable for analyzing semipolar, polar and high
weight metabolites, with excellent reproducibility, specificity
and sensitivity, and does not require chemical derivatization. Al-
though LC-MS identifies a wide range of metabolites, it is limited
to detecting compounds that readily ionize.’® The greatest issue
that LC-MS-based metabolomics confronts is the identification
of unknown metabolites.'® In addition, qualitative identification
of metabolites largely depends on local databases since the data
derived from different instruments are not always compatible.

Circulating metabolic changes in HF

Circulating metabolites provide the heart with energy substrates
and building blocks. Dysregulation of circulating metabolites
emerges as a valuable indicator/biomarker in the pathogenesis
of cardiovascular diseases. Previous studies have identified plenty
of metabolites that are changed along with the development of
HF, such as lipids, glucose, ketone bodies, amino acids and lactate
(Table 2).



3

Circulating metabolites of heart failure

‘2IN[Te] 1eay 2A1}Sa3U0D
I syusnied Ul SUOTIDUNJSAP [BUTISIUT

aInyrej

,c TR 19 “I'S TaUyDSITy syusnied [eDTUID %1 119081} 91BIS BN TEUOTIIPPE I9M SUOTIEI}USDUOD YIS PaIdHy viDS 1183y 2AT3S23U0D
dH
sjusnied 9ATINDSSUOD yam syuaned Ur £}1[e110W DBIPIED JO 10301paId

e’ TR 19 'S ‘9qrURIBM //5 JO [B10} B :PI[[0IIUO0D PUE PIZIWIOPUERY Juspuadapur UB Sem YV 0} Yd7 JO O1BI 3L, vV Va3 IH

98¢ = U }10Y0D UOTIEPI[EA JHAV Yim syuaned
2 TR 19 Y BN {6T% = U 11040D K19A0DSIp :2A1IDadsonayg ur [3eap 1eak-1 pajorpaid 2100s Vv aYL, vV JHAV

'syuanied JHAV SU 19y31y Sutkjriiuapl
TR 19 L ‘TedeN syusned JHAV SATINDSSUOD §89 :9A1D3dS0I] J0J [NJ3SN 3q JYSTW S[2A3] VANd 9-@ IoMmO] vand 9-® JHAV
dHAV
JHAV Y syusned i syusned ut stsoudord 1ood Y3tm pajerdosse

o 819 g ‘Sueny pazirendsoy zg6 JO [8101 B :aAnDadsonay Apuapuadapur sem HAT, ewse[d paieas[s YL, DAL JHAV

‘JANT PIONPAIT YITM
;5 1B 12 g Iy syusnied Qg pa][OIIUOD PUE PIZIOPUEY DOIBID0OSSE 21a/M S[9AR] YdT PUE VH{ Pasea1dsg vd1 ‘VHA AyyedoLwiorpien

‘JH 10J XSUL padNpaIl
B CRCRES Rt b plel | syuedonred 7959 Jo (8103 B :aAn0adsolg UM paleIdosse sem ydq eurse(d 1oyStH vd3 IH

SJUSAS TB[NOSBAOIPIED
snotaaid ou pue 1030eJ YSLI IBNISBAOIPIED

SUO 1SBI[ 1€ YIIM ‘SIBaA $/ 03 O 1B Oym “SUI 1B[NDSEAOIPIED

yy' 1839 “I'H'D ‘oyuI[eouon S[BNPIAIPUL 9S¢€ PI[[OLIUOD PUB PIZIUIOPURY 3o s10301pa1d 9q p[nod SVANd €-@ vind ¢-® and
"U}eap 9SEISIP
IB[NDSBAOIPIED JO JSU 19MO] B U}IM PIIBIDOSSE
¢ T2 19 "SA ‘StueH S[ENPIATPUT 99% ¥ :9A103ds01d a18M SVANd £-® Poo[q JO S[2A3] 19YSIH vind €-@ and
S[OIIUOD Sk $303[qNs 931-}usAs 7197 jo odwes
WOPUEI B pUE ‘UOT}B[[LIQY [ELIE Y}IM T9T PUE SWIOIpUAsS
‘eIpIEOAUDE} TBNOUIUSA YIIM T/ ‘UOHIIBUL ‘yresp Areuo1od 23noe
[eTPIBDOAUL UM SZE ‘UIBSP IB[NOSBAOIPIED DEIPIED USPPNS JO SPPO I9MO] UM PIIBIDOSSE -UOT}BAS]2}USWISaS
2+ T 19 "Y1, I8YIulay i syuanied g0g (PR[[01IU0D PUE PIZILIOpURY A[osIoAUl a19M SYINJ-E® UTRYD-3UO[ BWSE[] vind -® -1S-UON
synpe pade-a[ppru ‘suemIny aIn[rej 1esy
05 T8 19 “ ‘BInuIBW] //S€ PUe S}Npe I2P[0 $69¢ :2Aandadsonay ur £y1xojorpied aqissod pey sYINNDT VANNDT SAT}SS3U0D JUSPIOU]
'ssauly A10)eI1dsa101pIed
o T 19 'S ‘auoqreD syuened J3dJH 95290 g7 ‘peziwiopuey 121329 03} payul] sem vin jo uondwnsuon vin J3d4H °s°q0
S[OIIU0D
Aqareay paydiew g pue syusnied dr2qeIpuou “SI0M DBTPIRD NDAI 4q
¢’ 18 19 “H ‘usurUNny, 3unsej g1 :Pa[0IIUOD PUE PIZIWOPUEY passa1dap Y44 WNIss pasea1dap Aoy vid DPasnEeD aIn(Ie] 1IesH
dH
9SEISTP }IBaY DTWAYDST Y3IM sjusiied syusnied Ut uonoUNJ dBIPIEd S93UBYD 10U PIP

