UNIVERSITA DI PARMA

ARCHIVIO DELLA RICERCA

University of Parma Research Repository

Continuous veno-venous hemofiltration using a phosphate-containing replacement fluid in the setting of
regional citrate anticoagulation

This is the peer reviewd version of the followng article:

Original

Continuous veno-venous hemofiltration using a phosphate-containing replacement fluid in the setting of
regional citrate anticoagulation / Morabito, Santo; Pistolesi, Valentina; Tritapepe, Luigi; Vitaliano, Elio;
Zeppilli, Laura; Polistena, Francesca; Fiaccadori, Enrico; Pierucci, Alessandro. - In: INTERNATIONAL
JOURNAL OF ARTIFICIAL ORGANS. - ISSN 0391-3988. - 36:12(2013), pp. 845-852. [10.5301/ija0.5000283]

Availability:
This version is available at: 11381/2818795 since: 2016-11-23T09:33:50Z

Publisher:

Published
DOI:10.5301/ija0.5000283

Terms of use:
openAccess

Anyone can freely access the full text of works made available as "Open Access". Works made available

Publisher copyright

(Article begins on next page)

19 November 2022



Low Serum Ferroxidase I Activity Is Associated
With Mortality in Heart Failure and Related to Both
Peroxynitrite-Induced Cysteine Oxidation and Tyrosine
Nitration of Ceruloplasmin

Aderville Cabassi, Simone Maurizio Binno, Stefano Tedeschi, Valerie Ruzicka,
Simona Dancelli, Rossana Rocco, Vanni Vicini, Pietro Coghi, Giuseppe Regolisti,
Alberto Montanari, Enrico Fiaccadori, Paolo Govoni, Massimo Piepoli, Jacques de Champlain

Rationale: Ceruloplasmin antioxidant function is mainly related to its ferroxidase I (FeOxI) activity, which
influences iron-dependent oxidative and nitrosative radical species generation. Peroxynitrite, whose production is
increased in heart failure (HF), can affect ceruloplasmin antioxidant function through amino acid modification.

Objective: We investigated the relationship between FeOxI and ceruloplasmin tyrosine and cysteine modification
and explored in a cohort of patients with HF the potential clinical relevance of serum FeOxI.

Methods and Results: In patients with chronic HF (n=96, 76+9 years; New York Heart Association class, 2.9+0.8)
and age-matched controls (n=35), serum FeOxI, FeOxII, ceruloplasmin, nitrotyrosine-bound ceruloplasmin, B-type
natriuretic peptide, norepinephrine, and high-sensitivity C-reactive protein were measured, and the patients
were followed up for 24 months. Ceruloplasmin, B-type natriuretic peptide, norepinephrine, and high-sensitivity
C-reactive protein were increased in HF versus controls. FeOxI was decreased in HF (-20%) and inversely related
to nitrotyrosine-bound ceruloplasmin (r, —0.305; P=0.003). In HF, FeOxI lower tertile had a mortality rate doubled
compared with middle-higher tertiles. FeOxI emerged as a mortality predictor (hazard ratio, 2.95; 95% confidence
intervals [1.29-6.75]; P=0.011) after adjustment for age, sex, hypertension, smoking, sodium level, estimated
glomerular filtration rate, and high-sensitivity C-reactive protein. In experimental settings, peroxynitrite incubation
of serum samples and isolated purified ceruloplasmin reduced FeOxI activity while increasing ceruloplasmin
tyrosine nitration and cysteine thiol oxidation. Reduced glutathione prevented peroxynitrite-induced FeOxI drop,
tyrosine nitration, and cysteine oxidation; flavonoid(-)-epicatechin, which prevented ceruloplasmin tyrosine
nitration but not cysteine oxidation, partially impeded peroxynitrite-induced FeOxI drop.

Conclusions: Reduced activity of serum FeOxI is associated with ceruloplasmin nitration and reduced survival
in patients with HF. Both ceruloplasmin tyrosine nitration and cysteine thiol oxidation may be operant in vivo in
peroxynitrite-induced FeOxI activity inhibition. (Circ Res. 2014;114:1723-1732.)
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he progression of heart failure (HF) is associated with

aberrant oxygen—derived and nitric oxide—derived free
radical production in either quantity or spatial cellular lo-
calization."? Ferrous iron(II) is a catalyst in the formation of
oxygen-derived and nitric oxide—derived free radicals, and its
oxidation to ferric iron(III) generates the propagation of oxi-
dative and nitrosative stress through the Fenton reaction.* The
ability to oxidize ferrous iron(Il) ions to less toxic ferric(IIl)

ions and to inhibit iron-dependent free radical and oxidant
generation® is indicated as ferroxidase activity.’

