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Abstract: Very little is known about the association between individual serum free fatty acids (FFAs)
and clinical and laboratory parameters (indicators of heart failure severity) in acute heart failure
(AHEF) patients. Here, the baseline serum levels of FFAs, 16:0 (palmitic acid), 16:1 (palmitoleic acid),
18:0 (stearic acid), 18:1 (oleic acid), 18:2 (linoleic acid), 18:3 (alpha-linolenic acid or gamma-linolenic
acid), 20:4 (arachidonic acid), 20:5 (eicosapentaenoic acid), and 22:6 (docosahexaenoic acid), were
determined in 304 AHF patients (94.7% belonged to New York Heart Association functional class IV)
using gas chromatography. Spearman correlation coefficients were used to examine the associations
between the individual and total (the sum of all FFAs) FFAs and clinical and laboratory parameters.
After applying a Bonferroni correction to correct for multiple testing, the total FFAs, as well as the
individual FFAs (except FFAs 18:0, 20:5, and 22:6), were found to be significantly positively correlated
with serum albumin. Only a few additional associations were found: FFA 16:0 was significantly
negatively correlated with systolic pulmonary artery pressure, FFA 18:3 was significantly negatively
correlated with C-reactive protein and body mass index, and FFA 20:4 was significantly negatively
correlated with blood urea nitrogen. Based on our results, we conclude that in patients with severe
AHEF, individual and total serum FFAs are slightly associated with established laboratory and clinical
parameters, which are indicators of heart failure severity.

Keywords: acute heart failure; free fatty acids; gas chromatography

1. Introduction

Heart failure (HF) is the final stage of various cardiovascular diseases and therefore a
frequent cause of disability and death worldwide [1]. The failing heart exhibits an altered
structure and consequently an impaired function, resulting in the diminished perfusion of
metabolizing tissues [2—4]. Acute heart failure (AHF) is characterized by either the rapid
onset or worsening of the signs and symptoms of HF [3].

Decreased peripheral perfusion in HF triggers compensatory mechanisms, which then
further deteriorate the underlying pathophysiology, leading to disease progression and
increased severity [5]. More specifically, the under-perfusion of kidneys stimulates the
renin-angiotensin system (RAS) and, in turn, aldosterone and norepinephrine secretion.
This leads to increased renal sodium and water retention, as well as increased systemic
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blood pressure, which further weakens the function of the failing heart [6]. Left ventric-
ular dysfunction and heart wall distension trigger an elevation in natriuretic peptides,
which only partially counteract the effects of activated RAS, aldosterone, and increased
sympathetic tone. Peripheral venous congestion (a consequence of right-sided HF) and
hypoperfusion worsen renal and liver function and also diminish the motility of the gut,
resulting in an altered composition of the gut microbiota and leading to gut inflammation
and diminished nutrient absorption, as well as a systemic inflammatory response [7-10].
The latter is primarily caused by the compromised barrier function of the edematous and
inflamed intestine and consequently the increased translocation of bacterial toxins into the
circulation, as well as the congestion-induced activation of venous endothelial cells [11,12].

Increased serum levels of catecholamines, natriuretic peptides, and inflammatory cy-
tokines are strong inducers of adipose tissue lipolysis, the hallmark of catabolic dominance
and a major source of serum free fatty acids (FFAs) [13,14]. Serum FFAs are also generated
by the serum-lipase-mediated hydrolysis of lipids in circulating lipoproteins, a process reg-
ulated by nutritional state, hormones, and inflammatory cytokines [15]. High serum levels
of FFAs are potent inducers of insulin resistance, a frequent pathophysiological component
of HF, as well as oxidative stress, inflammatory response, and endothelial dysfunction,
with the latter being an inherent feature of vascular pathophysiology in HF [16-18]. In HF,
an increased uptake of FFAs by cardiomyocytes, secondary to elevated FFA serum levels,
leads to the accumulation of FFA-derived cardiotoxic intermediates that, together with
diminished glucose and increased FFA utilization for cardiac ATP production, deteriorate
the function of the failing heart [19-21]. Pharmacological interventions capable of reducing
FFAs and increasing glucose utilization for energy production improve cardiac function
and prognosis in patients with chronic HF (CHF) [18,22-24].

Total serum FFA levels are higher in patients with CHF compared with healthy controls,
and high levels of total FFAs have been found to be associated with increased mortality in
AHEF patients [25-27]. Several studies have examined the association between various indi-
vidual serum FFAs and mortality in AHF patients [28-31], but none of them have reported
on the association of studied FFAs with patients’ clinical and laboratory characteristics.
Therefore, in the present study, we determined the serum levels of FFAs 16:0 (palmitic acid),
16:1 (palmitoleic acid), 18:0 (stearic acid), 18:1 (oleic acid), 18:2 (linoleic acid), 18:3 (alpha-
linolenic acid or gamma-linolenic acid), 20:4 (arachidonic acid), 20:5 (eicosapentaenoic acid),
and 22:6 (docosahexaenoic acid) and examined their association with clinical and laboratory
parameters, established indicators of HF severity, in AHF patients.

2. Materials and Methods
2.1. Study Design and Patients

The AHF study was a prospective observational study conducted at the Sisters of
Charity University Hospital Centre, Zagreb, Croatia, from March 2018 to January 2021, en-
rolling consecutive adult Caucasian patients who presented to the Emergency Department
with signs and symptoms of AHF consequently requiring hospitalization. The coexistence
of any case of acute infection, chronic obstructive pulmonary disease exacerbation, severe
renal failure (creatinine serum levels of >400 pmol/L), active malignant disease, systemic
autoimmune disease, pregnancy, or a patient’s unwillingness to participate led to their
exclusion from the study (study flow chart—Scheme S1). Details from the data collection on
the patients” history as well as physical and echocardiography examinations were described
in our previous reports [32,33]. In addition to routinely performed laboratory tests, for
study purposes, a sample of 36 mL of venous blood was obtained from each study patient
at the time they presented to the Emergency Department. All enrolled patients received
guideline-directed treatment for AHF, as proposed by the European Society of Cardiol-
ogy [4]. Study patients were followed up for one year after index AHF hospitalization, and
the primary endpoint was all-cause mortality.

Prior to enrolment and any study procedure, written informed consent for participa-
tion was obtained from each enrolled patient in compliance with the Good Clinical Practice
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guidelines, and the investigation conformed with the principles outlined in the Declaration
of Helsinki [34]. The study was approved by the local Ethics Committee of the Sisters
of Charity University Hospital Centre, Zagreb, Croatia (EP 2258/18-10), and the Medical
University of Graz, Austria (EK 33-258 ex 20/21).

2.2. Laboratory Analyses and Procedures

Routine laboratory parameters, assessed at the time of the patients’ presentation to
the Emergency Department, regardless of their fasting status as per hospital protocols
for AHF management, included creatinine, estimated glomerular filtration rate (eGFR),
blood urea nitrogen, sodium, potassium, chloride, serum glucose, total protein, albumin,
total cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), triglycerides, C-reactive protein (CRP), bilirubin, alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), creatine
kinase (CK), high-sensitivity troponin I (hsTnl), N-terminal pro-brain natriuretic peptide
(NT-proBNP), blood cell counts, and hemoglobin, fibrinogen, prothrombin time, and inter-
national normalized ratio (INR), as well as arterial blood gases. Laboratory procedures and
equipment used for assessment of the abovementioned parameters have been described
in detail in our previous reports [32]. All additional laboratory procedures and analyses
for study purposes were performed using the stored samples of the patients’ sera at the
Gottfried Schatz Research Center, Medical University of Graz, Graz, Austria.