T8 19 “IN ‘YHqreH JH ¥ 19A0SSOID PUE PUIQ-D[qNOP ‘PIZIWOPUEY xouwrtde M Sy Ul UOTIDONPaI WLIol}-3Uo] vid JH

plo sieak §9 < pue sureseq ‘S}INpe I9p[o Ul 4H JO
e TR 19 T ‘assnolq 1€ JH JO 931] USWIOM PUE USW 8F7F :9A1IDadso1d JSU 19USTY B YI1/M PIIBIDOSSE SeM Y1 BUWISB[] vid IH

surerdord uoneliiqeyal jusnedur ‘sasoudoid as1om Y3m qHD
TB 32 “d"1 ‘Buipi=ig sxpam-¢ ut syuedonred 90zT :2and2dsoid 3[qeas yium sjusned fnuapt 1ysiu v ySiH vdd aHo
syuedonred 'S912QBIP JUSPIOUL

e TR 19 1 ‘assnolq Apnis YI[eaH IBINOSEAOIPIED 0% /€ :9ATd3ds01d 3m uonenosse Kjaanisod sem YIIN BUISE] VAIN sa12qeIq

‘Jv Jo yusurdoreasp
0c TR 12 "X ‘Sun( syuaned g1 :2andadsoid 31 Y1/ PIIBIDOSSE SIaM S[IAS] VA4 viad v
ERLEICIEN oz1s pue udisap Apms s3urpuy Jofe S91I[OqEISIN aseasiq

"S9TPN)S [BDIUI[D WIOI] SSUIPUY IO(BN *Z S[qBL



Precis Clin Med, 2023, 6: pbad005

4

prr’ 139 [ Two]
LorTB 32 T ‘UBWISION

ssT8 32 “H ‘Uey

618 13 "IN ‘po10qIsoyy

06 T8 19 D ‘ojowns1eN

9’ T8 32 "Ny ‘ameura]
1B 19 "N ‘anrews]

1918 19 SV ‘BUUINABH

/1B 12 ‘UsuosyeEe]

(/D4 PUB Y ‘0qIep

¢/T8 32 "S ‘0Bz

1,839 “T AqniL,

S CECRoRtsi

608 32 "1 ‘PRUIYY

50’8 32 "V ‘BSIUTYSOX

JHD JO 221 5309(qNs [013U0D $T PUE JHD JIUOIYD
4 syuanied GF (pa[[0IIU0D PUER PAZIWIOPURY

SUBIILA ATRIW T6/T :2A1302ds01d

s1eak 19-¢¥ pade uswl 0%/ 1 :2A102dso1d

syuanied A[19p[3 Z£S 06 :2Andadsonay
S[OIIU0D 88/ PUB JH JUSPIOUL JO SISED
88/ {[OIIU0I-9SED PaYDILW PIISaU aA10ds0Id
SIUSAD 2IN[IB] HEIY JUSPIOUL $0ET :2A1302dSso1d
2IN[IB] HBIY JUSPIOUL JO SaSBD 6/ T :9A10ads01d

‘sfenplatput
Ayrresy Apusredde 7018 :9an0adsoig

syuened Qv 9[qe3s 097 :2andadsoid

S[ENPIAIPUI $GG €T :2A103ds01d
INAZL Yam syusned 1§/ ([BUONIISS-SSOID
syuedonied $99 :pa[[01}UOD pUE PIZIWIOPUEY
S[OIIUOD /G PUE SISED
JH 96 JO [€10} E :Pa[[0I}U0D pUE PIZIUIOpURY

syuaned JH J101sAs
DTUOIYD £SF :PI[[OIIU0D PUE PIZIWOPURY

syuaned JH 897 :2An0adsold

(16T = u) s[o1uod
dH-ou ‘(6/¢ = ) s[o13U0d 314H ‘(¢8C = 1)

“JHD UT UOTDUNJSAp
OBIPIED JO AJLISASS 33 UM SDUBPIODDE
UT PISEaIDUT 319M S3TPOQ U0} POo[d
IH yaim syustyed ul yyesp
J0 s10301pa1d a19m S3}3qRIp pue HJJ parredui]
‘JH 10 JSU Y3 Pa}eId0Sse Appuapuadaput
pue A[snonunuod Apanisod sem HJIJ
'SUOTITPUOD
JB[NOSBAOTPIED ISUI0 Y3m pazielidsoy
syuanjed Ur AJI[e1IOW ITM UOT}BIDOSSE
JUEDIUSIS OU PeY S[2A3] 3500N[3 UOISSTUIPY
IH UM
D3JEIDOSSE J0U a1am sy4S pidijoydsoyd euise(d
‘S}Npe I9p[o
Ul JH JUSPIOUIT JO HSLL I9MO] UM PIJBIDOSSE
aI9M SYISTA SUMBNOID JO S[9AS] IDYSIH
"9IN[TEJ 11e3Y JO JSU I PJRIDOSSE S19/M
sureAwoduryds pue apruIe1ad JO S[9A] BWSe[d
'SJUSAS IB[NOSBAOIPIED 9SISADE I0[EW
JO X[SU 89U} 3N PS}BIDOSSE 219/ SSPIWIEISD
SOV
pue qvD 2[qe3s Y syusned ut yoq yiesp
AD JO s10301pa1d JUBDYTUSTS 1M SIPTWEIS)
‘2In[rej 11eay Jo S 1oySiy
9s1Mda1S Yim PIIBIDOSSE S1aMm SIPLISIAISL
Sunsejuou jo suonenusduod 12ysy asundaig
AL ut
SL QAD YALM PIIBIDOSSE SI9M SHYDT Palead[d
‘N INOTIIM
10 Yatm syusnied JH UT SOUIODINO [BITULD
UM PIIBIDOSSE AJ[RIIUSISIIIP 1M SOV
"JH Jo uorssaidoid yiim pajerdosse
3IaMm SDYDT PUE SPIDE OUTWIE SUNR[NDID
‘110ddns £101BINDID 191 PaseaIdap
PUE SSUWIODINO [EDIUTD SSISAPE UIIM PIIBIDOSSE
Apuspuadapur a1em SOVDT PIseaIdU]
‘13d4H Y asoy) A(readss ‘syusned
4H ¥sU YS1Y AJnuspl p[nod D4/ Jo Onel YL