Editorial, see p 1678
In This Issue, see p 1671

Ceruloplasmin, an o2-glycoprotein mainly synthesized
by hepatocytes, whose functions include the transport of se-
rum copper,® the acute phase inflammation reactant, is also
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Nonstandard Abbreviations and Acronyms
BNP B-type natriuretic peptide

EF ejection fraction

eGFR estimated glomerular filtration rate
FeOxI ferroxidase |

FeOxll ferroxidase Il

GSH reduced glutathione

HF heart failure

hsCRP high-sensitivity C-reactive protein

1R interquartile range

involved in iron metabolism through its ferroxidase activity.’
In fact, ceruloplasmin represents the main contributor of fer-
roxidase activity in human plasma and is called ferroxidase
I (FeOxI), which differentiates from ferroxidase II (FeOxII)
because of its almost complete inhibition by azide.*’

It has been recently reported that high ceruloplasmin circulat-
ing levels have an independent prognostic value in stable patients
undergoing elective diagnostic cardiac catheterization proce-
dure® and are associated with the incidence of HF and mortality
in the Atherosclerosis Risk in Communities study population.’
In another prospective study, a relationship between serum ceru-
loplasmin levels and the subsequent development of myocardial
infarction in the elderly general population was reported.

In settings of experimental and human HF, increased per-
oxynitrite generation, from nitric oxide and superoxide or
from hemoperoxidases,® leads to extensive tyrosine protein
nitration.>'"!? Tyrosine nitration may affect protein structure
with a loss, a gain, or no effect on function."”® Cysteine can
also be modified by peroxynitrite, and, in particular, sulthy-
dryl oxidation can lead to misfolding of proteins and remark-
ably influence their function.'!

Ceruloplasmin has been identified among nitrated proteins
in patients with acute respiratory distress syndrome and in
patients on hemodialysis.'*'® Tt is reported that ceruloplasmin
tyrosine nitration affects protein function, resulting in a reduc-
tion of ferroxidase activity." In the HF population, no data are
available on the relationship between ceruloplasmin, its tyro-
sine nitration, and on FeOxI activity and even less on the clini-
cal relevance of ceruloplasmin-mediated FeOxI activity. In
addition, no information in clinical or experimental settings is
available on an involvement of other amino acid changes, such
as cysteine thiol oxidation in peroxynitrite-induced FeOxI
activity drop of ceruloplasmin. Based on these premises, we
undertook a prospective study on a cohort of stable elderly
patients with chronic HF to investigate the prognostic value
of ceruloplasmin-mediated FeOxI activity and to evaluate the
relationship of ceruloplasmin-mediated FeOxI activity and its
tyrosine nitration. We also explored the role of tyrosine nitra-
tion and cysteine thiol oxidation in peroxynitrite-mediated ce-
ruloplasmin FeOxI activity inhibition in experimental settings.

Methods
Study Cohort and Follow-Up of Patients

Ninety-six consecutive stable patients with chronic HF, who referred
to the HF outpatient Clinic of the Cardiorenal Research Unit of the

Department of Clinical and Experimental Medicine of the University
Hospital of Parma, were prospectively studied for 24 months. The
diagnosis of HF was based on symptoms and clinical signs accord-
ing to guidelines issued by the European Society of Cardiology'” and
by the American College of Cardiology.'® The patients had no clini-
cal or laboratory signs of acute infection, rheumatoid or other auto-
immune diseases, primary cachectic states (cancer, thyroid disease,
severe liver disease, severe chronic lung disease), neuromuscular
disorders, myocardial infarction within the previous 20 weeks, dia-
betes mellitus, or severe chronic renal failure (serum creatinine level
>2.0 mg/dL, >177 pmol/L). All patients were clinically stable and on
constant therapy >8 weeks before entering the study. The study was
approved by the University of Parma Ethics Committee, complied
with the Declaration of Helsinki, and all participants provided written
informed consent.

Thirty-five age-matched healthy subjects were recruited as con-
trols from healthy subjects reporting for a periodical check-up at the
cardiovascular prevention Clinic of the same Department. On study
entry, a complete medical history, a physical examination, basal labo-
ratory tests (total blood count, including red cell distribution width,
serum creatinine, electrolytes, lipid profile), plasma neurohormonal
and inflammatory markers determination, an ECG, and an echo-
cardiogram were obtained from all patients. Estimated glomerular
filtration rate (eGFR) was calculated from the 4-component Model
of Disease in Renal Disease equation incorporating age, race, sex,
and serum creatinine level: estimated eGFR=186 * (serum creatinine
[in milligrams per deciliter])"-'** * (age [in years])=*>*. For women,
the product of the equation was multiplied by a correction factor of
0.742."° All patients were seen 24x per year in our HF outpatient
clinic or as per their specific clinical need. The primary end point was
all-cause mortality: this information was obtained by their general
physician and by relatives. Morbidity data expressed as time to first
hospital admission, number of hospitalizations for heart failure, and
cumulative length of hospital stay during the follow-up period were
also recorded.