2.3. Quantification of FFAs

All solvents and reagents were from Sigma-Aldrich (St. Louis, MO, USA). To quantify
FFAs, 190 puL of serum was subjected to a Folch extraction (4 mL of chloroform/methanol at
2:1 ratio and 2 mL of water) on a rotating wheel (45 min at ambient temperature). Samples
were then centrifuged (500x g, 10 min, 4 °C), the lower phase was removed, and the
aqueous phase was reextracted. The organic phases were combined, dried under a stream
of N, transferred to autosampler vials, and stored under argon at —80 °C. To isolate serum
FFAs, the total lipid fraction was subjected to thin-layer chromatography (TLC, unmodified
Silica Gel 60 (Merck, Darmstadt, Germany) developed in hexane/diethylether/acetic acid;
70:30:1. The silica region comigrating with oleic acid (spotted on one lane as the FFA
standard, stained with iodine vapor) was scraped off, transferred to conical screw-capped
derivatization vials, spiked with pentadecanoic acid (C15; 10 pg of internal standard for
GC quantitation), and directly methylated (toluene, 1.2 mL; boron trifluoride /methanol
complex, 20%; 1 mL; 60 min at 110 °C, sand bath) in the presence of the TLC adsorbent.
The reaction was stopped with water (2 mL); fatty acid methyl esters (FAMEs) were
extracted with hexane (200 pL), transferred to autosampler vials, dried under Nj, and
redissolved in toluene (25 pL). The FAMEs (1 pL) were analyzed on a Thermo Trace GC
Ultra gas chromatograph (Thermo Fisher Scientific, Vienna, Austria) with flame ionization
detection (FID). Samples were separated on a 25 m x 0.32 mm FFAP-CB column (Agilent,
Vienna, Austria) using the following GC conditions: injector 230 °C, detector 250 °C, with
ramping starting at 150 °C, 2.5 °C/min, 215 °C, 10 min, 10 °C/min, and 230 °C, 12.5 min.
Fatty acid concentrations were quantified via peak area comparison with the internal
standard (C15) and converted to umol/L. FAMEs prepared from a control serum were run
after every 23rd patient sample (the daily throughput) as a laboratory control sample.

2.4. Statistics

Metric parameters are summarized as the mean and standard deviation (SD) or median
and interquartile range, whereas absolute and relative frequencies were used to describe
categorical parameters. Differences between groups defined by various clinical characteris-
tics were tested with the Mann-Whitney U test. The Spearman correlation coefficient was
used to assess correlations between FFAs and various clinical and laboratory parameters.
Results are presented in a heatmap. A p-value < 0.005 (0.05/10) was considered significant
after a Bonferroni correction for multiple testing due to the 10 investigated FFA parame-
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ters. Our data allow for the detection of significant group differences between alive and
deceased patients within 12 months (n = 190 vs. n = 114) for effect sizes of at least 0.39 or
for correlation coefficients within the whole cohort (n = 304) of at least 0.19, with a power
of 90%. R version 4.1.0 was used for these analyses.

3. Results
3.1. Patients’ Clinical Characteristics, Chronic Medication, and Standard Laboratory Parameters

A total of 315 patients hospitalized due to AHF were enrolled in the study. The baseline
characteristics, comorbidities, chronic medication, and routine laboratory parameters of
the whole cohort have been described in our previous reports [32,33].

Since not all serum samples were available for FFA quantification, the following
analyses and presented results are based on the data collected from 304 participants.

The patients’ mean (£standard deviation) age was 74.3 £ 10.5 years, and 131 (43.1%)
were female. As 281 (92.4%) patients suffered from previously known cardiomyopathy
(secondary ischemic, valvular, toxic etiology, primary dilated cardiomyopathies), their
present episode of AHF was classified as worsening of chronic disease, while only 23 (7.6%)
patients presented with new-onset AHFE. The dominant cause of the new-onset AHF was
acute myocardial infarction (17/23, 73.9%; 11 with anteroseptal localization and 6 with
inferoposterior/posterolateral localization). Only three (1.0%) of the enrolled patients
suffered from isolated right ventricle failure (after disqualification of participation for
dyspneic patients with chronic pulmonary diseases), while the rest (301, 99.0%) had signs
and symptoms of left-sided or global (combination of left- and right-sided) HF. Of the latter,
55 patients (18.3%) presented with pulmonary edema (out of which 60% were hypertensive
forms), while the remaining 246 (81.7%) patients with left-sided or global HF had less severe
signs of lung congestion. Four patients (1.3%) suffered from cardiogenic shock at the time of
presentation to the Emergency Department. According to NYHA classification, the majority
of the enrolled patients (288, 94.7%) had dyspnea and tachypnea at rest (NYHA IV), while
the others (16, 5.3%) were asymptomatic at rest but could not tolerate minimal physical
effort (NYHA III) at the time of presentation. The patients’ comorbidities, vital signs, and
other clinical signs of HF, as well as significant echocardiographic measures and routine
laboratory test results obtained at the time of presentation to the Emergency Department,
are shown in Table 1. Chronic medication is listed in Table S1. One hundred and fourteen
(37.5%) patients died within one year after index AHF hospitalization.

Table 1. Baseline characteristics and laboratory data of AHF patients.

Data For All Patients with FFA

(n =304)
Demographics
Age (years) 74.3 (10.5)
Sex, female 131 (43.1%)
Comorbidities
Hypertension 283 (93.1%)
T2DM 128 (42.1%)
CAD 152 (50.0%)
CMP 281 (92.4%)
AF 167 (54.9%)
CKD 139 (45.7%)
MetS 208 (68.4%)

Physical measures at admission

MAP (mmHg) 100.0 (90.0, 118.8)
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Table 1. Cont.

Data For All Patients with FFA
(n =304)

Heart rate (beats/min)

100.0 (80.0, 115.5)

Respiratory rate (breaths/min)

28.0 (24.0, 32.5)

BMI (kg/m?)

28.0 (25.0,31.7)

Signs and symptoms

Symptom duration (days)

5.0 (4.0, 5.0)

Rales or crackles

300 (98.7%)

JVD

165 (54.3%)

Enlarged liver

171 (56.2%)

Ascites

47 (15.5%)

Peripheral edema

198 (65.1%)

NYHA class
3 16 (5.3%)
4 288 (94.7%)
AHF type
New-onset AHF 23 (7.6%)
AHF following CHF 281 (92.4%)
Echocardiography
LVEDd/BSA (mm/m?) 28.6 (25.5,31.8)
LVEF (%) 40.0 (30.0, 50.0)
SPAP (mmHg) 50.0 (45.0, 60.0)
AHF class
HFrEF, EF < 40% 138 (47.1%)

HFmrEF, EF 41-49%

80 (27.3%)

HFpEEF, EF > 50%

75 (25.6%)

Laboratory test results at admission

TC (mmol/L) 3.5(2.9,4.5)
HDL-C (mmol/L) 1.1(0.9,1.3)
LDL-C (mmol/L) 1.9 (14,2.7)

Triglycerides (mmol/L) 1.0 (0.8,1.3)

Albumin (g/L) 37.9(34.9,41.3)
Total proteins (g/L) 67.0 (61.0, 71.0)
Bilirubin (pmol/L) 17.3 (11.2,28.5)

AST (U/L) 27.0 (20.0, 44.2)

ALT (U/L) 25.0 (15.0, 41.2)
Glucose (mmol/L) 7.8(6.1,11.1)
Sodium (mmol/L) 140.0 (137.0, 142.0)

Potassium (mmol/L)

45 (4.1,4.8)

Chloride (mmol/L)

103.0 (9.0, 106.0)

BUN (mmol/L)

9.6 (7.0, 14.1)

Creatinine (umol/L)

117.0 (89.8, 152.0)

eGFR (mL/min/1.73m?)

