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Aims: Heart failure is a clinical syndrome characterized by suboical systemic
in ammation and immune system activation associated withron de ciency. No data

exist on the various activations of immune-mediated mechaams of in ammation in

heart failure patients with reduced/preserved ejectionéiction. We aimed to (1) investigate
possible differences in in ammatory parameters and oxidate stress, and (2) detect a
different iron status between groups.

Materials and Methods: We enrolled 50 consecutive Caucasian outpatients with
heart failure. All patients underwent echocardiographic emsurements, laboratory
determinations, evaluation of iron status and Toll-like ceptors, and NFkB expression in

peripheral blood mononuclear cells, as well as pro-in ammtory cytokines. All statistical
calculations were made using SPSS for Mac version 21.0.

Results: Patients with reduced ejection fraction showed signi canly lower hemoglobin
levels (12.3 1.4 vs. 13.6 1.4 g/dl), serum iron (61.4 18.3 vs. 93.7 33.7

mcg/dl), transferrin iron binding capacity (20.7 8.4 vs. 31.1  15.6 %), and e-GFR
values (78.1 36.1vs. 118.1  33.9 ml/min/1.73 m?) in comparison to patients with
preserved ejection fraction, while unsaturated iron bindg capacity (272.6 74.9 vs.

221.7  61.4 mcg/dl), hepcidin (4.61 0.89 vs. 3.28  0.69ng/ml), and creatinine
(.34 0.55vs.1.03 0.25 mg/dl) were signi cantly higher in the same group. When
considering in ammatory parameters, patients with reduce ejection fraction showed
signi cantly higher expression of both Toll-like recept®-2 (1.90 0.97vs. 1.25 0.76

MFI) and Toll-like receptors-4 (4.54 1.32 vs. 3.38 1.62 MFI), respectively, as well
as a signi cantly higher activity of NFkB (2.67 0.60 vs. 1.07  0.30). Furthermore,
pro-in ammatory cytokines, interleukin-1, and interleukn-6, was signi cantly higher in
patients with reduced ejection fraction, while the protedve cytokine interleukin-10 was
signi cantly lower in the same group. Correlational analyss demonstrated a signi cant

and inverse relationship between left ventricular functivand in ammatory parameters
in patients with reduced ejection fraction, as well as a di correlation between ferritin
and in ammatory parameters.
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Conclusions:  Our data demonstrate a different immune-mediated in ammatry
burden in heart failure patients with reduced or preserved jection fraction, as well
as signi cant differences in iron status. These data contbute to further elucidate
pathophysiologic mechanisms leading to cardiac dysfunotin.

Keywords: ejection fraction, heart failure, iron de ciency, toll-like receptor, in ammation

INTRODUCTION dysfunction. For HF-rEF echocardiographic parameters
considered were LV volumes, a LVEF of 40% or less, LV wall
Heart failure (HF) is a complex clinical syndrome, charaieted  thickness, functioning valves, and pulmonary hypertension.
by impairment of both the cardiac structure and function l&éagl  Exclusion criteria were history of autoimmune diseases and
to left ventricle lling or ejection abnormalities. In adtion, | the conditions associated with immune system activgtio
HF is one of the most common causes of hospitalizatiomemochromatosis, and other conditions associated with iro
recurrence and deathl( 2). Recently, according to the value metabolism disorders, other forms of anemia dierent from
of echocardiographic left ventricular ejection fractionfEHF  the sideropenic one, cardiac storage diseases, congenital
guidelines have identi ed three main forms of HF includinge=  cardiomyopathies, myocarditis or dilated cardiomyopathy
with reduced EF (HF-rEF; EF40%), HF with preserved EF (HF- myocarditis-related, malignancies, thyroid dysfuncseriver
PEF; EF 50%), and an intermediate form with an EF ranginginsu ciency, and administration of any drug interfering wh
from 41 to 49% ). iron metabolism (iron supplementation, antibiotics, diuic,

It is well established that HF patients, independent fromjaxatives, brates, antacids, proton pump inhibitors, metfon,
prevalent SyStO"C or diastolic dySfUnCtion, show increhsebiguanidesl a|Coh0|)_ NYHA classi cation was performed
levels of pro-inammatory cytokines, associated to advers@ccording to current guidelines. The Ethical Committee
clinical outcomes g, 4). This inammatory status, probably approved the protocol and informed written consent was
driven by the coexistence of traditional cardiovasculaM)C obtained from all participants. All the investigations were
risk factors, is maintained by other mechanisms such agerformed in accordance with the principles of the Declaration
immune system activation3( 4). In addition, this chronic of Helsinki.
subclinical systemic in ammatory status is associatedhwit
iron de ciency (ID), even in absence of clinically evident
anemia b, 6), which also contributes to HF progression and
9ssouated mortlallty70 (Figure 1). R.andom|zed trials&-10) of determinations with patients in a partial left decubitus pamitj
intravenous ferric carboxymaltose in the treatment of IDHR- . . .