Venous Blood Sampling Procedure and

Biochemical Assays

Venous samples were obtained after >30 minutes of supine rest from
an indwelling catheter and collected in polypropylene tubes contain-
ing an EDTA buffer (1.5 mg/mL), except for B-type natriuretic pep-
tide (BNP) where a mix of protease inhibitors (phenylmethylsulfonyl
fluoride, trypsin inhibitor, and aprotinin 500 U/mL) was added and
for serum copper where EDTA was excluded. Fresh serum samples
were used to measure FeOxI and FeOxII activities, whereas multiple
aliquots of plasma samples were stored at —80°C until assay time
for norepinephrine, BNP, free malondialdehyde, total nitrated pro-
teins, ceruloplasmin, nitrotyrosine-bound ceruloplasmin, and total
copper. All laboratory measurements were performed without any
freeze-thaw cycles of the samples and by investigators blind to the
clinical data.

FeOxI and FeOxII activity was measured by ferrous ion as sub-
strate (Fe(Il); ferrous ammonium) according to the method of Erel.?
Briefly, serum was incubated with Fe(Il) in 0.45 mol/L acetate buf-
fer (pH 5.8), and the remaining nonoxidized ferrous ions formed a
colored complex with the 3-(2pyridyl)-5,6-bis(2-[5-furylsulfonic
acid])-1,2,4-triazine chromogen. The difference in the ferrous ion
concentration before and after the reaction corresponded to the
amount of Fe(II) oxidized to Fe(IlI) and directly expressed the total
ferroxidase activity of the serum. For FeOxIl, the same procedure
was applied using serum previously mixed with sodium azide, which
instantly and completely inhibited FeOxI. FeOxI activity was calcu-
lated from the difference between total and FeOxII activities. Serum
concentrations of copper were analyzed by use of atomic absorption
spectrophotometry. Intra-assay and interassay values for coefficient
of variation were 4.1% and 4.6%, respectively.

Norepinephrine, BNP, free malondialdehyde, and high-sensitivity
C-reactive protein (hsCRP) were determined as previously de-
scribed.?’” Serum ceruloplasmin was evaluated using an immu-
nonephelometry kit (N antiserum against human ceruloplasmin,
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Dade Behring, Marburg, Germany) according to the manufacturer’s
instruction. Total nitrated proteins levels were assessed using a
sandwich ELISA assay kit (Oxis Research International Inc, Foster
City, CA), and nitrotyrosine-bound ceruloplasmin was measured by
the same ELISA Kit after ceruloplasmin immunoprecipitation. The
intra-assay and interassay coefficients of variation were 4% and 14%,
respectively, and the analytic sensitivity was 2 nmol/L.

Peroxynitrite Synthesis and Ex Vivo Experiments

on Ceruloplasmin-Related Ferroxidase Activity

To evaluate the effects of peroxynitrite (0.15 mmol/L) and decom-
posed peroxynitrite addition on ceruloplasmin-related FeOxI activ-
ity and its relationship with ceruloplasmin nitration, separate ex vivo
experiments were performed in a subset of controls (n=18). Serum
samples (350 pL of fresh serum) from these subjects had FeOxI and
IT activities measured before and after addition of peroxynitrite and
decomposed peroxynitrite prepared as previously described.”® The
samples were incubated for 15 minutes at 37°C with peroxynitrite
or with decomposed peroxynitrite (0.15 mmol/L) in phosphate buffer
(K,HPO, 0.1 mol/L, 650 uL pH 7.40): these analyses were performed
in triplicate. The concentration of peroxynitrite used in the present
study is of pathophysiological relevance.’?

Separate in vitro experiments (n=10), using lyophilized cerulo-
plasmin (Sigma-Aldrich Chemical Co, St Louis, MO) dissolved at
50 ng/4.5 U in K,HPO, 0.1 mol/L, pH 7.40, have been performed,
and FeOxI and II activities were measured before and after addi-
tion of peroxynitrite (0.15 mmol/L in phosphate buffer) and decom-
posed peroxynitrite for 15 minutes at 37°C. Ferroxidase activities
were also measured in the presence of reduced glutathione (GSH,
850 pmol/L, Acros Organic, Thermo-Fisher Scientific) or (-)-epi-
catechin (50 pmol/L; Sigma-Aldrich Chemical Co), a flavanol
known for its ability to protect against nitration but not from oxida-
tion induced by peroxynitrite.”* GSH and (-)-epicatechin at these
concentrations, in previous in vitro experiments, induced similar
reductions in nitration of free tyrosine after peroxynitrite exposure.
Standard solutions of (-)-epicatechin were prepared in dimethyl
sulfoxide and stored at —20°C: after dilution, the final concentration
of dimethyl sulfoxide was 0.01%.