46.3 (32.4, 64.3)

CK (U/L)

93.5 (58.0, 162.2)

LDH (U/L)

264.0 (218.8, 329.2)

hsTnI (ng/L)

46.0 (20.0, 141.0)
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Table 1. Cont.

Data For All Patients with FFA

(n =304)
NT-proBNP (pg/mL) 6578.5 (3544.5, 15076.2)
CRP (mg/L) 11.8 (5.5, 32.6)
IL-6 (pg/mL) 25.1 (12.9,59.8)
Fibrinogen (g/L) 4.0(34,4.7)
Erythrocytes (x 1012 /L) 4.6(4.1,5.0)
Hemoglobin (g/L) 133.5 (119.0, 148.0)
pH 7.4(7.3,74)
pO, (kPa) 8.8 (7.3,10.4)
pCO; (kPa) 5.2 (4.5,6.4)
HCO; (mmol/L) 24.0 (21.3,27.5)

Data are presented as n (%), mean and standard deviation, or as median and interquartile range (q1, q3). AF,
atrial fibrillation; AHF, acute heart failure; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI,
body mass index; BUN, blood urea nitrogen; CAD, coronary artery disease; CHEF, chronic heart failure; CK,
creatine kinase; CKD, chronic kidney disease; CMP, cardiomyopathy; CRP, C-reactive protein; EF, ejection fraction;
eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; HFrEF, heart failure
with reduced ejection fraction; HFmrEF, heart failure with mildly reduced ejection fraction; HFpEEF, heart failure
with preserved ejection fraction; hsTnl, high-sensitivity troponin I HDL-C, high-density lipoprotein cholesterol;
JVD, jugular vein distension; LDH, lactate dehydrogenase; LDL-C, low-density lipoprotein cholesterol; LVEDd,
left ventricle end-diastolic diameter; LVEF, left ventricular ejection fraction; MAP, mean arterial pressure; MetS,
metabolic syndrome; NT-proBNP, N-terminal pro-brain natriuretic peptide; NYHA, New York Heart Association
Functional Classification; pO,, partial oxygen pressure; pCO,, partial carbon dioxide pressure; SPAP, systolic
pulmonary artery pressure; TC, total cholesterol; T2DM, diabetes mellitus type 2.

3.2. Levels of FFAs in Serum of AHF Patients

We determined the concentrations of nine individual FFAs and the sum of these in
the serum of 304 AHF patients. The most abundant FFAs were 18:1, 16:0, 18:2, and 18:0.
Markedly lower concentrations were found for FFA 16:1, followed by 20:4 and 18:3, whereas
the lowest concentrations were found for FFAs 22:6 and 20:5 (Table 2).

Table 2. FFA levels in AHF patients (N = 304).

FFA Serum Levels (umol/L)
16:0 260.5 (195.9, 310.6)
16:1 25.9 (15.9, 39.8)
18:0 122.8 (97.9,153.9)
18:1 304.6 (221.8, 404.9)
18:2 150.5 (100.8, 203.6)
18:3 51(3.5,7.7)
20:4 7.2 (5.3,10.6)
20:5 0.3(0.2,0.7)
22:6 1.2(0.8,1.7)
Sum 896.8 (667.3, 1126.2)

Data are presented as median and interquartile range (q1, g3). FFA, free fatty acid.

3.3. Associations of Serum FFAs with Clinical and Laboratory Parameters in AHF Patients

As shown in Figure 1, after a Bonferroni correction for multiple testing, the individual
FFAs 16:0, 16:1, 18:1, 18:2, 18:3, and 20:4, as well as the total FFAs, were significantly posi-
tively correlated with serum albumin levels, albeit not very strongly. Additionally, FFA 16:0
was significantly negatively correlated with systolic pulmonary artery pressure (SPAP), and
FFA 20:4 was significantly negatively correlated with blood urea nitrogen (BUN), whereas
FFA 18:3 was significantly negatively correlated with C-reactive protein (CRP) and body
mass index (BMI). We found no significant correlations of any individual FFA or total
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FFAs with N-terminal pro-brain natriuretic peptide (NT-proBNP), left ventricular ejection
fraction (LVEF), mean arterial pressure (MAP), hemoglobin, liver transaminases, creatine
kinase (CK), glucose, creatinine, and estimated glomerular filtration rate (eGFR), as well as
interleukin-6 (IL-6) and serum lipid parameters (Figure 1).

FFA (umol/L)
16:0 16:1 18:0 18:1 18:2 18:3 20:4 20:5 22:6 Sum
Albumin (g/L) < 0.27 (<0.001) 0.17 (0.004) 0.14 (0.017) 0.25 (<0.001) 0.24 (<0.001) 0.22 (<0.001) 0.18 (0.002) 0.06 (0.332) 0.13 (0.029) 0.26 (<0.001)
Protein (g/L) < 0.16 (0.007) 0.15 (0.011) 0.04 (0.451) 0.16 (0.006) 0.13(0.023) 0.09 (0.120) 0.07 (0.249) -0.08 (0.163) 0.09 (0.142) 0.15 (0.008)
AST (U/L)+ 0.10 (0.092) 0.05 (0.340) 0.16 (0.005) 0.06 (0.319) 0.02 (0.671) -0.05 (0.381) -0.07 (0.223) -0.02 (0.716) 0.01(0.827) 0.08 (0.191)
ALT (U/L) + 0.10 (0.072) 0.01 (0.925) 0.16 (0.006) 0.05 (0.401) 0.08 (0.183) 0.04 (0.512) 0.05 (0.388) 0.05 (0.341) 0.08 (0.187) 0.08 (0.153)
Glucose (mmol/L) < 0.07 (0.210) -0.14 (0.014) 0.03 (0.594) 0.01(0.795) 0.08 (0.185) 0.05 (0.380) 0.06 (0.274) -0.04 (0.539) 0.11 (0.049) 0.04 (0.523)
BUN (mmol/L) < -0.09 (0.113) -0.08 (0.156) -0.01(0.804) -0.08 (0.182) -0.04 (0.534) -0.01 (0.854) ~0.17 (0.003) -0.10 (0.076) -0.11(0.052) -0.07 (0.199)
Creatinine (umol/(L) 4 -0.14 (0.018) -0.13 (0.026) -0.12(0.034) -0.12(0.042) -0.07 (0.195) 0.00 (0.944) -0.15(0.010) -0.05 (0.429) -0.09 (0.100) -0.12 (0.031)
eGFR (ml/min/1.73m?) = 0.11 (0.055) 0.09 (0.116) 0.11 (0.052) 0.09 (0.129) 0.01 (0.885) -0.04 (0.472) 0.12(0.041) 0.04 (0.523) 0.05 (0.367) 0.09 (0.130)
CK (U/L)+ 0.05(0.411) 0.00 (1.000) 0.03 (0.557) -0.02 (0.783) -0.03 (0.664) -0.02 (0.719) -0.02 (0.787) 0.02 (0.754) -0.04 (0.489) 0.01(0.878)
Spearman r

hsTnl (U/L) 4 0.04 (0.461) -0.07 (0.247) 0.07 (0.235) -0.01(0.923) -0.01(0.813) -0.01 (0.900) -0.07 (0.258) -0.03 (0.666) -0.02 (0.699) 0.01 (0.807) . 1.0