. . sing a VIVID-7 Pro ultrasound machine (GE Technologies,
rEF patients demonstrated an improvement of symptoms, anﬁ/l. :
this therapeutic approach should be considered when treafing | lwaukee, WI) W'th an apnular.phased array .2'5 MHz
transducer. Echocardiographic readings were taken in agand

in this settlng'o.f patllents, n qrder to aIIg:wate symptoms. order by the investigator, who had no knowledge of patients'
The subclinical in ammation seen in HF patients is due to L .
. L . . blood pressure (BP) and other clinical data. Only frames with
the higher activation and expression of toll-like receptorsKE), . . o . .
. . . . optimal visualization of cardiac structures were considéiad
in particular TLR-2 and TLR-4 that, in turn, induces the gene -
transcription of pro-in ammatory cytokines11-13) the reading. The mean values from at least ve measurements
P P ycy i of each parameter for each patient were computed. Having the

To our knowledge, at this time, no data exist on a di erent . . A
— : . . . . same experienced sonographer (MS) performing all studies in
activation of the immune-mediated mechanisms of in amnuati . ) . 7
dimly lit and quiet room, we optimized the measurements

in HF-rEF and HF-pEF patients. Thus, this study is aimed to: (1 eproducibility. In our laboratory, the coe cient of varigns

?;gili?/:t:tr%gzs[f\l/;ilai(ejnbcesl;QIér;?fzg:::ig qg%rf t;ne f\}veégnan was 3.35% for posterior wall (PW) thickness, 3.40% for inter-
y ventricular septum (IVS) thickness, 1.30% for left ventiacu

HF-rEF and HF-pEF patients, and (2) to detect a di erentiron; o 1" jiameter (LVID), and 4.10% for left ventricular
status in the two groups.

mass (LVM). Tracings were recorded under two-dimensional
guidance, and M-mode measurements were taken at the tip of
MATERIALS AND METHODS the mitral valve or just below. Measurements of IVS, thiclenes
PW thickness, and LVID were made at end-diastole and end-
In this study we enrolled 50 consecutive Caucasian outpegtien systole. LVM was calculated using the Devereux equatidh (
34 males and 16 females with a mean age of 7AL0.7 years. HF and normalized by body surface area (i-LVM).
diagnosis was carried out according to the recent guidslai¢he Measurements of EF were obtained by Simpson method. LV
European Society of Cardiolog§)( considering the presence of diastolic function was evaluated according to diagnostiteda
symptoms and/or signs, as well as echocardiographic parasaeteproposed by the American Society of Echocardiographf).
For HF-pEF echocardiographic parameters considered weifévaluation of left atrium volume, indexed for body surface
left ventricular (LV) EF 50 %, and evidence of LV diastolic area (i-LAV), was obtained using the apical four-chamber and

Echocardiographic Measurements
Tracings were taken 24-48h after laboratory/clinical
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FIGURE 1 | In this illustration we schematically report the role of immme-mediated in ammation in iron status balance and the consgquent effects on cardiac function
in heart failure. TLRs, toll-like receptors; TNB; tumor necrosis factor alpha; IL, interleukin.

two-chamber views. Pulsed Doppler trans-mitral ow velocityequation: s-PAFD 4 (TRV)2CPVR. PVR were calculated using
pro le was obtained from the apical four-chamber view, andthe following formula: TRV peak/RVOT time velocity integral
the sample volume was located at the tip of the mitral valvgTVI) x10C0.16 (L7).

lea ets. The following parameters were evaluated for diasto

function: peak trans-valvular ow velocity in early diastofe ~ Laboratory Determinations

wave), peak trans-valvular ow velocity in late diastole (Awg), All laboratory measurements were performed after fasting
E-to-A ratio. Tricuspid regurgitant velocity (TRV), a uséfu for 12h. Plasma glucose was determined immediately by the
parameter to calculate systolic pulmonary arterial pressare (glucose oxidation method [Glucose analyzer, Beckman €nult
PAP) and pulmonary vascular resistances (PVR), was derivédilan; intra-assay coe cient of variation (CV) 2.2%, inter-
from the application of continuous wave Doppler along theassay CV 3.8%]. Total, low-density lipoprotein- (LDL), and
tricuspid regurgitant jet, using an apical four chamber prtie ~ high-density lipoprotein- (HDL) cholesterol and triglyceg

or a parasternal right ventricle (RV) in ow view for eccerri concentrations were measured using enzymatic methods (Roche
regurgitant jet (L6). s-PAP was calculated through the BernoulliDiagnostics GmbH, Mannheim, Germany). Uric acid and

Frontiers in Immunology | www.frontiersin.org 3 October 2019 | Volume 10 | Article 2315


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Perticone et al. Heart Failure, In ammation, and Iron Status

creatinine were measured using the Ja e methodology. Valudsy both forward (FSC) and side scatter (SSC). TLRs expression
of estimated glomerular ltration rate (eGFR) (ml/min/1.78%)  was considered as the ratio of mean uorescence intensityl{MF
were calculated using the CKD-EPI equation. We preferredf the sample and MFI of the isotype control.

this equation because it was developed from a much Iarg?\r”: KB(p65) Activity Assay

cohort of patients, including both normal individuals and te \ o
with chronic kidney disease. High-sensitivity C-reactpretein ~ Successively, to evaluate KB(p65) activity PBMCs were lysed

(hs-CRP) levels were measured with an automated instrume#¥ith @ hypotonic bu er containing 10 mM Hepes, 0.1 mM EDTA
(Cardio- Phase hs-CRP, Siemens Healthcare). Fibrinogen 3&d phosphatase inhibitors. Supernatants containing cyisol
dosed with a coagulation method on the instrument BCSXP. Thfactions were removed and pellets were resuspended in a muclea

complete blood count was performed by ux cytometry. extraction buer containing 10mM Hepes, 0.1mM EDTA,
1.5mM MgCh, 420 mM NacCl, and 10% glycerol. NdB activity