Ceruloplasmin Immunoprecipitation and
Immunoblotting for Nitrotyrosine and

Cysteine Thiol Oxidation

For immunoprecipitation, we used a polyclonal antihuman
anti-ceruloplasmin antibody (ABIN680108 antibodies-online
GmbH, Aachen, Germany) that was cross-linked to Dynabeads pro-
tein A (Dynal Biotech, Oslo, Norway). Immunoprecipitated cerulo-
plasmin was then tested for nitrotyrosine with immunoblotting and
ELISA assays (ELISA assay Kit; Oxis Research International Inc,
Foster City, CA) as previously described.” Nitrotyrosine-bound
ceruloplasmin was evaluated in serum from patients with HF and
controls but also in ex vivo experiments on control serum (n=18)
after incubation of peroxynitrite or decomposed peroxynitrite and
in in vitro experiments (n=10) after peroxynitrite or decomposed
peroxynitrite incubation of isolated purified ceruloplasmin in a
phosphate buffer bath. In addition to nitrotyrosine, the evaluation of
cysteine thiol oxidation after peroxynitrite or decomposed peroxyni-
trite incubation was performed on isolated purified ceruloplasmin in
a phosphate buffer bath. To detect cysteine thiol status, we labeled
untreated and peroxynitrite or decomposed peroxynitrite-treated
ceruloplasmin free thiol groups with iodoacetamidofluorescein.
Iodoacetamidofluorescein-labeled thiol groups were detected using
1 mg/mL mouse antifluorescein-Oregon Green (Molecular Probes)
as previously described.” For detailed experimental methods on
ceruloplasmin immunoprecipitation and immunoblotting on cerulo-
plasmin nitrotyrosine and cysteine thiol oxidation detection, see the
Online Data Supplement.

Data Analysis
Values are presented as mean+SD. Comparisons of the baseline
characteristic variables among the tertiles of FeOxI activity were
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made with 1-way ANOVA model followed by the Bonferroni post
hoc test. Univariate and multivariate analyses using Cox regression
techniques were performed to examine the relationship between
variables and mortality after 2-year follow-up period. Variables ac-
cepted as being of prognostic value in HF were included in the Cox
model (age, sex, hypertension, smoking status, plasma sodium lev-
el, eGFR, hsCRP, BNP). Four models of analysis including different
covariates are reported in Table 3. Statistical comparisons were per-
formed by Kaplan—Meier survival curves to analyze the cumulative
event rate linked to tertiles of FeOxI activity (tertile 1, FeOxI <336
UI/L; tertile 2, 336<FeOx1>432 UI/L; tertile 3, FeOxI 2432 UI/L).
Data on time to first hospitalization, number of hospitalizations
for heart failure, and cumulative length of hospital stay are given
as median and interquartile range (IQR). All statistical analyses
were performed using SPSS for Windows version 18.0 (SPSS Inc).
Relationships between parameters such as FeOxlI, ceruloplasmin,
nitrotyrosine-bound ceruloplasmin, total nitrated protein, hsCRP,
tumor necrosis factor-a, BNP, malondialdehyde, and red cell dis-
tribution width were analyzed by linear regression analysis using
Pearson correlation coefficients. The D’ Agostino—Pearson normal-
ity test was passed for all parameters, except hsCRP that was log
transformed to create a normal distribution. P<0.05 was considered
statistically significant.

Results

Ninety-six patients with HF met the inclusion criteria and
agreed to participate in the study (47 women and 49 men).
Their mean age was 76+9 years, and their mean New York
Heart Association functional class was 2.9+0.8 (class II/III/
IV: 38/31/27). The baseline features are outlined in Table 1,
and clinical parameters were compared with age-matched
controls (n=35). Patients with HF had a lower ejection frac-
tion (EF, 42+11%) and eGFR (46+16 mL/min) compared with
controls. Setting at 45%, the cutoff for EF, 57 (59%) patients
with HF had a reduced EF (34+8%), and 39 (41%) patients
with HF had a preserved EF (53+5%). HF cause was isch-
emic in origin in *81% of the patients, and 61% of them had
hypertension. Eighty-one percent of the patients were treated
with either an angiotensin-converting enzyme inhibitor or an
angiotensin-II receptor-1 antagonist, 66% with (3-adrenergic
blocker, 34% with aldosterone receptor antagonist, 87% with
diuretics, and 30% with digoxin. Patients with HF showed sig-
nificant higher plasma levels of norepinephrine, hsCRP, free
malondialdehyde, ceruloplasmin, nitrotyrosine-bound cerulo-
plasmin, and total nitrated proteins as compared with controls
(Table 1). Total serum copper levels were higher in patients
with HF compared with those in controls (21.63+6.77 versus
16.45+4.87 pmol/L; P<0.01).