NT-proBNP (ng/mL) 0.00 (0.933) 0.03 (0.556) 0.04 (0.521) 0.01(0.854) 0.00 (0.956) 0.00 (0.974) -0.13 (0.021) ~0.10 (0.089) ~0.05 (0.425) 0.01(0.881) 0.5

CRP (mg/L) < -0.07 (0.196) -0.04 (0.485) -0.05 (0.356) -0.03 (0.557) -0.11 (0.065) ~0.21 (<0.001) -0.10 (0.075) -0.14 (0.013) -0.03 (0.562) -0.07 (0.235) 0.0

-05
IL-6 (pg/mL) < 0.00 (0.947) 0.03 (0.609) 0.01 (0.893) 0.02 (0.728) -0.04 (0.444) -0.12 (0.045) -0.12 (0.039) -0.09 (0.102) 0.01 (0.850) 0.00 (0.995) .
-1.0

Hemoglobin (g/L) < 0.14 (0.014) 0.11 (0.064) 0.08 (0.140) 0.11 (0.053) 0.08 (0.149) 0.07 (0.202) 0.13 (0.027) 0.09 (0.110) 0.10 (0.082) 0.12 (0.035)
MAP (mm Hg) < -0.01 (0.915) =0.07 (0.202) -0.01(0.848) -0.01 (0.862) 0.01(0.797) 0.00 (0.944) 0.07 (0.225) 0.05 (0.392) 0.01(0.893) ~0.01 (0.808)
SPAP (mm Hg) + ~0.18 (0.005) 0.02 (0.697) -0.16 (0.011) -0.07 (0.263) -0.15 (0.021) -0.17 (0.005) -0.15 (0.018) -0.13 (0.033) -0.14 (0.030) -0.14 (0.028)
LVEF (%)~ 0.02 (0.797) ~0.01(0.810) ~0.05 (0.383) 0.02 (0.694) 0.04 (0.452) =0.05 (0.442) 0.06 (0.339) ~0.04 (0.476) 0.08 (0.184) 0.02 (0.761)
BMI (kg/m?) + -0.10 (0.070) -0.06 (0.267) -0.15 (0.011) -0.01(0.859) -0.11 (0.049) ~0.18 (0.002) -0.06 (0.284) -0.09 (0.123) 0.03 (0.583) -0.09 (0.131)
TC (mmol/L) < 0.08 (0.192) -0.03 (0.619) 0.02 (0.724) 0.03 (0.637) 0.06 (0.327) 0.09 (0.130) 0.09 (0.107) 0.08 (0.150) -0.02(0.771) 0.05 (0.434)
HDL-C (mmol/L) 0.00 (0.949) 0.02 (0.706) =0.11(0.047) 0.01(0.817) 0.01 (0.905) 0.08 (0.165) 0.04 (0.504) 0.06 (0.271) -0.07 (0.235) 0.00 (0.936)
LDL-C (mmol/L) < 0.06 (0.304) ~0.04 (0.469) 0.04 (0.517) 0.02 (0.777) 0.04 (0.438) 0.05 (0.369) 0.08 (0.158) 0.05 (0.371) -0.02 (0.747) 0.03 (0.568)
Triglycerides (mmol/L) < 0.10 (0.097) -0.05 (0.369) 0.11 (0.067) 0.01(0.824) 0.09 (0.105) 0.15 (0.008) 0.05 (0.374) 0.14 (0.014) 0.06 (0.278) 0.06 (0.266)

Figure 1. Heatmap of correlation analyses between FFA and the laboratory and clinical parameters of
patients with AHF. Values presented are the Spearman correlation coefficients. p-values < 0.005 after
a Bonferroni correction for multiple testing are considered significant, and significant correlations are
depicted in bold. Albumin, protein, and LVEF were measured in 293 patients, SPAP was measured in
253 patients, BUN in 303, and hsTnl in 301 patients; otherwise, the analyses are based on 304 samples.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; BUN, blood
urea nitrogen; CK, creatin kinase; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate;
HDL-C, high-density lipoprotein cholesterol; hsTnl, high-sensitivity troponin I; IL-6, interleukin-6;
LDL-C, low-density lipoprotein cholesterol; LVEF, left ventricular ejection fraction; MAP, mean
arterial pressure; NT-proBNP, N-terminal pro-brain natriuretic peptide; SPAP, systolic pulmonary
pressure; TC, total cholesterol.

3.4. Differences in FFAs in Various Groups of AHF Patients

We also examined whether the serum levels of individual and total FFAs differed in
groups of AHF patients defined by various clinical characteristics and survival statuses.
The results are shown in Tables S2 and S3. After Bonferroni correction, the serum levels
of FFA 16:1 but not of the other individual or total FFAs were significantly lower in AHF
patients with type 2 diabetes mellitus (T2D) and in AHF patients with coronary artery
disease (CAD) compared with AHF patients without these comorbidities. In contrast, the
serum levels of individual and total FFAs were similar in AHF patients with metabolic
syndrome (MetS), atrial fibrillation (AF), and sign(s) of venous volume overload compared
with AHF patients without these comorbidities or sign(s), as well as in AHF patients with
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new-onset AHF compared with those with AHF that developed on top of CHF. The serum
levels of the individual and total FFAs were also similar in AHF patients who were alive
and those who died during index AHF hospitalization or within 3 or 12 months after
hospitalization due to AHF.

4. Discussion

Increased serum levels of natriuretic peptides, catecholamines, and inflammatory
cytokines are major promoters of insulin resistance, catabolic dominance, and lipolysis
in HE. High-circulating FFAs facilitate cardiac uptake and utilization of FFAs as energy
substrates, as well as the conversion of FFAs into lipotoxic compounds [13,20,32]. Deranged
cardiac energy metabolism and lipotoxicity compromise the contractile function of the
failing heart [13,20,32]. In line with this, elevated total serum FFAs were associated with
poor outcomes in AHF patients [26,27], and pharmacological inhibition of cardiac FFA
utilization for energy production improved the cardiac function and reduced mortality in
AHF patients [22,23].

In contrast to the total serum FFA levels, several studies reported a negative associ-
ation of serum levels of various individual FFAs with mortality in AHF patients [28-31].
Low serum levels of FFAs may reflect low adipose tissue lipolysis, increased FFA consump-
tion, or decreased supply due to malnutrition, which is highly prevalent in patients with
AHEF [33]. Reduced appetite and impaired intestinal absorption, due to gut inflammation,
hypoperfusion, and congestion, together with low-grade persistent systemic inflammation,
cause malnutrition, wasting, and frailty, the typical features of advanced HF, which are
positively associated with unfavorable prognosis in HF patients [33,34].

In the present study, we determined the serum levels of nine individual FFAs and
examined the associations of these individual and total FFAs with clinical and laboratory
parameters in our AHF patients. In line with the well-established physiological role of
albumin as a vehicle for the transport of hydrophobic FFAs, the serum levels of the majority
of FFAs were significantly positively correlated with albumin. Since decreased serum
albumin reflects a poor nutritional state, impaired intestinal absorption, and reduced
biosynthetic capacity of the liver [35], the observed positive associations of FFAs with
albumin may suggest a relationship between FFAs, nutritional state, and intestinal and
liver function in AHF patients.