JA14H pue J3d4H ur patens(s A[[enUaIalp pue

S3TPOQ 2U013Y
Ddd

Ddd

9so0on[D

Vvds

VASTA
sutpAwoduryds
‘aprurera)

SapIuIeIa)

SapIwIeIa)

SapULAT3LI,

OVOT

OVOT

OVDT ‘SPIo® outy

OVOT

D4 OV
T8
19 “D7\ TOIUNH

aIn[rej
1131 2AT3S33U0D

sa1aqeIp ‘IH

dH

dH

dH

dH
dH

S]UDAD TR[NDSBAOIPIED
9s19ApE I0(e]N

SOV ‘dvD

dH

NAcL

NA IH

dH

dHD

4314H 49d4H

s9sed J9dJH Pa1[01IUOD PUE PIZIWOPUEY JH Ym pajerdosse Auapuadapur a1am SOV VD1 J919H 99dIH
‘padofaasp JH a3
90 T8 32 “TIN ‘SuayD syuedonied §T6 {PS[OIIUOD PUB PIZIWOPUEY se 19y31y A[[enueisqns aiam spyDT ewse(d ayL, VD1 dH
syusnied JH g9 pue s103(qns "JH JO S109]J2 9SISAPE UM
12 N ‘ZIny [013U0D 7/ :PI[[0I1IUOD PUB PIZIWOPUEY D2IBID0SSE 212 SOV SUNIB[NIIID PIseaIdu] VDT JH
ERLEICIEN az1s pue uSisap Apmig s3urpuy Jofe S3)I[OqEIDN aseasiq

(panunuod) z S1qeL



5

Circulating metabolites of heart failure

‘2IN[TE] HBaY 9INDY JHV ‘UONDIBJUL [BIPIBDOAW
UOT}BAS[D 1USUIZS-LS ‘TNT.LS ‘SPIDB OUIUIR UTRYD-PAUDURI] ‘SYYD4 ‘DIN[Ie] 11eay DTUOIYD JHD ‘91e1ANqAX0IpAY-¢ ‘GHO-¢ ‘9s0on 3 euise[d unse] ‘DJJ 'Spoe A13e] pajeinies ‘v4s ‘poe A11ej pajeinies ureyd-guol-A1s ‘VASTA
{SOUIOIPUAS ATBUOIOD 91NDVY ‘SDV '9SBISIP AI911e ATBUOIOD ‘QVD ‘SNI[PW $932gRIp 7 odAL ‘NAZL ‘STIT[[oW S}19qeld ‘N ‘9SeasIp 1eay Ie[najea ‘QHA ‘Ayredofuwrorpred paie(ig ‘WD ‘UOnROBI] Uonda(e paslasald Yiim aInjiej
11e9H ‘JIIJH QUNIUIRD 9317 ‘D] ‘QUNRTUIEI[ADY ‘DY ‘SUNIUIEDIADE UTRYD-3UOT ‘DVDT ‘PIOE £118] UTBUD-HIOYS ‘VIDS ‘PO DITUOPIYDRIY YV ‘PO A13e] pajeiniesunijod 9-e8awQ ‘ViNd 9-® '9s00N[3 9pLIodAISL oYL, ‘DAL ‘2In[ie]
1189y pajesuadwiodsp aINdY JHAV (PO DI0USEXaYES0d0( ‘VH( ‘PIoe dlouaejuadesodrq ‘vdq ‘ploe A3y pajeiniesuniod ¢-e8awQ ‘ViNd £-@ poe £13e] paleinjesunouowl ureyd-3uot ‘VANNDT ‘poe £13e] pajeinjesun ‘vin
‘uonoey uonds(e pantesaid yiim ainrey 11esH 43d4H ‘Ayredofwiorpied parerp oryiedorpl ‘NDAI ‘ean[ie) 11BSH ‘IH ©SeasIp 1oy A1BU0I0D QHD ‘SPIOB A118j PRyUSISSUON ‘VAIN ‘PIoe A13ej 801 ‘'V4d [UOHE[[UQY [BLY IV