FeOxI activity was significantly reduced in patients with
HF versus controls (—20%; P<0.01; Table 1), whereas no dif-
ference in FeOxII was observed. When the comparison of
FeOxI activity was made by dividing the patients on the basis
of their New York Heart Association class, a significant re-
duction of FeOxI was observed: New York Heart Association
class IV patients compared with class II patients (P<0.05) and
with controls (P<0.01) as well as New York Heart Association
class III patients compared with controls (P<0.01) had a lower
FeOxI activity (Figure 1A). FeOxI activity was significantly
reduced in HF with reduced EF versus those with preserved
EF (354+21 UI/L versus 42619 UI/L; P=0.014).

In Table 2, the baseline characteristics of patients with HF
are depicted separately for each tertile of FeOxI activity. No
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Table 1. Clinical Characteristics of Patients With Heart
Failure and Healthy Controls

Controls Heart Failure

(n=35) (n=96)
Age,y 76+10 76+9
Sex, male (%) 16 (45) 49 (51)
BMI, kg/m? 23.9+4.4 24.3+3.5
Ischemic heart disease 78 (81)
Hypertensive heart disease 48 (50)
Idiopathic heart disease 44
NYHA class (I, Ill, IV) 38, 31,27
Ejection fraction, % 63+6 42+11*
Ejection fraction <45% 57 (59)
Hypertension, % 9 (26) 58 (61)
Hypercholesterolemia, % 13(37) 39 (41)
Current smoker, % 9 (26) 29 (30)
Hemoglobin, g/dL 13.3x1.3 12.9+1.2
RDW, % 12.5+0.6 13.6+1.0*
eGFR, mL/min 62.7+18.7 46.0+16.1*
Na, mEq/L 140+4 139+5
hsCRP, mg/dL 1.19+1.16 4.81+7.52t
Norepinephrine, pg/mL 229+86 406+198*
Free malondialdehyde, umol/L 0.29+0.11 0.40+0.13*
Ceruloplasmin, nmol/Lt 2118+478 2419+523t
Ferritin, mg/dL 130.2+86.4 134.3+90.0
Ferroxidase | activity, Ul/L 478+133 384+141*
Ferroxidase Il activity, UI/L 12.7+5.1 14.0+4.4
Total nitrated proteins, nmol/Lt 262+74 381+94*
Nitrotyrosine-bound 5.85+2.01 11.89+9.29*

ceruloplasmin, nmol/L$

Data are reported as mean+SD; numbers in parentheses are percentages.
BMI indicates body mass index; eGFR, estimated glomerular filtration rate;
hsCRP, high-sensitivity C-reactive protein; NYHA, New York Heart Association;
and RDW, red cell distribution width.

*P<0.01; tP<0.05; Data in control group are obtained in 27 of 35 patients.

differences were observed among tertiles with regard to age,
body mass index, systolic blood pressure, heart rate, hemoglo-
bin, eGFR, hsCRP, free malondialdehyde, ferritin, and total
nitrated proteins (Table 2), and total copper levels.

There were no significant differences in the medical
therapy among tertiles of patients. Tertile 1 (FeOxI activ-
ity <336 UI/L) had lower diastolic blood pressure, lower
EF, higher BNP, and nitrated ceruloplasmin compared with
tertile 3 (FeOxI activity 2432 UI/L). No significant differ-
ences were found in plasma norepinephrine levels among
ferroxidase tertiles even if a trend was observed toward
higher levels in tertiles 1 and 2 versus tertile 3 (P=0.063;
Table 2). Serum ceruloplasmin was higher in tertile I as
compared with tertile II but not different from tertile III
(Table 2). Follow-up was complete in all patients. After 24
months of follow-up, 40 patients (41%) of the HF group
died: 20 (64%) patients died in tertile 1, 11 (33%) in ter-
tile 2, and 9 (28%) patients in tertile 3 of FeOxI activity.
As shown in Table 3, multivariate Cox regression analysis
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Figure 1. A, Boxplots of serum ferroxidase | activities in
controls (n=35) and patients with heart failure (HF; New York
Heart Association classes Il, n=38; lll, n=31; IV n=27). One-
way ANOVA (P<0.001) showed a significant difference among the
groups (Class IV and lll vs controls, TP<0.01; Class IV vs Class

I, *P<0.05). B and C, Scatterplots of serum ferroxidase | activity
against ceruloplasmin (B) and nitrotyrosine-bound ceruloplasmin
(C) in patients with HF. r=Pearson correlation coefficient.

revealed that FeOxI activity was an independent predictive
factor for death occurrence (hazards ratio, 2.95; 95% con-
fidence intervals [1.29-6.75]; P=0.011) even after adjust-
ment of the model for clinical variables including age, sex,
hypertension, smoking habit, plasma sodium level, eGFR,
and hsCRP. BNP addition to the model induced the loss of
significance of predictive power of FeOxlI activity (hazards
ratio, 2.34; 95% confidence intervals [0.99-5.54]; P=0.053;
Table 3). The Kaplan—Meier survival curves depicting cu-
mulative death rate show a significantly worse outcome for
patients with HF in the lowest tertile of FeOxI activity (ter-
tile 1: ferroxidase <336 UI/L) compared with those includ-
ed in the middle (tertile 2: 336<ferroxidase<432 UI/L) and
the higher ones (tertile 3: ferroxidase=432 UI/L; Figure 2).