Iron Status Evaluation in nuclear lysates was then measured with RB-speci ¢ ELISA
According to current recommendationsl), we dened ID @ssay (Cayman Chemical Company, Ann Arbor, MI, USA),
as: ferritin <100 mg/dl or ferritin of 100-299my/dl with a  according to the manufacturers instructions. A positive coht
transferrin saturatiorn< 20%; we adopted this de nition because (human p65_ transcription factoNF- B) was included in each
pathogenetic mechanisms underlying iron abnormalities i H ELISA plate; samples were assessed in duplicate.

di er.from other conditions of c.hr.onic in amma.\tion. Accordlg  pPro-in ammatory Cytokines Evaluation
to this we glso evaluated hepcidin concen'trat|o.n. . To assess cytokine levels, serum samples were loaded into a
Serum iron was evaluated by a colorimetric test and direch;,chin array containing speci ¢ primary antibodies (Cytaki
determination with ferro-zine; unsaturated iron bindingeacity .4 rowth Factors Array, Randox Laboratories) and processe
(UIBC.) and the percentage of saturateq transferrin i.ron b.hgji according to the user manual. Brie y, biochips were incublate
capacity (TIBC) were measured using a colorlme.tr'|c Sfor 1 hat 37C, washed and incubated for an additional hour with
(Roche Dlagnosncs_, Cobas_, 8000, SW|_tz_erIan_d). Ferritieldev HRP-conjugated secondary antibody. Biochips were aeduir
were measured using an immunoturbidimetric assay (Rochgy, the hiochip reader Evidence Investigator (Randox &g
Diagnostics, Ind|anapol|s,. IN, USA). Transferrin values aver and the “Cytokines Array | and High sensitivity” kit, Randox UK
evaluated by nephelometric method. quanti ed with its dedicated software. The assay measuange
. . was 0—-250 pg/ml for IL-6; 0-900 pg/ml for IL-8; 0—400 pg/ml for
Serum Hepcidin Evaluation IL-lO;O—GOggortumor necrosisfaF::gt]or(TNlé)-and O—GOopgg/mI

Serum hepcidin concentration. was .assessed with a Specif8r monocyte chemoattractant protein (MCP)-1. Intra andent
ELISA kit (Abbexa Human Hepcidin 25; Catalog No abx350221), 55y precision values were 7.3 and 12.9 %, respectively-@pr IL

according to the manufacturer's instructions. The stamt$aand 7.7 and 6.7% for IL-8: 7.8 and 5.2% for IL-10: 9.9% for TaB-
samples are added to the wells, incubated and washed with wagh 7 sos for MCP-1.

bu er. A biotin conjugated antibody specic to hepcidin 25

is used for detection. TMB substrate is used to visualize HRBtatistical Analysis

activity. TMB is catalyzed by HRP to produce a blue coloredescriptive data are presented as the measD for normally
product that changes into yellow after adding stop solutOrD.  distributed variables, and binary data as percent frequency
absorbance was measured spectrophotometrically at 450 nm Distribution normality was assessed with the Shapiro—Wikit.te

a microplate reader, and the concentration of Hepc25 was the@roups were compared using an unpairetest when clinical
calculated as the variation over the control. Intra and irdssay  and biological data were expressed as continuous variabtes an

precision values were10%, respectively. the 2 test for categorical variables. Correlational analyses we
) ) performed using the Pearson's test. Di erences were assumed t
Evaluation of TLR2 and TLR4 Expression be signi cant at two-tailedP-values< 0.05. All calculations were

Peripheral blood mononuclear cells (PBMCs) were isolateahfr done with a standard statistical package (SPSS for Mac version
fresh peripheral samples by Ficoll gradient according to th@1.0, Chicago, IL, USA).

manufacturers instructions within 2h after blood collegt.

Isolated PBMCs were harvested and suspended in phosphd®ESULTS

bu ered saline (PBS) for TLRs expression analysis by FACS, or

in hypotonic bu er and further processed to evaluate IKB- On the basis of their EF, patients were divided into HF-rEF
(p65) activity. Isolated PBMCs were labeled with an anti-@éD1and HF-pEF groups. All patients were in the NYHA -l
antibody conjugated with phycoerythrin (PE) to identify the functional class.

monocytes within the isolated population and with an anti-FLR  In Table 1we reported the anthropometric, biochemical, and
2 antibody conjugated with uorescein isothiocyanate (F)Cor hemodynamic characteristics of the whole study populatiod an
with an anti-TLR-4 antibody conjugated with allophycocyani of the two groups separately. The mean NHYA functional class
(APC). An ISO CD-14 (PE) non-speci ¢ antibody was employedwas signi cantly di erent between the groups (2.90.5 vs. 2.2

as a control isotype to exclude non-speci ¢ bonds. Samples were 0.5 in the HF-rEF and in the HF-pEF group, respectively).
acquired with a FACSCalibur (BD Biosciences) and analyzed bByo di erences between the groups were detected with regards
Flow JO software (LLC). The monocyte population was identi edto age, plasma glucose levels, total cholesterol, LDL-steotd,

Frontiers in Immunology | www.frontiersin.org 4 October 2019 | Volume 10 | Article 2315


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Perticone et al.