21 T8 19 Y ‘T{sutwAyz

se1 B 12 “IN ‘SO[eN

cer 1B 19 "L ‘TUuBIYeg

yer (819 “D ‘98eH

cer 1B 19 D ‘S92

w1812 “TIN }MCwQU

e [B 38 “A-Z ‘BuRyz

dHV ym syusned /gg :2andadsoid

syusned of ([2qe[-usdo
pUE Pa[OIIUOD ‘PIZIWOPUET ‘9ATI3dS0Id

S[013U02
Aqiresy oz pue 33d4H /T ‘931dH 81 :2An02dso1d

syusned (57 = u) J1IH pue
(9% = u) 33dIH :Pa][0IIUOD PUR PIZIWUOPUERY

(t9 ¢1 = u) Apapid aup e
paT[013u02-0gade[d ‘pastopuel ‘PuI[q-a[qnod

syuedonied GT§ (pa[[0I}UOD PUE PAZIWIOPUERY

o1doad paymuoar ATuopuel (/S :2A1dadsold
syuaned

‘syusnied JHV UT UOUIUIOD
Sem UOISSIWPE U0 91830B] POO[] PIIBAI[D UY
"uoTdUNJ UBSIO UO S109)J9 [BIUSWILISD Aue
oy syusned JHV Ul 90uewLIof19d deIpIed
pano1dwl 9)B10B] WNIPOS ITBRJOW-J[BY JO UOISNJUL
"90UBINPUD
S[osnwI paonpal pue JH YIm syusned
10 Ias1ewolq [enuslod e 9q 1YSIWI SUTUINUAY
'syusnied J314H 03 paredurod syusnied
J3dJH Jo ewseld 9y} UI PUNOJ dIam SUTUISIR
PUE SULISS JO S[9AS] I2MO0] PUE ‘SUIUSINUAY
pUE ‘2unsAd ‘QuIUele ‘QUIUIdIe [AIauIp
OLIISWIWAS pue aul[o1dAX0IpAY JO S[2A3] 18YSIH
Aprspra
9} Ul uoneziedsoy ain[rej 11eay Juspoul
10 10101paid [9A0U € SeM SUTUEB[RIAUSYJ
‘SI931BWOIq
TBUOTURAUOD 0} paredurod anfea dnsoudord
191399 papraoid ss3tjoqelaw jo argoid ay,
"9SBASIp HBaY [BINIONIS
INOYIIM S[ENPIATPUT UT UOTIOUN] TB[NOLIIUSA
1J9[ DI[OISEIP UTEIUTEW P[NOD SYYDJ IOYSIH
‘£17e3I0UI JO 10301pald B SBM SSUTIUIED[ADE

318108

Calcate)cy]

auTUaINUAY

SUNTUIED[ADE
pue spidijoydsoyd
‘SpIOE OUTWY

autue[RIAUSY]
spoued

OT[0gBISW OM],

SVvOod
S9UNTUIED[ADE

dHV

dHV

20UBINDUS S[OSNUI
paonpai pue J4

4914H 49d3H

dH

dH

uonounjsAp
OI[0ISEIP TR[NOLIIUSA
191 onewoydwisy

gz TR 32 "I TeajueT J319H ZEO0T :PI[[01U0D PUB PRZIWOPUEY PUE SUI[BA ‘SUIDNST JO PRISISU0D 18} o[goid v pUE SUI[BA ‘QUIDNST IH
JHV pue INALS i sjusned ut
SJUSAS IB[NOSBAOIPIED 9SISAPE UL19}-SUOT Y3Im
11819 °X ‘g JHV pue INALS i syusned geT :aandadsold PS1RIDOSSE 219/M S[9A3] VYD BUIse]d pasesiou] sYvDd JHY U3 INLS
‘NdcL
S9SEISIP [BUSI-TB[NOSBAOIPIED Ui syustied Ul JH JUSPIDUT YIIM PIJBIDOSSE
gzp TR 39 “T°T ‘W] j0 9313 syusnied gzl 651¢ 2andadsold Aanisod a1em syyDg JO S[RA] SUnBNIID syvDd INAZL
J1eay uewny Sutiejuou pue ur[re] sy}
yzr 1B 19 “Q ‘981yseIny sjusnjed QT {P[[OIIUOD PUB PIZIUIOPUEY £q asn 1on] jo uonedynuenb aarsusyaIdwo) S9}1[0QEIdW / /T JH
‘saIpoq
U019y JHD 91qE3IS Y3 sjusried U UondUNJ
syuaned g/ :2rusd a1durs dnoid-aered pue TRINOSEA UO S109]J3 2An}e3aU pey ulzojjidedwa
crr T8 19 Y JauydsIald parionuod ogadeld ‘purq s[qnop ‘eandadsoid I JUSUIIEIY 191J8 HO-E PaSeaIdUu] qHO-€ JHD
‘uswiom Ut Arernonied
(33d38 Ym ‘J31JH JO J[SLI POSBIDUI UE U}IM PIIBIDOSSE
<11 T8 19 “T( ‘0I2119ND-5310[ ] 06 931IH yam /€T) s3103[qns /gz :9an0adsold 1M gHO-€ JO suonenuaouod ewsed Y34 qHO-€ J91dH
ERLEICIEN az1s pue udisap Apmig s3urpuy Jofe S3I[OqEIDN aseasiq

(panunuoD) -z S1qeL



6 | Precis Clin Med, 2023, 6: pbad005

Circulating lipids in HF
Lipid metabolism

The LIPID MAPS consortium has divided lipids into eight princi-
pal categories: fatty acids (FFAs), glycerolipids, glycerophospho-
lipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids and
polyketides.?* The heart primarily relies on the oxidation of fatty
acids to meet the high ATP demand of contractible function.® In
HF, the changes in the metabolic pattern of fatty acids are not
conclusive and can either be diminished,?*+?® enhanced? or un-
changed?® in cardiac tissue on condition of different disease sever-
ities. However, pathological metabolic remodeling extends beyond
simple changes in substrate preference for ATP production and
comprises altered contents of acyl-esters and derivatives in car-
diac tissue and circulation.?? Herein, we summarize the changes
in different circulating lipids in the pathogenesis of HF, hoping to
provide referential significance in clinical management.

FFAs

Many HF risk factors, including atrial fibrillation,*® diabetes®! and
coronary heart disease,?? are related to the levels of plasma FFAs.
According to a prospective study, every 0.2 mEg/L rise in total
FFAs was associated with a 12% higher risk of HF.*? Elevated circu-
lating FFAs may lead to increased FFAs uptake within cardiomy-
ocytes, and result in left ventricular dysfunction.®*3 Interestingly,
acute reduction of serum FFAs seems to exert no benefits on car-
diac function in patients with HF. In a randomized double-blind
crossover study of 24 individuals with HF, a long-term reduction
in circulating FFAs with acipimox did not change cardiac func-
tion.*® In patients with heart failure caused by idiopathic dilated
cardiomyopathy, acute FFA withdrawal rapidly decreased cardiac
work and efficiency.3°