In addition to mortality outcomes, data on hospitalization
rates were collected. Median time to first hospitalization was
shorter (less than half) in FeOxI activity tertile 1 versus ter-
tiles 2 and 3 (71 days [IQR, 44121 days] for tertile 1 ver-
sus 195 days [IQR, 83-368 days] for tertile 2 and 262 days
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Table 2. Characteristics of Patients With Heart Failure Divided for Ferroxidase | Activity Tertiles

Tertile 1 (=31)

Tertile 2 (n=33)

Tertile 3 (n=32)

FeOx<336 UI/L 336>Fe0x<432 UI/L FeOx>432 Ul/L
Age, y 779 76+8 7510
Sex, male 21 18 10
BMI, kg/m? 23.9+2.8 23.4+3.8 25.3+3.8
Systolic BP, mm Hg 127+24 128+22 136+17
Diastolic BP, mmHg 70+15 72+13 80+14*
Heart rate, bpm 72+13 72+11 7113
Ischemic heart disease 24.(77) 27 (82) 23(72)
Hypertensive heart disease 9 (29) 10 (30) 19 (59)
Idiopathic heart disease 3(10) 0(0) 1(3)
NYHA class (I, I, IV) 6,12,13 13,8,12 18,11,3
Ejection fraction, % 39+13 40+12 47+9%F
Hemoglobin, g/dL 131141 12.8+1.4 13.1£1.2
RDW, % 14.1+141 13.2+0.7¢ 13.2+0.9*
eGFR, mL/min 44.1+12.5 43.5+14.0 50.4+20.3
hsCRP, mg/dL 5.39+7.94 6.10+7.61 2.90+6.81
Tumor necrosis factor-o., pg/mL 5.25+1.59 4.50+2.38 3.70+1.61*
Norepinephrine, pg/mL 445+191 433247 339+122
BNP, pg/mL 282.8+179.3 175.8+146.1* 113.5+78.8*
Free malondialdehyde, pmol/L 0.42+0.14 0.42+0.13 0.35+0.11
Ceruloplasmin, nmol/L 2545+5681 2233+468 2485+493
Ferritin, mg/dL 120.5+£79.3 154,3+110,9 132,2+68,6
Ferroxidase Il activity, UI/L 13.7+2.9 14.1+£5.4 14.5+4.6
Total nitrated proteins, nmol/L 399.02+111.86 390.22+83.16 354.26+83.67
Nitrotyrosine-bound ceruloplasmin, nmol/L 16.05+11.80 10.55+7.76* 9.24+6.40*

Data are reported as mean=SD; numbers in parentheses are percentages. BMI indicates body mass index; BNP, B type natriuretic
peptide; BP, blood pressure; eGFR, estimated glomerular filtration rate; FeOx, ferroxidase; hsCRP, high-sensitivity C-reactive protein;
NYHA, New York Heart Association; and RDW, red cell distribution width.
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*P<0.05 vs tertile 1; 1P<0.05 vs tertile 2.

[IQR, 141493 days] in the third tertile, respectively; P<0.01).
Cumulative length of hospital stay was higher in FeOxI tertile
1 versus tertile 3 (median, 32 days [IQR, 18-56 days] for ter-
tile 1 versus 26 days [IQR, 16-33 days] for tertile 3; P=0.025)
but not significant versus tertile 2 (tertile 2: median 23 days
[IQR, 12-45 days]; P=0.152). No significant differences

among FeOxlI tertiles were found on number of hospitaliza-
tions in 24 months (median, 3 days [IQR, 2—4 days] for tertile
1; median, 2 days [IQR, 1-4 days] for tertile 2; median, 2 days
[IQR, 1-3 days] for tertile 3; P=0.467).