Additionally, we found a significant negative association of FFA 16:0 with SPAP and
of FFA 20:4 with BUN. These negative associations most likely reflect the regulation of
these FFAs, as well as that of SPAP and BUN, in the opposite direction by the underlying
AHF pathophysiology. While the HF pathophysiology decreases FFAs levels via the pro-
motion of malnutrition and wasting, the concomitantly worsened renal function (due to
hypoperfusion and congestion) increases BUN [8,36], whereas the worsened left ventricular
function and consequently increased left ventricular filling pressure increase SPAP [6,37].
Interestingly, these results suggest that FFAs 16:0 and 20:4 do not contribute to the postu-
lated impairment of the heart contractility by toxic derivatives of FFAs in the environment
with increased serum levels of FFAs [20]. Several other individual FFAs and the total FFAs
were weakly negatively associated with SPAP; however, after a Bonferroni correction, these
associations did not remain statistically significant. The significant negative association
of FFA 18:3 with CRP that was observed in the present study is in accordance with an
inverse association of dietary intake of FFA 18:3 with CRP, as described in a previous
study [38]. Although numerous studies reported on the cardiovascular protective effects
and anti-inflammatory activities of FFAs 20:5 and 22:6, these FFAs were not significantly
associated with CRP or IL-6 in the present study [39,40]. In line with the reported nega-
tive association between various plasma FFAs with BMI (reviewed in [41]), in the present
study, FFA 18:3 was significantly negatively associated with BMI. Metabolic constellations
in adipose tissue and low-grade persistent inflammation have been shown to be potent
modulators of desaturases and elongases, the enzymes which catalyze the conversion of
FFA 18:3 into FFAs 20:5 and 22:6 [41]. Additionally, a higher BMI may be accompanied
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by a higher demand for FFAs as energy substrates or for their incorporation into lipids
in various tissues, thus resulting in lower serum levels and negative associations of these
FFAs with BMI. Several other individual FFAs also showed a weak negative association
with BMI, although this did not reach statistical significance.

In the present study, in which 94.7% of patients belonged to New York Heart Asso-
ciation functional class IV (NYHA 1V), total serum FFAs were neither associated (with
exception of albumin) with clinical and laboratory parameters nor with mortality of these
patients. This is in sharp contrast to the results obtained in other AHF cohorts in which
the majority of patients belonged to NYHA class III and where total serum FFAs were
significantly associated with several clinical and laboratory parameters, as well as mortal-
ity [26,27]. This implies that the pathophysiology in severe AHF, as encountered in NYHA
class 1V patients, disrupts the associations of serum FFAs with clinical and laboratory
indicators of the HF severity, as well as abolishing the prognostic capacity of FFAs.

Previous studies have reported associations of circulating FFAs with various comor-
bidities associated with HF, such as T2D, CAD, hypertension, or AF [42—45]. In line with
the reported beneficial effect of FFA 16:1 on insulin secretion and systemic insulin sensi-
tivity [46], we observed higher FFA 16:1 serum levels in our AHF patients without T2D
compared with those with this comorbidity. Higher FFA 16:1 levels in our AHF patients
without CAD, compared with those with CAD, suggest a cardioprotective effect of this FFA.
However, although FFA 16:1 has been shown to contribute to an anti-atherogenic serum
lipoprotein profile, the impact of FFA 16:1 on the cardiovascular system is still not well
understood [47].

It is well established that adipose tissue lipolysis mediated by the sequential action of
adipose triglyceride lipase (ATGL), hormone-sensitive lipase, and monoglyceride lipase
is essential for the supply of tissues with FFAs from the adipose triacylglycerol (TAG)
pool to enable the maintenance of systemic energy metabolism during fasting or physical
activity, the conditions accompanied by low circulating glucose levels and a high energy de-
mand [48]. However, excessive activation of adipose tissue lipolysis secondary to increased
adrenergic activation or increased serum levels of natriuretic peptides and inflammatory cy-
tokines, as encountered in HF, leads to pathologically increased serum levels and increased
tissue uptake of FFAs (reviewed in [49]). Excessive uptake and accumulation of TAG and
lipotoxic intermediates in the liver and skeletal muscle activate specific protein kinase
C isoforms, leading to impaired insulin signaling and T2D [50-52]. Insulin resistance in
adipose tissue, which in HF is triggered by persistent low-grade inflammation, attenuates
the antilipolytic action of insulin and thus also contributes to an increase in serum FFAs and
systemic insulin resistance [53]. The impact of adipose-tissue-released FFAs on metabolic
health was also demonstrated in obese mice in which adipose-tissue-specific genetic in-
activation of ATGL, a master regulator of adipose tissue lipolysis, reduced plasma FFAs
and hepatic lipid content, eventually resulting in an improved insulin sensitivity [54,55]. In
the present study, however, the serum levels of total FFAs were not correlated with serum
glucose levels and were similar in AHF patients with T2D compared with those without
this comorbidity. This is most likely due to the severe HF pathophysiology, which disrupts
the associations between FFAs and glucose metabolism in our AHF patients.

There are several limitations to the present study: Due to the design, we could not
examine causality for the relationship of FFAs with clinical and laboratory parameters.
Since the nutritional state of our patients was unknown, we could not examine the impact of
fasting/feeding on FFA levels and their associations with clinical and laboratory parameters.
Considering the fact that almost 95% of our AHF patients belonged to NYHA class IV, our
results do not reflect associations of FFAs with clinical and laboratory parameters in less
severe AHF patients.

5. Conclusions

We conclude that individual and total serum FFAs are only slightly associated with
established clinical and laboratory indicators of HF severity in patients with severe AHF
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(NYHA class IV). Therefore, measurements of individual or total FFAs would not improve
the estimation of the disease severity or risk in NYHA class IV AHF patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biomedicines11123197/s1. Scheme S1: study flow chart; Table S1:
chronic medication of AHF patients prior to index AHF hospitalization; Table S2: serum levels of
FFAs in various groups of AHF patients; Table S3: differences in FFA levels between AHF patients
who were alive and those who died during index AHF hospitalization or within 3 or 12 months after
index AHF hospitalization.

Author Contributions: Conceptualization, S.F. and V.D.; Data curation, H.H. and G.P; Formal analy-
sis, G.P. and A.B.; Funding acquisition, S.E; Investigation, I.K., H.H., M.L. and W.S.; Methodology,
H.H., M.L. and W.S.; Project administration, S.F. and V.D.; Resources, LK., M.T., W.S,, S.F. and V.D.;
Supervision, M.T.,, A.B., W.S,, S.F. and V.D.; Validation, L.K.; Visualization, G.P.; Writing—original
draft, S.F; Writing—review and editing, I.K.,, HH., M.L.,, M.T,, G.P, A.B.,, WS,, S.F. and V.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Medical University of Graz.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the University Hospital Centre Sisters of
Charity (EP 2258/18-10; 9 February 2018), Zagreb, Croatia, and the Medical University of Graz
(33-258 ex 20/21; 16 February 2021) Graz, Austria.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data are available within the article and Supplementary Materials.
Acknowledgments: We thank Celina Klampfer for her expert technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Roger, V.L.; Weston, S.A.; Redfield, M.M.; Hellermann-Homan, J.P,; Killian, J.; Yawn, B.P.; Jacobsen, S.J. Trends in heart failure
incidence and survival in a community-based population. JAMA 2004, 292, 344-350. [CrossRef]

2. Dickstein, K.; Cohen-Solal, A ; Filippatos, G.; McMurray, J.J.; Ponikowski, P.; Poole-Wilson, P.A.; Stromberg, A.; van Veldhuisen,
D.J.; Atar, D.; Hoes, A.W.; et al. ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure 2008: The Task
Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure 2008 of the European Society of Cardiology. Developed
in collaboration with the Heart Failure Association of the ESC (HFA) and endorsed by the European Society of Intensive Care
Medicine (ESICM). Eur. Heart |. 2008, 29, 2388-2442. [CrossRef] [PubMed]