Heart Failure, In ammation, and Iron Status

TABLE 1 | Anthropometric, biochemical and hemodynamic characterics of the
whole study population and of the two groups separately.

All HF-rEF HF-pEF P

(n D 50) (n D 25) (n D 25)
Gender, m/f 41/9 21/4 20/5
Age, years 70.7 10.7 70.2 128 711 83 0.439
NYHA class 26 05 29 05 22 05 0.0001
Etiology
— Ischemic/hypertensive 26 12 14 0.829
— Valvular 6 3
— Cardiomyopathy/other 18 10 8
SBP, mmHg 124 14 118 15 129 10 0.0037
DBP, mmHg 72 8 68 7 76 6 0.0001
Glucose, mg/dI 120.8 25.4 1248 30.6 116.7 23.2 0.296
Cholesterol, mg/d| 132.8 30.9 130.0 279 1357 345 0.523
LDL-Cholesterol, mg/dl  69.6 24.3 67.8 20.1 715 283 0.455
HDL-Cholesterol, mg/dl  44.1 8.5 409 8.1 47.2 7.7 <0.0001
Triglyceride, mg/dl 118.3 64.1 121.1 445 1153C33.8 0.606
White blood cells, 712 197 749 210 6.73 181 0.176
103/mi
Red blood cells, 475 050 472 051 478 049 0.673
108/m
MCV, 842 3.6 86.3 3.1 82.0 3.0 0.0001
Hemoglobin, g/dl 129 15 123 14 136 14 0.001
Serum iron, mcg/dl 771 382 614 183 93.7 33.7 0.0001
Ferritin, ng/ml 104.1 30.5 100.2 24.7 108.1 36.1 0.371
Transferrin, g/l 276 052 283 064 268 0.29 0.291
UIBC, mcg/dl 251.6 73.1 2726 749 2217 614 0.011
Saturated TIBC, % 253 13.1 20.7 8.4 31.1 156 0.005
Hepcidin, ng/ml 425 130 461 0.89 328 0.69 0.0001
Creatinine, mg/d| 1.19 045 134 055 103 0.25 0.013
e-GFR, m/min/1.73m? 975 40.1 781 361 1181 33.9 0.0002
Uric acid, mg/dl 6.4 1.7 6.8 1.7 57 11 0.009

DBP, diastolic blood pressure; eGFR, estimated glomerular Itratiomate; MCV, mean
corpuscular volume; SBP, systolic blood pressure; TIBC, transfen iron binding capacity;
UIBC, unsaturated iron binding capacity.

and triglycerides, while both systolic and diastolic BP galu
were signi cantly higher in the HF-pEF group. HF-rEF patients
showed higher creatinine and uric acid levels and lower ®GF
and HDL-cholesterol values. No di erences were observed in
the red blood cell counts between the groups, while a small, but
signi cant, di erence was observed in hemoglobin levels.812

1.4 vs. 13.6 1.4 g/dl, in the HF-rEF and in the HF-pEF
group, respectively). Clinically relevant, despite similaritier
and transferrin levels between groups, HF-rEF patients showed
a signi cant reduction in iron values and saturated tramnsie
iron binding capacity (TIBC) percentage, and higher values of
unsaturated iron binding capacity (UIBC) and hepcidin levels.

In Table 2we reported the in ammatory parameters of the
whole study population and of the two groups separately. HF-
rEF patients showed a signi cant increased expression of both
TLR-2 and TLR-4 Figure 2), as well as signi cantly raised IL-6,

TABLE 2 | In ammatory parameters of the whole study population and of tk two
groups separately.

All HF-rEF HF-pEF P
(n D 50) (n D 25) (n D 25)

TLR2, MFI 158 0.92 1.90 0.97 1.25 0.76 0.011
TLR4, MFI 3.98 1.56 454 132 3.38 1.62 0.007
NF-kB 1.80 0.93 2.67 0.60 1.07 0.30 0.0001
IL-6, pg/ml 106 7.5 154 7.7 6.0 28 0.0001
IL-8, pg/ml 206 C 10.1 224C 128 186 C 6.2 NS
IL-10, pg/ml 18 1.4 1.4 09 23 17 0.023
MCP-1, pg/ml 4512 98.1 478.8 817 4014 94.6 0.003
TNF-a, pg/ml 35 09 35 12 35 0.7 NS
hs-CRP, mg/L 40 2.9 59 26 19 1.2 0.0001
Fibrinogen, mg/di 316.0 73 336 78 285 57 0.011
hsCRP, High-sensitivity C-reactive protein; IL, Interleukin, MCP1, Monyte

Chemoattractant Protein-1; NF- B, nuclear factor B; TLR2, toll-like receptor-2;
TLRA4, toll-like receptor-4; TNF-, Tumor necrosis factor alpha.
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FIGURE 2 | Levels of expression of TLR2 and TLR4 in PBMCs in patients witreduced ejection fraction(A) and preserved ejection fraction(B). As evident, (A) shows
a higher expression of TLRs, in particular of TLR4. FL4-H, R4; FL1-H, TLR2; TLRs, toll-like receptors.
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FIGURE 3 | This gure graphically describes in ammatory parameter di#frences between the HF-rEF and HF-pEF groups. For some paragters the values are
expressed as 10 or 100, as indicated. Comparisons between groups were made usig a student's t-test. N D 50 for each study group. For Elisa assays samples
were tested in duplicate. hsCRP, high-sensitivity C-reaéte protein; IL, interleukin; MCP1, monocyte chemoattractat protein-1; NFkB, nuclear factor kB; TLR,
toll-like receptor; TNFa, tumor necrosis factor alpha.