In patients with HF, no correlation was found between
serum FeOxI activity and ceruloplasmin (r, 0.016; P=0.872;

Table 3. Unadjusted and Adjusted Cox Proportional Hazard Models for Mortality According to Tertiles of

FeOxl Activity

Upper FeOxl Tertile
3 (Fe0x=432 UI/L) n=32

Lower FeOxl Tertile 1
(Fe0x<336 UI/L) n=31

Middle FeOxl Tertile
2 (336>Fe0x<432UI/L) n=33

Models HR (95% Cl)—P value
Events at 24 mo, n (%) 9(28)
Unadjusted 1.0

Adjusted for clinical variables* 1.0
Adjusted for clinical variables* and hsCRP 1.0
Adjusted for clinical variables* and BNP 1.0

HR (95% Cl)—P value HR (95% Cl)—P value

11(33) 20 (64)
1.27 (0.53-3.07) - 0.592 3.65 (1.66-8.04) — <0.001
0.89 (0.35-2.27) - 0.805 3.23 (1.37-7.64) - 0.009
0.87 (0.34-2.21) - 0.764 2.95 (1.28-6.75) - 0.011
0.81(0.31-2.10) — 0.661 2.34 (0.99-5.54) — 0.053

BNP indicates B type natriuretic peptide; Cl, confidence intervals; FeOx, ferroxidase; HR, hazards ratio; and hsCRP, high-sensitivity C-reactive protein.
*The model was adjusted for clinical variables includes age, sex, hypertension, smoking habit, plasma sodium level, and estimated glomerular

filtration rate.
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Figure 2. Relationship between serum ferroxidase | activity
and mortality in 2 years follow-up of stable patients with
chronic heart failure. Kaplan-Meier analysis shows the
comparison of mortality according to serum ferroxidase (FeOx)
| activity tertiles groups (tertile 1, FeOx<336 UI/L; tertile 2,
336<FeOx>432 UI/L; tertile 3, FeOx=432 UI/L).

Figure 1B), whereas a significant inverse linear relation-
ship was observed between FeOx I and nitrotyrosine-bound
ceruloplasmin (r, —0.305; P=0.003; Figure 1C), total ni-
trated protein (r, —0.289; P=0.007), free malondialdehyde
(r, =0.246; P=0.015), hsCRP (r, —0.245; P=0.017), tumor
necrosis factor-a (r, —0.288; P=0.009), BNP (r, —-0.427,
P<0.001), and red cell distribution width (r, -0.327;
P<0.001).

When patients with HF were dichotomized on the basis
of EF, those with preserved EF had significantly lower ce-
ruloplasmin levels (2265419 versus 2523+563 nmol/L;
P=0.017) as well as hsCRP (2.20+5.71 versus 6.61+8.09
mg/dL; P=0.004) as compared with patients with HF with
reduced EF, and a trend in reduction was found for nitroty-
rosine-bound ceruloplasmin (9.27+7.53 versus 13.31+10.13
nmol/L; P=0.068). Mean FeOxI activity in HF with reduced
EF was lower than in those with preserved EF (355+144
versus 426+129 UI/L; P=0.015). At the end of follow-up,
27 of 57 (47%) patients died in the group with reduced EF
compared with 13 of 39 (33%) patients with preserved EF.
Median time to first hospitalization was shorter in HF with
reduced EF (105 days [IQR, 56-239 days]) as compared with
those with preserved EF (271 days [IQR, 105-482 days];
P<0.01). Median number of hospitalizations during follow-
up period was higher in HF with reduced EF (median, 3 days
[IQR, 2—4 days]) versus those with preserved EF (median, 2
days [IQR, 1-3 days]; P=0.004). Median values of cumula-
tive number of days of hospital stay during follow-up period
were longer in HF with reduced EF (31 days [IQR, 18-52
days]) versus those with preserved EF (19 days [IQR, 11-29
days]; P<0.01). A negative relationship was observed in the
patients with HF with reduced EF between FeOxI and hsCRP
(r, =0.325; P=0.013; n=57) but not in those with preserved
EF (r, 0.206; P=0.201; n=39). Both preserved and reduced
EF patient groups with HF showed a negative relationship
between FeOxI and nitrotyrosine-bound ceruloplasmin

(preserved EF r, —0.337; P=0.035; n=39 and reduced EF r,
—0.256; P=0.054; n=57).

Peroxynitrite Effect on FeOx I Activity,
Ceruloplasmin Tyrosine Nitration, and

Cysteine Oxidation

After immunoprecipitation, ceruloplasmin from plasma of
patients with HF and controls was analyzed by Western blot,
and 2 bands at about Mr 140000 were observed (Figure 3A).
Figure 3B shows typical results of immunoblotting assays of
eluates from patients with HF and controls tested against anti-
nitrotyrosine antibody after ceruloplasmin immunoprecipita-
tion. ELISA assays showed that patients with HF had higher
plasma nitrotyrosine-bound ceruloplasmin levels (+203%;
P<0.01) compared with controls (Table 1).