The type of fatty acids should be taken into consideration when
discussing the associations between HF and circulating fatty
acids. The major categories are saturated fatty acids (SFAs) and
unsaturated fatty acids (UFAs), and the latter can be further sub-
divided into monounsaturated and polyunsaturated acids (MUFAs
and PUFAs).>” Among 4249 older adults free of HF at baseline,
palmitic acid (PA; C16:0) was significantly correlated with incident
HF, while myristic acid (MA; C14:0) and stearic acid (SA; C18:0)
were not associated with it.3® Regarding UFAs, dietary UFAs con-
sumption was proved to be associated with better cardiorespi-
ratory fitness in HFpEF patients.?® However, the specific role of
MUFAs and PUFAs should not be generalized. In two indepen-
dent cohorts, circulating levels of phospholipid long-chain MU-
FAs including erucic acid (C22:1) and nervonic acid (C24:1), were
robustly and consistently associated with incident congestive HF,
while gadoleic acid (C20:1) was not related to incident HE* A ba-
sic experimental study indicated that oleate (C18:1) might serve
as a beneficial energy substrate in decompensated hearts.*! In the
case of PUFAs, long-chain w-3 PUFAs, including eicosapentaenoic
acid (EPA, C20:5 w-3), docosapentaenoic acid (DPA, C22:5 w-3), and
docosahexaenoic acid (DHA, C22:6 w-3), are considered to be im-
portant in regulating cardiovascular health.*>** A meta-analysis
of 13 studies demonstrated that a higher dietary intake of LC w-3
PUFAs was associated with a lower risk of HE# In a multi-ethnic
study of 6562 participants with atherosclerosis, higher plasma
EPA was significantly associated with a reduced risk for HF, with
both HFpEF and HFrEE*® In individuals with suspected cardiomy-
opathy, DHA and EPA levels were associated with reduced left
ventricular ejection fraction (LVEF).*” The level of plasma PUFAs
also indicates different clinical outcomes. A large RCT among pa-
tients with CHF reported that long-term -3 PUFAs supplemen-

tation decreased plasma triglycerides, which was reported to be
independently associated with poor prognosis in HF, and reduced
all-cause mortality and cardiovascular-related hospitalizations or
death.*8:4% However, the beneficial effect of w-3 PUFAs cannot ex-
tend to patients with cardiovascular risk factors, such as dia-
betes, obesity, hypertension and hypercholesterolemia, since w-3
PUFAs supplementation exerts no influence on mortality or mor-
bidity, as shown in a randomized controlled trial.>® In addition,
lower w-6 PUFAs levels on admission were related to worse clini-
cal outcomes in acute decompensated HF patients.®® A machine
learning-based arachidonic acid (AA, -6 PUFA) metabolite score
could predict 1-year death in patients with acute decompensated
HF>? The ratio of EPA to AA was regarded as an independent pre-
dictor of cardiac mortality in patients with HF.>®

A further aspect to consider for circulating fatty acids is chain
length. Carboxylic acids within 5 carbons are defined as short-
chain fatty acids (SCFAs) and include acetate (2 carbons), propi-
onate (3 carbons), and butyrate (4 carbons), which are primar-
ily generated by gut microbial fermentation.>* The gut micro-
biota profile of CHF patients is characterized by the decreased
abundance of SCFA-producing bacteria.”>*® In a study of 14 CHF
outpatients, propionate, butyrate, and isovalerate concentrations
were lower in CHF patients, while acetate and valerate concen-
trations did not differ>’ A recent study has proven that butyrate,
as an alternative for impaired LCFA oxidation, was the preferred
energy source over ketone bodies in HF. The enhanced butyrate
oxidation in HF was associated with an increase in synthetase
medium chain family member (ACSM) 3, a mitochondrial en-
zyme activating butyrate to butyryl CoA.>® Interventions through
diet, probiotics, antibiotics and fecal transplantation have demon-
strated protective effects on cardiovascular pathology and func-
tion, which were correlated with SCFA-producing bacteria.>*?
Notably, a stable isotope study quantifying the fraction of colonic
administered SCFAs that could enter the circulation reported that
the systemic availability of acetate, propionate and butyrate was
36%, 9% and 2%, respectively®® This finding suggests that the ef-
ficacy of interventions on colonic-derived SCFAs is worthy of con-
sideration in clinical practice.

LCACs

Long-chain acylcarnitines (LCACs) are long-chain fatty acids es-
terified to carnitine through which fatty acids are transferred into
mitochondria for f3-oxidation. LCACs accumulate in states of in-
efficient fatty acid oxidation (FAO).%* In two cohorts, increased cir-
culating LCACs were associated with adverse effects of HE®® Fur-
thermore, mass spectrometry-based profiling of plasma metabo-
lites was performed in 515 participants and demonstrated that
plasma LCACs were significantly higher in the worsening stages
of HE®® Targeted metabolomic profiling in a large cohort of HF pa-
tients with controls revealed that LCAC metabolites were highest
in HFYEF, intermediate in HFpEF, and lowest in controls.®” In 168
patients with HF, the ratio of plasma acylcarnitine to free carni-
tine was recognized as a predictor of cardiac events with regard
to HFpEE®® In a study randomizing 453 chronic systolic HF pa-
tients to exercise training versus usual care, circulating LCACs
were independently associated with increased risks of mortality
and hospitality, and decreased after receiving mechanical circu-
latory support with a left ventricular assist device.®® Addition-
ally, LCACs might characterize HF patients with diverse accom-
panying diseases, such as coronary heart disease, dilated car-
diomyopathy, valvular heart disease, diabetes and pulmonary hy-
pertension./%73 In addition, medicines exert different influences
on plasma LCACs. Long-term meldonium treatment could lower



L-carnitine and LCAC contents in plasma, inducing cardioprotec-
tive effects.”* Among the 234 participants of Dapagliflozin Effects
on Biomarkers, Symptoms and Functional Status in Patients with
HF with Reduced Ejection Fraction (DEFINE-HF), dapagliflozin in-
creased short-chain acylcarnitine and medium-chain acylcarni-
tine, but elicited no effects on LCACs.”® In the Diastolic Heart Fail-
ure with Preserved Ejection Fraction (RELAX) clinical trial, silde-
nafil increased LCACs and short-chain dicarboxylacylcarnitines
with a potential negative mechanism of mitochondrial dysfunc-
tion and endothelin-1 signaling /6