3. McMurray, J.J.; Adamopoulos, S.; Anker, S.D.; Auricchio, A.; Bohm, M.; Dickstein, K.; Falk, V.; Filippatos, G.; Fonseca, C.;
Gomez-Sanchez, M.A ; et al. ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure 2012: The Task
Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure 2012 of the European Society of Cardiology. Developed
in collaboration with the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 2012, 33, 1787-1847. [CrossRef] [PubMed]

4. Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, ].G.F; Coats, A].S.; Falk, V.; Gonzalez-Juanatey, ].R.; Harjola, V.P.;
Jankowska, E.A.; et al. 2016 ESC Guidelines for the Diagnosis and Treatment of Acute and Chronic Heart Failure. Rev. Esp.
Cardiol. 2016, 69, 1167. [CrossRef] [PubMed]

5. Packer, M. Pathophysiology of chronic heart failure. Lancet 1992, 340, 88-92. [CrossRef]

6. Mentz, R].; O’Connor, C.M. Pathophysiology and clinical evaluation of acute heart failure. Nat. Rev. Cardiol. 2016, 13, 28-35.
[CrossRef]

7. Tang, WH.; Mullens, W. Cardiorenal syndrome in decompensated heart failure. Heart 2010, 96, 255-260. [CrossRef]

8. Gnanaraj, ].F; von Haehling, S.; Anker, S.D.; Raj, D.S.; Radhakrishnan, J. The relevance of congestion in the cardio-renal syndrome.
Kidney Int. 2013, 83, 384-391. [CrossRef]

9.  Mamic, P; Chaikijurajai, T.; Tang, WH.W. Gut microbiome—A potential mediator of pathogenesis in heart failure and its
comorbidities: State-of-the-art review. J. Mol. Cell. Cardiol. 2021, 152, 105-117. [CrossRef]

10. Pasini, E.; Aquilani, R,; Testa, C.; Baiardi, P.; Angioletti, S.; Boschi, F.; Verri, M.; Dioguardi, F. Pathogenic Gut Flora in Patients
With Chronic Heart Failure. JACC Heart Fail. 2016, 4, 220-227. [CrossRef]

11. Ambrosy, A.P; Pang, P.S.; Khan, S.; Konstam, M.A.; Fonarow, G.C.; Traver, B.; Maggioni, A.P,; Cook, T.; Swedberg, K.; Burnett,

J.C., Jr; et al. Clinical course and predictive value of congestion during hospitalization in patients admitted for worsening signs
and symptoms of heart failure with reduced ejection fraction: Findings from the EVEREST trial. Eur. Heart ]. 2013, 34, 835-843.
[CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/biomedicines11123197/s1
https://www.mdpi.com/article/10.3390/biomedicines11123197/s1
https://doi.org/10.1001/jama.292.3.344
https://doi.org/10.1093/eurheartj/ehn309
https://www.ncbi.nlm.nih.gov/pubmed/18799522
https://doi.org/10.1093/eurheartj/ehs104
https://www.ncbi.nlm.nih.gov/pubmed/22611136
https://doi.org/10.1016/j.rec.2016.11.005
https://www.ncbi.nlm.nih.gov/pubmed/27894487
https://doi.org/10.1016/0140-6736(92)90405-R
https://doi.org/10.1038/nrcardio.2015.134
https://doi.org/10.1136/hrt.2009.166256
https://doi.org/10.1038/ki.2012.406
https://doi.org/10.1016/j.yjmcc.2020.12.001
https://doi.org/10.1016/j.jchf.2015.10.009
https://doi.org/10.1093/eurheartj/ehs444
https://www.ncbi.nlm.nih.gov/pubmed/23293303

Biomedicines 2023, 11, 3197 11 of 12

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Niebauer, J.; Volk, H.D.; Kemp, M.; Dominguez, M.; Schumann, R.R.; Rauchhaus, M.; Poole-Wilson, P.A.; Coats, A.].; Anker, S.D.
Endotoxin and immune activation in chronic heart failure: A prospective cohort study. Lancet 1999, 353, 1838-1842. [CrossRef]
[PubMed]

Doehner, W.; Frenneaux, M.; Anker, S.D. Metabolic impairment in heart failure: The myocardial and systemic perspective. J. Am.
Coll. Cardiol. 2014, 64, 1388-1400. [CrossRef]

Szabo, T.; Postrach, E.; Mahler, A.; Kung, T.; Turhan, G.; von Haehling, S.; Anker, S.D.; Boschmann, M.; Doehner, W. Increased
catabolic activity in adipose tissue of patients with chronic heart failure. Eur. |. Heart Fail. 2013, 15, 1131-1137. [CrossRef]
Sylvers-Davie, K.L.; Davies, B.S.]. Regulation of lipoprotein metabolism by ANGPTL3, ANGPTL4, and ANGPTLS. Am. |. Physiol.
Endocrinol. Metab. 2021, 321, E493-E508. [CrossRef] [PubMed]

Gambert, S.; Vergely, C.; Filomenko, R.; Moreau, D.; Bettaieb, A.; Opie, L.H.; Rochette, L. Adverse effects of free fatty acid
associated with increased oxidative stress in postischemic isolated rat hearts. Mol. Cell. Biochem. 2006, 283, 147-152. [CrossRef]
[PubMed]

Steinberg, H.O.; Paradisi, G.; Hook, G.; Crowder, K.; Cronin, J.; Baron, A.D. Free fatty acid elevation impairs insulin-mediated
vasodilation and nitric oxide production. Diabetes 2000, 49, 1231-1238. [CrossRef]

Opie, L.H.; Knuuti, ]. The adrenergic-fatty acid load in heart failure. J. Am. Coll. Cardiol. 2009, 54, 1637-1646. [CrossRef]
Wende, A.R.; Brahma, M.K.; McGinnis, G.R.; Young, M.E. Metabolic Origins of Heart Failure. JACC Basic Transl. Sci. 2017, 2,
297-310. [CrossRef]

Karwi, Q.G.; Uddin, G.M.; Ho, K.L.; Lopaschuk, G.D. Loss of Metabolic Flexibility in the Failing Heart. Front. Cardiovasc. Med.
2018, 5, 68. [CrossRef]

Bertero, E.; Maack, C. Metabolic remodelling in heart failure. Nat. Rev. Cardiol. 2018, 15, 457-470. [CrossRef]

Lee, L.; Campbell, R.; Scheuermann-Freestone, M.; Taylor, R.; Gunaruwan, P.; Williams, L.; Ashrafian, H.; Horowitz, J.; Fraser,
A.G,; Clarke, K.; et al. Metabolic modulation with perhexiline in chronic heart failure: A randomized, controlled trial of short-term
use of a novel treatment. Circulation 2005, 112, 3280-3288. [CrossRef] [PubMed]

Zhang, L.; Lu, Y; Jiang, H.; Zhang, L.; Sun, A.; Zou, Y.; Ge, ]. Additional use of trimetazidine in patients with chronic heart failure:
A meta-analysis. |. Am. Coll. Cardiol. 2012, 59, 913-922. [CrossRef] [PubMed]

Lopaschuk, G.D. Metabolic Modulators in Heart Disease: Past, Present, and Future. Can. J. Cardiol. 2017, 33, 838-849. [CrossRef]
[PubMed]