TABLE 3 | Echocardiographic parameters of the whole study populatio and of Similarly, the right ventricular function parameters such the
the two groups separately. TAPSe and TAPSe/s-PAP ratio was also signi cantly impaired in
All HF-rEF HF-pEF P the HF-rEF. _ .
(n D 50) (n D 25) (n D 25) In Table 4we reported the correlational analyses between iron
status and markers of in ammation and LVEF, hepcidin and
EF, % 414 7.8 353 37 541 52  0.0001 markers of in ammation, ferritin and markers of in ammatio,
-LVM, g/m? 150.5 26.1 1648 213 138 231 00001  and iron status. When considering the correlation betwe¥gEE

EDV/BSA, mi/n? 89.4 244 1036 223 744 156 00001  and iron status, we found a signi cant and direct correlatio
ESV/BSA, mi/n? 476 176 631 123 358 107 00001  with hemoglobin and serum iron in the whole study population

i-LAV, mi/n? 515 135 554 113 474 143  0.033 and in the HF-rEF group, while in the HF-pEF group the only
E/A 09 03 1 04 08 01 0.019 signi cant direct correlation was found with serum iron. A
E, m/s 09 03 11 03 09 02 00001 signicant inverse relationship was found between LVEF and
Ele’ 195 5.4 185 6.8 206 3.1 0.166 both IL-6 and hs-CRP in the whole study population and in
s-PAP, mmHg 385 104 414 87 355 111  0.042 HF-rEF patients; furthermore, in this group we also found an
TAPSe, mm 183 3.1 181 3.3 185 2.6 0.636 inverse relationship between LVEF and ferritin. The catieinal

— — — : ) analysis between hepcidin and di erent parameters showed a
B e ot Siani cant and direct correlation between IL-6, and TLR in
atrium volume; i-LVM, indexed left ventricular mass; s-LVID, sfolic left ventricular the whole StUdy populatlon and in the HF-rEF group, while
internal diameter; s-PAP, systolic pulmonary arterial pressureAPSe, tricuspid annular ~ TLR2 was signi cantly correlated to hepcidin only in the whole
plane excursion. study population. No signi cant correlations were found foryan
of the tested parameters in the HF-pEF group. Of note, the

MCP-1, brinogen, and hs-CRP values. Notably, even if withou correlational analysis between ferritin and di erentin amatory
statistically signi cant di erences between groups, IL-&é&s  and iron status parameters, showed an inverse relationship w
resulted beyond the range of normality in both HF-rEF andboth serum iron and hemoglobin, and a direct relationshighwi
HF-pEF patients. On the contrary, we detected signi cantlylL-6 in the HF-rEF group, thus con rming that, in this group,
lower values of IL-10 in the HF-rEF group. NdB levels were ferritin levels correlate best with in ammatory parameteasher
signi cantly higher in the HF-rEF group. than with iron status.

In Figure 3 we graphically reported dierences between
groups in in ammatory parameters.

Table 3 describes the echocardiographic characteristics dH|SCUSSION
the whole study population and of the two groups separately.
As expected, EF was signi cantly lower in the HF-rEF group;There is convincing evidence that in ammation is assodiate
while i-MVS, d-LVID, s-LVID, LA diameter, i-LAV, E/A ratio, with an increased CV risk, independent of traditional risk
and s-PAP resulted signi cantly higher in the same groupfactors, even if clinical trials designed to test the e caof/
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TABLE 4 | Correlational analyses between different parameters inéwhole study  impairment characterizing the two di erent forms of HF, as a
population and in the two groups separately. consequence of both dissimilar TLRs expression and oxidative
stress levels detected.

Moreover, in ammatory burden,per se causes activation
RIP RIP RIP of the transcriptional factor NKB that promotes the
overexpression of some proin ammatory cytokines, as

All HF-rer HF-pEF

LVEHFerir:;.I.olbin 0.573/0.0001 0.414/0.020 0.112/0.298 pbsery ed in our population, _initiating a ViC_iOUS cycle that,
if not interrupted, leads to cardiac end-stage disease. In dac
fron 0.643/0.0001 0.645/0.0001  0.456/0.011 patients with reduced EF showed almost doubled values of NF-
Ferritin 0.043/0.384 0-594/0.001  0.031/0.443 kB. It is important to remark that, even if not investigated inro
IL-6 0.793/0.0001 0.382/0.030 0.088/0.337 study, proin ammatory mediators and oxidative stress induc
hs-CRP 0.772/0.0001  0.586/0.001  0.075/0.361 both dysfunctional mitochondrial autophagy and broblast

Hepcidin and... activation and proliferation with increased myocardial tsis,

IL-6 0.558/<0.0001  0.398/0.024 0.094/0.377 which contributes to the progression of cardiac dysfunction
TLR2 0.244/0.044 0.084/0.345 0.018/0.466  (23) |t is worth noting that in the HF-rEF group, we observed
TLR4 0.346/0.007 0.385/0.029 0.095/0.326 3 sjgnicant increase of MCP-1, which is involved in early
Ferritin 0.119/0.205 0.229/0.136 0.240/0.124 post-myocardial infarction ventricular remodeling?).