Other lipids

FAs can be incorporated into carrier molecules and are acylated
to triglycerides, sphingolipids, glycerolipids and glycerophospho-
lipids. Two cohort studies of 113 554 individuals demonstrated
that stepwise higher non-fasting triglycerides were associated
with stepwise higher heart failure risk.”’ Ceramide is a biologi-
cally active sphingolipid and serum ceramides are proven to be
biomarkers for cardiovascular disease.”®#! Lipidomic analysis re-
vealed increased long-chain and very long-chain ceramides (with
23 or more carbon atoms) in the serum of patients with advanced
HF82 Whether ceramides are deleterious or benign remains elu-
sive. Trials have shown the associations between higher plasma
levels of ceramide (C16:0, C18:0) and sphingomyelins (C16:0) with
an increased risk of HE&-% However, there were mixed views
on ceramides with longer carbon chains. A prospective cohort
of older adults demonstrated that ceramide (C22:0) and sphin-
gomyelins (C20:0, C22:0, C24:0) were thought to be associated
with a decreased risk of heart failure.®> However, another cohort
substantiated that there was no association between ceramide
(C24:0) and adverse outcomes (admission or death) of HF% A
cohort study of women with HFpEF and obesity suggested that
plasma ceramide concentrations were associated with gastric by-
pass surgery-induced weight reduction, but the change in plasma
lipidomic might not be critical to the improvement of cardiac
function.® Therefore, ceramides may play diverse roles in pa-
tients of different ages, sexes, disease stages and therapies.

A study concerning plasma phospholipids reported that each
standard deviation increase in plasma cis palmitoleic acid was
associated with 17% higher odds of heart failure® A cohort
study enrolled 1304 incident heart failure events and found that
higher levels of circulating phospholipids (C20:0, C22:0 and C24:0)
were associated with a lower risk of HFpHF and HFrEF#® In con-
trast, earlier studies did not show significant associations be-
tween phospholipids (C14:0, C15:0, C17:0, C18:0, C20:0, or C22:0)
and HE#% A study based on 216 targeted lipids identified that
phosphatidylcholine (C32:0) was significantly associated with HF
risk, thus serving as a potential biomarker of HF risk.®® The
lipidomes of erythrocytes indicated that the levels of lysophos-
pholipids, ceramides, and oxysterols, such as oxidized cholesterol
7-ketocholesterol (7KCh), were higher in the HF erythrocytes than
in the control erythrocytes, while the levels of phospholipids were
decreased in the HF erythrocytes. Among these lipids, 7KCh was
best at discriminating between HF and controls, and might serve
as an early biomarker for HE**

Circulating glucose in HF

Glucose metabolism

Because glucose can generate ATP through both aerobic and
anaerobic glycolysis, it is the most efficient carbon source. Glucose
contributes to 20%-30% of total carbon combustion in heart.”’
There have been limited studies on the associations between
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blood glucose and HF. An observational cohort demonstrated that
elevated blood glucose could estimate the prognosis of 30-day
mortality in AHF patients.®> However, an earlier study reported
that glucose levels at admission had no significant correlation
with mortality in a cohort of 50 532 patients hospitalized with
HF*

Prediabetes/diabetes and HF

Prediabetes and diabetes are common abnormal blood glucose in
clinical practice. Impaired fasting plasma glucose (FPG) and di-
abetes are risk factors for HE4°> HF remains the major cause
of death in patients with diabetes.”® The triglyceride-glucose in-
dex, calculated as In[fasting triglyceride (mg/dL) x fasting glucose
(mg/dL)/2], was regarded as a surrogate marker of insulin resis-
tance and was proven to be positively associated with the risk of
HF in several researches.®’~%° In a post-hoc test of patients with
HFTEF, 39% of those without a history of type 2 diabetes mel-
litus (T2DM) had prediabetes, and 21% had undiagnosed T2DM
based on hemoglobin Alc (HbAlc) levels.'® Moreover, impaired
FPG and diabetes are predictive of adverse outcomes in patients
with HFE. In patients with HF as coded at a health maintenance
organization in Jerusalem, diabetes and IFG were similar predic-
tors of reduced survival and increased cardiac hospitalizations.'!
Similarly, in a multinational cohort of 6926 hospitalized patients,
the presence of diabetes was independently associated with an
increased risk of in-hospital mortality, 1-year all-cause mortality,
and 1-year re-hospitalizations for HE%? However, it is notewor-
thy that diabetes is a complex syndrome, and confounding fac-
tors such as vasculopathy should be excluded when discussing
the causality between glucose abnormalities and HF. Although
glucose abnormalities confer risks in patients with HF, there is
insufficient evidence to treat HF with antihyperglycemic medica-
tions.!®® Studies have demonstrated that intensive glucose ther-
apy does not improve cardiovascular mortality or even potentially
increases its rigk.%%104-106

Circulating ketone bodies in HF
Ketone bodies

Ketone metabolism is upregulated in the failing heart, serving as
an anaplerotic fuel source that has a higher phosphate to oxy-
gen (P/O) ratio (2.5) than fatty acid oxidation (2.3). Ketone bodies,
including acetoacetate, 3-hydroxybutyrate (3-OHB) and acetone,
are primarily formed from FA-derived acyl-CoA and transported
to extrahepatic tissues. Acetoacetate and 3-OHB could be trans-
ferred to cardiac tissue through systemic circulation, while the
breakdown product acetone is eliminated through urine or expi-
ration (Fig. 1).1

Exhaled breath acetone

Researchers have found that measuring exhaled breath acetone
(EBA) might contribute to HF diagnosis, and prognosis.'®® Addi-
tionally, elevated EBA in the setting of HF is correlated with dis-
ease severity.!1"! In 102 non-ischemic HF patients with NYHA
class I-III, the EBA level was proportional to the NYHA class, show-
ing a comparable diagnostic efficiency to B-type natriuretic pep-
tide (BNP), a conventional biomarker for predicting HE.**2 Another
study suggested that EBA might be linked to poor prognosis of pa-
tients with HFrEF.'13