Djousse, L.; Benkeser, D.; Arnold, A.; Kizer, J.R.; Zieman, S.J.; Lemaitre, R.N.; Tracy, R.P.; Gottdiener, ].S.; Mozaffarian, D.;
Siscovick, D.S.; et al. Plasma free fatty acids and risk of heart failure: The Cardiovascular Health Study. Circ. Heart Fail. 2013, 6,
964-969. [CrossRef] [PubMed]

Degoricija, V.; Trbusic, M.; Potocnjak, I.; Radulovic, B.; Pregartner, G.; Berghold, A.; Scharnagl, H.; Stojakovic, T.; Tiran, B.; Frank,
S. Serum concentrations of free fatty acids are associated with 3-month mortality in acute heart failure patients. Clin. Chem. Lab.
Med. 2019, 57, 1799-1804. [CrossRef] [PubMed]

Yu, Y,; Jin, C.; Zhao, C.; Zhu, S.; Meng, S.; Ma, H.; Wang, J.; Xiang, M. Serum Free Fatty Acids Independently Predict Adverse
Outcomes in Acute Heart Failure Patients. Front. Cardiovasc. Med. 2021, 8, 761537. [CrossRef] [PubMed]

Ouchi, S.; Miyazaki, T.; Shimada, K.; Sugita, Y.; Shimizu, M.; Murata, A.; Kato, T.; Aikawa, T.; Suda, S.; Shiozawa, T.; et al. Low
Docosahexaenoic Acid, Dihomo-Gamma-Linolenic Acid, and Arachidonic Acid Levels Associated with Long-Term Mortality in
Patients with Acute Decompensated Heart Failure in Different Nutritional Statuses. Nutrients 2017, 9, 956. [CrossRef]

Matsuo, N.; Miyoshi, T.; Takaishi, A.; Kishinoue, T.; Yasuhara, K.; Tanimoto, M.; Nakano, Y.; Onishi, N.; Ueeda, M.; Ito, H.
High Plasma Docosahexaenoic Acid Associated to Better Prognoses of Patients with Acute Decompensated Heart Failure with
Preserved Ejection Fraction. Nutrients 2021, 13, 371. [CrossRef]

Nagai, T.; Honda, Y.; Sugano, Y.; Nishimura, K.; Nakai, M.; Honda, S.; Iwakami, N.; Okada, A.; Asaumi, Y.; Aiba, T.; et al.
Circulating Omega-6, But Not Omega-3 Polyunsaturated Fatty Acids, Are Associated with Clinical Outcomes in Patients with
Acute Decompensated Heart Failure. PLoS ONE 2016, 11, e0165841. [CrossRef]

Ouchi, S.; Miyazaki, T.; Shimada, K.; Sugita, Y.; Shimizu, M.; Murata, A.; Kato, T.; Aikawa, T.; Suda, S.; Shiozawa, T.; et al.
Decreased circulating dihomo-gamma-linolenic acid levels are associated with total mortality in patients with acute cardiovascular
disease and acute decompensated heart failure. Lipids Health Dis. 2017, 16, 150. [CrossRef] [PubMed]

Hunter, W.G.; Kelly, J.P.; McGarrah, R.W.,, 3rd; Kraus, W.E.; Shah, S.H. Metabolic Dysfunction in Heart Failure: Diagnostic,
Prognostic, and Pathophysiologic Insights from Metabolomic Profiling. Curr. Heart Fail. Rep. 2016, 13, 119-131. [CrossRef]

Lin, H,; Zhang, H.; Lin, Z; Li, X.; Kong, X.; Sun, G. Review of nutritional screening and assessment tools and clinical outcomes in
heart failure. Heart Fail. Rev. 2016, 21, 549-565. [CrossRef]

Denfeld, Q.E.; Winters-Stone, K.; Mudd, J.O.; Gelow, ].M.; Kurdi, S.; Lee, C.S. The prevalence of frailty in heart failure: A
systematic review and meta-analysis. Int. |. Cardiol. 2017, 236, 283-289. [CrossRef]

Kalantar-Zadeh, K; Block, G.; Horwich, T.; Fonarow, G.C. Reverse epidemiology of conventional cardiovascular risk factors in
patients with chronic heart failure. J. Am. Coll. Cardiol. 2004, 43, 1439-1444. [CrossRef] [PubMed]

Voors, A.A.; Ouwerkerk, W.; Zannad, F.; van Veldhuisen, D.J.; Samani, N.J.; Ponikowski, P.; Ng, L.L.; Metra, M.; Ter Maaten, ].M.;
Lang, C.C,; et al. Development and validation of multivariable models to predict mortality and hospitalization in patients with
heart failure. Eur. J. Heart Fail. 2017, 19, 627-634. [CrossRef]


https://doi.org/10.1016/S0140-6736(98)09286-1
https://www.ncbi.nlm.nih.gov/pubmed/10359409
https://doi.org/10.1016/j.jacc.2014.04.083
https://doi.org/10.1093/eurjhf/hft067
https://doi.org/10.1152/ajpendo.00195.2021
https://www.ncbi.nlm.nih.gov/pubmed/34338039
https://doi.org/10.1007/s11010-006-2518-9
https://www.ncbi.nlm.nih.gov/pubmed/16444597
https://doi.org/10.2337/diabetes.49.7.1231
https://doi.org/10.1016/j.jacc.2009.07.024
https://doi.org/10.1016/j.jacbts.2016.11.009
https://doi.org/10.3389/fcvm.2018.00068
https://doi.org/10.1038/s41569-018-0044-6
https://doi.org/10.1161/CIRCULATIONAHA.105.551457
https://www.ncbi.nlm.nih.gov/pubmed/16301359
https://doi.org/10.1016/j.jacc.2011.11.027
https://www.ncbi.nlm.nih.gov/pubmed/22381427
https://doi.org/10.1016/j.cjca.2016.12.013
https://www.ncbi.nlm.nih.gov/pubmed/28279520
https://doi.org/10.1161/CIRCHEARTFAILURE.113.000521
https://www.ncbi.nlm.nih.gov/pubmed/23926204
https://doi.org/10.1515/cclm-2019-0037
https://www.ncbi.nlm.nih.gov/pubmed/31188747
https://doi.org/10.3389/fcvm.2021.761537
https://www.ncbi.nlm.nih.gov/pubmed/35004879
https://doi.org/10.3390/nu9090956
https://doi.org/10.3390/nu13020371
https://doi.org/10.1371/journal.pone.0165841
https://doi.org/10.1186/s12944-017-0542-2
https://www.ncbi.nlm.nih.gov/pubmed/28806965
https://doi.org/10.1007/s11897-016-0289-5
https://doi.org/10.1007/s10741-016-9540-0
https://doi.org/10.1016/j.ijcard.2017.01.153
https://doi.org/10.1016/j.jacc.2003.11.039
https://www.ncbi.nlm.nih.gov/pubmed/15093881
https://doi.org/10.1002/ejhf.785

Biomedicines 2023, 11, 3197 12 of 12

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Lin, Y.; Pang, L.; Huang, S.; Shen, J.; Wu, W.; Tang, F; Su, W.; Zhu, X.; Sun, J.; Quan, R; et al. The prevalence and survival
of pulmonary hypertension due to left heart failure: A retrospective analysis of a multicenter prospective cohort study. Front.
Cardiovasc. Med. 2022, 9, 908215. [CrossRef]

Poudel-Tandukar, K.; Nanri, A.; Matsushita, Y.; Sasaki, S.; Ohta, M.; Sato, M.; Mizoue, T. Dietary intakes of alpha-linolenic and
linoleic acids are inversely associated with serum C-reactive protein levels among Japanese men. Nutr. Res. 2009, 29, 363-370.
[CrossRef]