Ferritin and... Another relevant result of this study is the dierent iron
Serum iron 0.018/0.450 0.413/0.020 0.022/0.458 statuses, observed for the rst time, in patients with HF-rEF
Hemoglobin 0.137/0.171 0.451/0.012 0.176/0.200 and HR-pEF, respectively. Particularly, we documented that
Transferrin 0.200/0.082 0.056/0.395 0.418/0.019 HF-rEF patients have a signi cant reduction in serum iron
Saturated TIBC % 0.245/0.043 0.216/0.150 0.194/0.177 concentration, even if in the normal range, and a saturatiiCT
uiBC 0.245/0.472 0.048/0.409 0.377/0.032 percentage, while UIBC was signi cantly higher, in absence of
IL-6 0.010/0.433 0.343/ 0.047 0.176/0.200 overt anemia. The underlying pathogenetic mechanism may be
TLR2 0.024/0.433 0.164/ 0.217 0.039/0.426 recognized in the di erent hepcidin biological activitiesezted
TLR4 0.099/0.247 0.188/0.184 0.185/0.187 in HF-rEF and HR-pEF patients. In fact, of clinical relevance,
MCP-1 0.125/0.193 0.191/0.180 0.446/0.013 we found increased hepcidin levels in HF-rEF that, probably,
IL-8 0.036/0.402 0.140 /0.253 0.210/0.157 induces a higher inhibition of duodenal iron absorption and
TNFa 0.092/0.263 0.042/0.422 0.178/0.197 its mobilization from storage sites. It is well establishedtth
hs- CRP 0.099/0.248 0.100/0.317 0.099/0.320 hepcidin levels increase under an in ammatory stimulus, as
NF-kB 0.012/0.186 0.065/0.378 0.070/0.370 also documented in our study on the increase of some pro-

A o eenaii : — o o venticular eiect in ammatory cytokines. As a consequence of this in ammatory
e e e e e, acivation, i the HF-rEF Subjects we also observed a signic
transferrin iron binding capacity; TLR2, toll-like receptor-2; TLR4, {dike receptor-4; Increase in bOth hS'CRPand brlnogen Ievels that are acutespha
TNF-a, Tumor necrosis factor alpha; UIBC, unsaturated iron binding capaty. response in ammatory proteins, and that are routinely avdiab

in clinical practice. Furthermore, we found signi cantlydeced
anti-in ammatory therapy in the reduction of CV outcomes hemoglobin concentrations in the HF-rEF group; this nding
gave conicting results 19, 20). Even if some in ammatory may be attributable to several causes, such as hemodiurt@n
factors have been found to be elevated in failing patientsie ciency, or both.
the relationship between in ammation and HF still remains In accordance with Van Linthout 46), our ndings do
to be completely elucidated. It is well demonstrated thanot allow establishing if in ammation has a causative or
one of the putative pathogenetic underlying mechanisms of consequential role in HF; in fact, inammation and
this in ammatory status is recognized as the activation ofHF are strongly associated, activating some reverberant
the immune system, both innate and adaptivel,(21-24). circuits that reinforce each other. In keeping with this,
Of interest, some evidence showed that HF functional clagdF-associated comorbidities such as hypertension, chronic
deterioration is related to an increase of some of thesebstructive pulmonary disease, type-2 diabetes mellitussitn
inammatory factors @3. In keeping with this, our study atherosclerosis etc., are all characterized by mild in aation
demonstrates, for the rst time, di erent immune-mediated and increased oxidative stres¥(28). Even if this in ammation
mechanisms of in ammation in HF patients with reduced or starts with traditional CV risk factors, it is important to
preserved EF. In fact, we observed a signi cant increase of prainderline that this in ammatory burden is also associatedhwi
in ammatory cytokines and a parallel decrease of the protecti the activation of some neurohormonal systems, such as the
cytokine IL-10 in HF-rEF patients, re ecting a consensualrenin-angiotensin-aldosterone systerfi9). This activation, in
increased activation of TLRs. Our data are con rmatory ofturn, induces an increase in renal sodium and water reabgampt
previously published evidence demonstrating an impairmenpromoting blood volume expansion, and an increase of both
in left ventricular function attributable to chronic TLR-a2nd cardiac post-load and cardiac work; in addition, the asdedia
TLR-4 chronic activation11, 21-25). Obviously, these ndings increased aortic impedance and peripheral vascular resigance
re ect the dissimilar morphological and functional cardiac also negatively impact cardiac function deterioration.
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Consistent with this evidence, pharmacological treatment oof HF etiology; this can be regarded a limitation since the
HF continuously evolves in order to improve both survivalunderlying causes of in ammation are not similar, but casal
and quality of life. In fact, a one-size- ts-all approach magtn be regarded a strength because our population is represeatativ
be appropriate for all patients with HF, and novel drugs haveof a real-life setting. Second, we evaluated neither inlitzlae
been proposed for HF treatment. Among these, evidence ha®n nor atrial natriuretic peptides, that can potentially add
demonstrated that intravenous iron supplementation in HE=rE important information. Finally, since we did not administion
patients with absolute or relative ID, with or without anemia supplementation in patients with ID, we do not know the e ects
is capable of improving cardiac functio®<{10). These results of iron therapy on both in ammatory parameters and cardiac
con rm the detrimental e ect of ID on cardiac contractilityfo  function in our study population.
failing patients, particularly for those with HF-rEF, probglas
a consequence of mitochondrial impairment that may furtherDATA AVAILABILITY STATEMENT
promote cardiomyocytes dysfunctiorB@&33). However, even
if our HF-pEF patients did not exhibit ID, they already have The datasets generated for this study are available on setpe
an in ammatory burden that, if not recognized and treated the corresponding author.
early, could accelerate disease progression toward HFad.