3-OHB
In the heart, the most extensively utilized ketone body is 3-
OHB. In an early study of 45 patients with CHF, blood ketone
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Figure 1. Metabolism of ketone bodies. Ketone bodies are predominantly
produced from Acyl-CoA in liver and they are transported to
extrahepatic tissue for utilization or elimination. AcAc-CoA, acetoacetyl
Coenzyme A; AcAc, acetoacetate; 3-OHB, 3-hydroxybutyrate.

bodies were mildly increased in patients with HF and were neg-
atively correlated with cardiac function.'* In a Dutch popula-
tion cohort, circulating 3-OHB alteration in HF was sex dimorphic.
High levels of 3-OHB were associated with an increased risk of
HFrEF in women, while the association was absent in men.'*> No-
tably, the observation of increased ketone bodies in HF patients
does not indicate their vicious role in disease progression. In fact,
the increased ketone bodies might be compensatory and benefi-
cial to cardiac energetics. An investigation collecting blood sam-
ples from arterial circulation and coronary sinus demonstrated
that cardiac tissue uptake more ketone bodies in HFrEF patients
than in controls.?® In a basic study, increasing circulating 3-OHB
abundance ameliorated HFpEF phenotypes.''® Furthermore, in a
study of 19 HFrEF patients and 9 controls, oral supplementation
with ketone ester enhanced 3-OHB uptake in patients with HFrEF,
which had a negative correlation with LVEF and a positive corre-
lation with LV mass and LV diameter.’"” A randomized crossover
study also showed that the infusion of 3-OHB in HFrEF patients
exerted positive inotropic and chronotropic effects, improving
LVEF, cardiac output, and decreasing systemic vascular resis-
tance.’® These studies support increased oxidation of ketone bod-
ies in HF and the potential therapeutic role of exogenous ketone
bodies.

Impact of HF strategies on circulating ketone bodies

In addition, the improvements in cardiac function in HF patients
after drug administration or exercise are accompanied by in-
creased circulating ketone bodies. In the DEFINE-HF trial, da-
pagliflozin induced a modest increase in systemic ketones in
HFYEF patients, although a few participants experienced keto-
sis (3-OHB > 500 uM).”> A clinical trial proposed negative effects
of increased serum 3-OHB induced by empagliflozin on vascu-
lar function in patients with CHE!® Exercise training-based car-
diac rehabilitation (ET-CR) is an effective HF therapy.!?® In an
observational study, ET-CR induced an increase in circulating 3-
OHB levels in HFpEF patients.?! However, it is unclear whether
the elevation of ketone bodies in HF therapeutics is a mecha-
nism of benefit. Overall, studying the alterations of circulating
ketone bodies in different sexes, disease stages and therapeu-
tics will lead to stratified and personalized management for HF
patients.

Circulating amino acids in HF
Branched-chain amino acids and derivates

Mounting evidence has shown the critical role of altered
metabolism of amino acids in cardiovascular disease.’??123
Branched-chain amino acids (BCAAs) have garnered signifi-
cant attention in heart metabolism. Although BCAAs, including
leucine, isoleucine and valine, contribute to < 5% of total car-
bon combustion, the failing heart shows remarkable changes
in BCAA metabolism.?”-1?* Failing hearts are defective in BCAA
catabolism since the expression of BCAA catabolic genes is down-
regulated.’” These BCAAs, which cannot be combusted in car-
diac tissue, are released into the bloodstream and are predictive
of adverse outcomes. In a prospective observational study of pa-
tients with T2DM, circulating BCAAs were positively correlated
with incident HFE!?® Likewise, in 138 patients with ST-elevation
myocardial infarction and AHF, the elevations of BCAAs in serum
exhibited better prognostic value and Kaplan-Meier curves than
N-terminal pro-B-type natriuretic peptide (NT-proBNP), and pre-
dicted adverse cardiovascular events. More importantly, the com-
bination of BCAAs and NT-proBNP yielded a stronger predictive
value.'? In a study with 1032 HFrEF patients, a plasma metabo-
lite profile that consisted of leucine, valine and acylcarnitines
was a predictor of mortality.'?® Some risk factors for HF, such as
higher blood pressure and arrythmia, are also associated with
elevated plasma BCAAs.'?>1?° Notably, the increase in circulat-
ing BCAAs is not a shared feature in HF but depends on specific
pathological status. For example, an increased level of circulating
a-keto-g-methylvalerate (the catabolite of isoleucine) but not a-
ketoisocaproate (the catabolite of leucine), a-ketoisovalerate (the
catabolite of valine), or BCAAs was observed in a human cohort
of DCM with HFrEE' In a cross-sectional study, patients with
HFYEF had higher plasma BCAAs than those who had HFpEF or
no HF, while there were no distinctions in BCAA levels between
HFrEF and no-HF controls. In some cases, the elevations of BCAAs
in plasma might be beneficial. A study of HFTEF patients after car-
diac resynchronization therapy showed that the improvement of
plasma BCAAs indicated better LVE'*! Moreover, higher plasma
BCAAs were associated with more performant diastolic LV func-
tion in individuals without structural heart disease.’®