Calder, P.C. Polyunsaturated fatty acids and inflammation. Prostaglandins Leukot. Essent. Fat. Acids 2006, 75, 197-202. [CrossRef]
Sacks, EM.; Campos, H. Polyunsaturated fatty acids, inflammation, and cardiovascular disease: Time to widen our view of the
mechanisms. J. Clin. Endocrinol. Metab. 2006, 91, 398-400. [CrossRef] [PubMed]

Takic, M.; Pokimica, B.; Petrovic-Oggiano, G.; Popovic, T. Effects of Dietary alpha-Linolenic Acid Treatment and the Efficiency
of Its Conversion to Eicosapentaenoic and Docosahexaenoic Acids in Obesity and Related Diseases. Molecules 2022, 27, 4471.
[CrossRef] [PubMed]

Djousse, L.; Khawaja, O.; Bartz, TM.; Biggs, M.L.; Ix, ].H.; Zieman, S.J.; Kizer, ].R.; Tracy, R.P,; Siscovick, D.S.; Mukamal, K.J.
Plasma fatty acid-binding protein 4, nonesterified fatty acids, and incident diabetes in older adults. Diabetes Care 2012, 35,
1701-1707. [CrossRef] [PubMed]

Carlsson, M.; Wessman, Y.; Almgren, P.; Groop, L. High levels of nonesterified fatty acids are associated with increased familial
risk of cardiovascular disease. Arter. Thromb. Vasc. Biol. 2000, 20, 1588-1594. [CrossRef]

Fagot-Campagna, A.; Balkau, B.; Simon, D.; Warnet, ].M.; Claude, J.R.; Ducimetiere, P.; Eschwege, E. High free fatty acid
concentration: An independent risk factor for hypertension in the Paris Prospective Study. Int. J. Epidemiol. 1998, 27, 808-813.
[CrossRef] [PubMed]

Khawaja, O.; Bartz, TM.; Ix, ] H.; Heckbert, S.R.; Kizer, ].R.; Zieman, S.J.; Mukamal, K.J.; Tracy, R.P; Siscovick, D.S.; Djousse, L.
Plasma free fatty acids and risk of atrial fibrillation (from the Cardiovascular Health Study). Am. J. Cardiol. 2012, 110, 212-216.
[CrossRef]

Trico, D.; Mengozzi, A.; Nesti, L.; Hatunic, M.; Gabriel Sanchez, R.; Konrad, T.; Lalic, K.; Lalic, N.M.; Mari, A.; Natali, A.; et al.
Circulating palmitoleic acid is an independent determinant of insulin sensitivity, beta cell function and glucose tolerance in
non-diabetic individuals: A longitudinal analysis. Diabetologia 2020, 63, 206-218. [CrossRef]

Shramko, V.S.; Polonskaya, Y.V.; Kashtanova, E.V.; Stakhneva, E.M.; Ragino, Y.I. The Short Overview on the Relevance of Fatty
Acids for Human Cardiovascular Disorders. Biomolecules 2020, 10, 1127. [CrossRef] [PubMed]

Lass, A.; Zimmermann, R.; Oberer, M.; Zechner, R. Lipolysis—A highly regulated multi-enzyme complex mediates the catabolism
of cellular fat stores. Prog. Lipid Res. 2011, 50, 14-27. [CrossRef]

Henderson, G.C. Plasma Free Fatty Acid Concentration as a Modifiable Risk Factor for Metabolic Disease. Nutrients 2021, 13, 2590.
[CrossRef]

Perry, R.].; Samuel, V.T.; Petersen, K.F.; Shulman, G.I. The role of hepatic lipids in hepatic insulin resistance and type 2 diabetes.
Nature 2014, 510, 84-91. [CrossRef]

Samuel, V.T.; Shulman, G.I. Nonalcoholic Fatty Liver Disease as a Nexus of Metabolic and Hepatic Diseases. Cell Metab. 2018, 27,
22-41. [CrossRef] [PubMed]

Krssak, M.; Falk Petersen, K.; Dresner, A.; DiPietro, L.; Vogel, S.M.; Rothman, D.L.; Roden, M.; Shulman, G.I. Intramyocellular
lipid concentrations are correlated with insulin sensitivity in humans: A 1TH NMR spectroscopy study. Diabetologia 1999, 42,
113-116. [CrossRef] [PubMed]

Korenblat, K.M.; Fabbrini, E.; Mohammed, B.S.; Klein, S. Liver, muscle, and adipose tissue insulin action is directly related to
intrahepatic triglyceride content in obese subjects. Gastroenterology 2008, 134, 1369-1375. [CrossRef] [PubMed]

Schoiswohl, G.; Stefanovic-Racic, M.; Menke, M.N.; Wills, R.C.; Surlow, B.A.; Basantani, M.K; Sitnick, M.T.; Cai, L.; Yazbeck,
C.E; Stolz, D.B.; et al. Impact of Reduced ATGL-Mediated Adipocyte Lipolysis on Obesity-Associated Insulin Resistance and
Inflammation in Male Mice. Endocrinology 2015, 156, 3610-3624. [CrossRef]

Wu, J.W,; Wang, S.P.,; Casavant, S.; Moreau, A.; Yang, G.S.; Mitchell, G.A. Fasting energy homeostasis in mice with adipose
deficiency of desnutrin/adipose triglyceride lipase. Endocrinology 2012, 153, 2198-2207. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fcvm.2022.908215
https://doi.org/10.1016/j.nutres.2009.05.012
https://doi.org/10.1016/j.plefa.2006.05.012
https://doi.org/10.1210/jc.2005-2459
https://www.ncbi.nlm.nih.gov/pubmed/16461954
https://doi.org/10.3390/molecules27144471
https://www.ncbi.nlm.nih.gov/pubmed/35889342
https://doi.org/10.2337/dc11-1690
https://www.ncbi.nlm.nih.gov/pubmed/22584136
https://doi.org/10.1161/01.ATV.20.6.1588
https://doi.org/10.1093/ije/27.5.808
https://www.ncbi.nlm.nih.gov/pubmed/9839737
https://doi.org/10.1016/j.amjcard.2012.03.010
https://doi.org/10.1007/s00125-019-05013-6
https://doi.org/10.3390/biom10081127
https://www.ncbi.nlm.nih.gov/pubmed/32751513
https://doi.org/10.1016/j.plipres.2010.10.004
https://doi.org/10.3390/nu13082590
https://doi.org/10.1038/nature13478
https://doi.org/10.1016/j.cmet.2017.08.002
https://www.ncbi.nlm.nih.gov/pubmed/28867301
https://doi.org/10.1007/s001250051123
https://www.ncbi.nlm.nih.gov/pubmed/10027589
https://doi.org/10.1053/j.gastro.2008.01.075
https://www.ncbi.nlm.nih.gov/pubmed/18355813
https://doi.org/10.1210/en.2015-1322
https://doi.org/10.1210/en.2011-1518

	Introduction 
	Materials and Methods 
	Study Design and Patients 
	Laboratory Analyses and Procedures 
	Quantification of FFAs 
	Statistics 

	Results 
	Patients’ Clinical Characteristics, Chronic Medication, and Standard Laboratory Parameters 
	Levels of FFAs in Serum of AHF Patients 
	Associations of Serum FFAs with Clinical and Laboratory Parameters in AHF Patients 
	Differences in FFAs in Various Groups of AHF Patients 

	Discussion 
	Conclusions 
	References