e ects of iron supplementation on the innate immunity-driven ETHICS STATEMENT

in ammatory cascade have not yet been fully elucidated, roa<d
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for congestive HF. AUTHOR CONTRIBUTIONS

Study Limitations MP and FP contributed to the design of the study and approved
Our study has some limitations. First, due to the small sampl¢he nal manuscript. RZ, MH, and SC drafted the manuscript.
size, our ndings need to be con rmed in wider studies. Rethte SM, AP, ES, SG, and MG contributed to data collection. GS
to this point, our patients were very heterogeneous in termsevised the manuscript.

REFERENCES 9. Anker SD, Comin-Colet J, Filippatos G, Willenheimer R, DicksteiDkexler
H, et al. Ferric carboxymaltose in patients with heart failure and iron

1. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coatstal. 2016 de ciency.N Engl J Med(2009) 361:2436-48. doi: 10.1056/NEJM0a0908355
ESC Guidelines for the diagnosis and treatment of acute and éhtwart ~ 10. van Veldhuisen DJ, Ponikowski P, van der Meer P, Metra M,nBdh,
failure: the Task Force for the diagnosis and treatment of acntkechronic Doletsky A, et al. E ect of ferric carboxymaltose on exercise cépaci
heart failure of the European Society of Cardiology (ESC).Develojibdhe patients with chronic heart failure and iron de ciencgirculation (2017)
special contribution of the Herat failure Asscociation (HFA) of 88C Eur J 136:1374-83. doi: 10.1161/CIRCULATIONAHA.117.027497
Heart Fail (2016) 18:891-975. doi: 10.1093/eurheartj/ehw128 11. Mann DL. The emerging role of innate immunity in the heart and

2. Kemp CD, Conte JV. The pathophysiology of heart fail@@&rdiovasc Pathol. vascular system: for whom the cell toll€irc Res (2011) 108:1133-
(2012) 21:365-71. doi: 10.1016/j.carpath.2011.11.007 45. doi: 10.1161/CIRCRESAHA.110.226936

3. Dick SA, Epelman S. Chronic heart failure and inammation. 12. Frantz S, Ertl G, Bauersachs J. “Mechanisms of disease k&aletieptors
What do we really know? Circ Res (2016) 119:159- in cardiovascular diseaseNat Clin Pract Cardiovasc Med2007) 4:444—
76. doi: 10.1161/CIRCRESAHA.116.308030 54. doi: 10.1038/ncpcardio0938

4. Shirazi LF, Bissett J, Romw F, Methta JL. Role of in ammatioreartfailure. 13. Nemeth E, Ganz T. The role of hepcidin in iron metaboligwota Haematal
Curr Atheroscler Ref2017) 19:27. doi: 10.1007/s11883-017-0660-3 (2009) 122:78-86. doi: 10.1159/000243791

5. McDonagh T, Damy T, Doehner W, Lam CSP, Sindone A, VanderMextal. 14. Devereux RB, Alonso DR, Lutas EM, Gottlieb GJ, Campo E,
Screening, diagnosis and treatment of iron de ciency in chroreatt failure: Sachs |, et al. Echocardiographic assessment of left ventricular
putting the 2016 European Society of Cardiology heart failure guidglinto hypertrophy: comparison to necropsy ndingsAm J Cardiol (1986)

clinical practiceEur J Heart Fail(2018) 20:1664—72. doi: 10.1002/ejhf.1305 57:450-8. doi: 10.1016/0002-9149(86)90771-X
6. Nanas JN, Matsouka C, Karageorgopoulos D, Leonti A, Tsolgkiydkos  15. Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, Smiseth OA,

SG, et al. Etiology of anemia in patients with advanced heart faluken Coll et al. Recommendations for the evaluation of left ventricular diast
Cardiol (2006) 48:2485-9. doi: 10.1016/j.jacc.2006.08.034 function by echocardiographyd Am Soc Echocardiogf2009) 22:107—
7. YeoTJ, Yeo PS, Ching-Chiew Wong R, Ong HY, Leong KT, Jalijeeret al. 33. doi: 10.1016/j.ech0.2008.11.023
Iron de nciency in a multi-ethnic Asian population with and withdiheart 16. Rudski LG, Lai WW, A lalo J, Hua L, Handschumacher MD, Chandkasan
failure: prevalence, clinical correlates, functional signi cance prognosis. K, et al. Guidelines for the echocardiographic assessment of the rig
Eur J Heart Fail(2014) 16:1125-32. doi: 10.1002/ejhf.161 heart in adults: a report from the American Society of Echocardiography
8. Ponikowski P, van Veldhuisen DJ, Comin-Colet J, Ertl G, Komajtia endorsed by the European Association of Echocardiography, atesgis
Mareev V, et al. Bene cial e ects of long-term intravenous iron riéygy with branch of the European Society of Cardiology, and the Canadian
ferric carboxymaltose in patients with symptomatic heart failure anah iro Society of Echocardiographyd Am Soc Echocardiog(2010) 23:685—
de ciency.Eur Heart J(2015) 36:657—68. doi: 10.1093/eurheartj/ehu385 713. doi: 10.1016/j.echo.2010.05.010

Frontiers in Immunology | www.frontiersin.org 8 October 2019 | Volume 10 | Article 2315



Perticone et al.