Other amino acids and derivates

Several other amino acids and their derivates in plasma also have
diagnostic and prognostic value in HF. Researchers have found
that a metabolic panel including histidine, phenylalanine and
spermidine contributed to the diagnostic value similar to BNP¢ In
this same cohort, the panel comprised of the asymmetric methy-
larginine/arginine ratio (a sign of endothelial dysfunction), bu-
tyrylcarnitine (a sign of abnormal lipid and energy metabolism),
spermidine (a sign of compensation or toxicity to cardiomyocytes),
and total essential amino acids (a sign of malnutrition), had a
prognostic value better than BNP.?® A prospective study showed
that phenylalanine was a predictor of incident heart failure hos-
pitalization in the elderly.** A metabolomic profile comparing
HFrEF and HFpEF displayed higher levels of hydroxyproline and
symmetric dimethyl arginine, alanine, cystine, and kynurenine,
and lower levels of serine and arginine in the plasma of HFpEF pa-
tients.’** Kynurenine, the degradation product of tryptophan, was
proven to be a potential marker for reduced muscle endurance
in HF patients in a prospective observational study.’* Circulat-
ing 5-oxoproline, a member of glutamyl cycle, has diagnostic and
prognostic potential in HF. Plasma 5-oxoproline was increased in
AHF patients compared to healthy controls, which was associated
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Figure 2. Circulating metabolic signatures of heart failure in precision cardiology.

with higher incidence of atrial fibrillation, higher NT-proBNP and
cardiac remodeling.**

Circulating lactate in HF
Lactate metabolism

Lactate serves as an important energy substrate that can be con-
verted into pyruvate via the enzyme lactate dehydrogenase (LDH)
and thereby feed the tricarboxylic acid (TCA) cycle to produce
ATP. Indeed, glucose feeds the TCA cycle by circulating lactate.’®’
Since lactate clearance (320 mmol/h) in the liver far exceeds the
normal rate of lactate production, increasing peripheral lactate
alone rarely leads to lactic acidosis in patients with normal hep-
atic metabolism.'3® The result is consistent with a prospective,
randomized, controlled, open-label, pilot clinical trial in which
the infusion of half-molar sodium lactate improves cardiac per-
formance in AHF patients without any detrimental effects on or-
gan function.'®

In conditions of tissue hypoxia or enhanced aerobic glycolysis,
as seen in sepsis, cancer and liver disease, there is an excess of
lactate production compared to its elimination, resulting in hy-
perlactatemia. The major causes of lactic acidosis are divided into
2 categories, type A and type B. Type A lactic acidosis is due to hy-
poperfusion or ischemia while Type B is under adequate tissue
perfusion.’® Hyperlactatemia in HF could be of both hypoxic and
nonhypoxic origin.'*? In a study of AHF patients, elevated blood
lactate on admission was associated with markers of organ dys-
function/damage and a worse prognosis, and the clinical evidence
of hypoperfusion was not obvious.'*? In CHF, lactate was lower in
HFpEF patients than in patients with HFYEFE.'** Notably, in a cohort
of patients with advanced heart failure, lactate levels were normal
in about 75% of patients,*! indicating that tissue hypoperfusion
was not prevalent in HF.

Impact of HF strategies on circulating lactate

Some treatments for heart failure also cause changes in circulat-
ing lactate. A retrospective study of 215 HF patients treated with
extracorporeal life support (ECLS) demonstrated that a low lac-
tate level before receiving ECLS was a surrogate marker for suc-

cessful weaning and discharge from the hospital.*** Metformin,
the first-line medication for T2DM patients, increases the risk of
lactic acidosis, especially in patients with renal or hepatic insuffi-
ciency. One mechanism relates to the inhibition of mitochondrial
oxidation in tissues responsible for lactate removal.'**

Perspectives

Although considerable progress has been made in understand-
ing the metabolic alterations and pathophysiology of HF, person-
alized management in clinical practice is unsatisfactory. Cardiac
biopsy is rarely performed in the diagnosis and treatment of HF
due to ethical issues, while blood testing is a routine procedure. If
blood metabolomics can be used to understand the mechanism
and progression of HEF, or even to characterize the individual dif-
ferences in the occurrence of the disease, it will be of great benefit
to precision cardiology. Hundreds of metabolites are detected and
constitute a complex metabolic network. Thus, the application
of data tools is of particular importance in biomarker discovery
and hypothesis generation related to HF. Pathway and enrichment
analysis using public databases (KEGG, BiGG Models, HumanCyc,
etc.) and visualization tools (iPATH, Paintomics, Metscape, etc.)
narrow the gap between raw data and the pathogenic mecha-
nism of HF. In addition, the integration of metabolomics with ge-
nomics, transcriptomics or proteomics may provide a more per-
sonalized and comprehensive perspective to understand the pro-
gression of HE In particular, circulating metabolomics has al-
ready been successfully used to determine biomarkers, though
only a very limited number are employed in clinical practice. We
need to understand that there is still a long way to go before
metabolites are truly used as diagnostic and therapeutic crite-
ria. The metabolomic profile is affected by confounding factors
such as sex, age, body weight and dietary habits. How to find spe-
cific triggers to the disease throughout these confounding fac-
tors remains a challenge. One possible solution is the use of elec-
tronic medical records to combine metabolic information with
clinical data. The use of cell phones and wearable electronic de-
vices to collect data on personal information, such as the num-
ber of steps taken, heart rate and sleep quality, is also helpful. In
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addition, therapies including caloric restriction, medication, ET-
CR, mechanical circulatory support and heart transplantation
trigger changes in systematic metabolism.'*>*® We hope that
circulating metabolomics will strengthen therapeutic manage-
ment and supervision, and promote rational and personalized
treatment regimens. Moreover, since metabolites are not species-
specific, it is reasonable to establish animal models to con-
duct research on disease mechanisms. Understanding the patho-
physiological changes in patients will provide reasonable hy-
potheses for laboratory experiments and research directions
with clinical significance. In turn, conclusions drawn from ba-
sic experiments can be verified by circulating metabolomics
from patients. This positive feedback provides a better un-
derstanding of the pathophysiological basis of HF, facilitat-
ing the translation of research findings into clinical strate-
gles. Overall, the detection of circulating metabolites is a
promising approach to improve the quality of life and to ex-
tend the lifespan of HF patients via personalized therapies
(Fig. 2).
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