Heart Failure, In ammation, and Iron Status

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Abbas AE, Fortuin FD, Schiller NB, Appleton CP, Moreno CA, LeSterA
simple method for noninvasive estimation of pulmonary vascular resistd
Am Coll Cardiol (2003) 41:1021-7. doi: 10.1016/S0735-1097(02)02973-X

Von Haehling S, Ebner N, Evertz R, Ponikowski P, Anker SDn Iro 28.

de ciency in heart failure: an overview]JACC Heart Fail (2019) 7:36—
46. doi: 10.1016/j.jchf.2018.07.015

Ridker PM, MacFadyen JG, Everett BM, Libby P, Thuren T, Glynr9.

RJ. Relationship of C-reactive protein reduction to cardiovascalgent
reduction following treatment with canakinumab: a secondary amalys
from the CANTOS randomised controlled triaLancet (2018) 391:319—
28.doi: 10.1016/S0140-6736(17)32814-3

Ridker PM, Everett BM, Pradhan A, MacFadyen JG, Solomon DHjrralt,

et al. Low-dose methotrexate for the prevention of atheroscleregnis.N
Engl J Med(2019) 380:752—-62. doi: 10.1056/NEJM0a1809798

Ayoub KF, Pothineni NVK, Rutland J, Ding Z, Mehta JL.
Immunity, inammation, and oxidative stress in heart
emerging molecular targets. Cardiovasc Drugs Ther (2017)
31:593-608. doi: 10.1007/s10557-017-6752-z

Medzhitov R. Origin and physiological role of in ammatioNature (2008)
454:428-35. doi: 10.1038/nature07201

Bowman JD, Surani S, Horseman MA. Endotoxin, Toll-like receptor-
4, and atherosclerotic heart diseageurr Cardiol Rev (2017) 13:86—
93. doi: 10.2174/1573403X12666160901145313

27.

30.

31.

failure: 32.

33.

Perticone F, Ceravolo R, Pujia A, Ventura G, lacopino S, StewzzA, et al.
Prognostic signi cance of endothelial dysfunction in hypedam® patients.
Circulation (2001) 104:191-6. doi: 10.1161/01.CIR.104.2.191

Quyyumj AA. Endothelial function in health and disease: new
insights into the genesis of cardiovascular diseas®. J Med (1998)
105:32S 9S. doi: 10.1016/S0002-9343(98)00209-5

Hartupee J, Mann DL. Neurohormonal
failure with reduced ejection fraction.Nat
14:30-8. doi: 10.1038/nrcardio.2016.163
McDonagh T, Macdougall IC. Iron therapy for the treatment of idenciency

in chronic heart failure: intravenous or oraur J Heart Fail(2015) 17:248—
62. doi: 10.1002/ejhf.236

Anand IS, Gupta, P. Anemia and iron deciency in heart failure.
Current concepts and emerging therapieSirculation (2018) 138:80—
98. doi: 10.1161/CIRCULATIONAHA.118.030099

Neubauer S. The failing heart—an engine out of fNeEngl J Med(2007)
356:1140-51. doi: 10.1056/NEJMra063052

Melenovsky V Melenovsky V, Petrak J, Mracek T, Benes J, Borfaugf BI.
Myocardial iron content and mitochondrial function in human hedailure: a
direct tissue analysigur J Heart Fail(2017) 19:522—30. doi: 10.1002/ejhf.640

activation in  heart
Rev Cardiol (2017)

Con ict of Interest: The authors declare that the research was conducted in the
absence of any commercial or nancial relationships that coulddrestrued as a

Biasucci LM, La Rosa G, Pedicino D, Dwaiello A, Galli M, Liuzzipotential con ict of interest.

G. Where does inammation t? Curr Cardiol

19:84. doi: 10.1007/s11886-017-0896-0

Rep (2017)

Copyright © 2019 Perticone, Zito, Miceli, Pinto, Suraci, G@igpiotti, Hribal,

Von Haehling S, Schefold JC, Lainscak M, Doehner W, Anker SDCorrao, Sesti and Perticone. This is an open-access distcleuted under the

In ammatory biomarkers in heart failure revisited: much more than innaote

terms of the Creative Commons Attribution License (CC B¥)uge, distribution

bystanderstHeart Fail Clin (2009) 5:549-60. doi: 10.1016/j.hfc.2009.04.001 or reproduction in other forums is permitted, provided thgimal author(s) and
Van Linthout S, Tschope C. Inammation — Cause or conseqaenc the copyright owner(s) are credited and that the originaigation in this journal

of heart failure or both. Curr Heart Fail

65. doi: 10.1007/s11897-017-0337-9

Rep (2017) 14:251-

is cited, in accordance with accepted academic practicaséydlistribution or
reproduction is permitted which does not comply with tleesest

Frontiers in Immunology | www.frontiersin.org 9

October 2019 | Volume 10 | Article 2315