In ex vivo experiments, the effects of peroxynitrite on
FeOxI and II activities were evaluated in plasma from a sub-
set of controls (n=18 of 35): peroxynitrite addition caused a
significant drop in FeOxI activity (from 448+111 to 238+68
UI/L, —-47%, Figure 4A, P<0.01) with a concomitant in-
crease in nitrotyrosine-bound ceruloplasmin (from 5.92+2.06
to 21.98+10.49 nmol/L, +371%, Figure 4B, P<0.01).
Decomposed peroxynitrite addition did not induce any chang-
es in FeOxI activity or in nitrotyrosine-bound ceruloplasmin
levels (Figure 4A and 4B).

The effects of peroxynitrite and decomposed peroxynitrite
were also verified on purified and lyophilized ceruloplas-
min dissolved in phosphate buffer. The experiments showed
that addition of peroxynitrite induced a 77% reduction in
FeOxI activity (Figure 5A) associated with an increase in
nitrotyrosine-bound ceruloplasmin (3.3x the basal values,
P<0.001, Figure 5B). We also investigated the effects of
peroxynitrite on cysteine thiol groups of ceruloplasmin.
Peroxynitrite treatment of ceruloplasmin decreased iodo-
acetamidofluorescein labeling of isolated ceruloplasmin
(—64%, P<0.001), thereby indicating an increased cysteine
thiol oxidation after peroxynitrite incubation (Figure 5C).
GSH at a concentration of 850 pmol/L. completely prevent-
ed peroxynitrite-induced FeOxI drop, tyrosine nitration, and
cysteine thiol modification (Figure SA-5C). In the presence
of (-)-epicatechin, peroxynitrite-induced FeOxI activity
drop was partially prevented (Figure 5A). Ceruloplasmin
tyrosine nitration was completely prevented (Figure 5B),
whereas iodoacetamidofluorescein labeling was still de-
creased, indicating no effects of (-)-epicatechin on cysteine

BLK HF CTR MM HF CTR MM
1 2 3 4 5 6
225K
160K
90K
50K

37K

Figure 3. Representative immunoblotting of
immunoprecipitated ceruloplasmin (Cp) incubated with
polyclonal anti-Cp antibody (A) and with antinitrotyrosine
antibody (B). A, MM indicates molecular wt markers. Lane 1,
BLK indicates blank; lanes 2 to 5, patients with heart failure (HF);
lane 6, control (CTR). B, HF and CTR lanes.
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Figure 4. Serum ferroxidase | activity (A) and nitrotyrosine-
bound ceruloplasmin (B). The graphs show before and after
exposure to peroxynitrite (ONOO-) and decomposed ONOO- in
controls (n=18). *P<0.05; TP<0.01.

thiol oxidation after peroxynitrite incubation (Figure 5C).
When dimethyl sulfoxide, the vehicle of (-)-epicatechin was
tested at the dilution used in our experiments, no changes
in FeOxI activity, tyrosine nitration, or in iodoacetamido-
fluorescein labeling were observed after peroxynitrite incu-
bation (Figure SA-5C). The result of the immunoblotting
assay for iodoacetamidofluorescein labeling of cysteine
thiol of isolated and lyophilized ceruloplasmin dissolved in
phosphate buffer before and after peroxynitrite incubation
in presence and absence of GSH and (-)-epicatechin is de-
picted in Online Figure I.

Discussion
Three main results arise from this study on a cohort of patients
with chronic HF and on in vitro experimental observations.
First, we confirm the increase of circulating nitrated proteins
in patients with HF compared with controls, as a result of in-
creased peroxynitrite generation. Second, we found that an
elevation of nitrotyrosine-bound ceruloplasmin levels in pa-
tients with advanced HF was associated with a lower serum
FeOxI activity with a close inverse relationship. In support
of their close link, we have demonstrated in ex vivo and in
vitro experiments that peroxynitrite induces ceruloplasmin
tyrosine nitration and cysteine thiol oxidation, and that these
amino acid residue changes result in a significant reduction of
ceruloplasmin-related FeOxI activity.

Third, in our cohort of patients with moderate-to severe HF,
the reduced FeOxI activity was associated with a significant
increase in 2-year mortality. To our knowledge, this is the first
study reporting an independent prognostic value for FeOxI
activity in patients with HF even after adjustment for clinical
and biochemical variables.
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Figure 5. Boxplots of ferroxidase | activity (A), nitrotyrosine-
bound ceruloplasmin (Cp; B), and iodoacetamidofluorescein
(IAF) labeling of cysteine thiol groups of purified Cp dissolved
in phosphate buffer (C). The graphs show before and after
exposure to peroxynitrite (ONOO") in the presence of reduced
glutathione (GSH), epicatechin (EPI), and dimethyl sulfoxide
(DMSO; vehicle of EPI). *P<0.05; 1P<0.01.

All these findings deserve specific comments. First, the
evidence for protein nitration in vivo is abundant and solid
in both physiological and pathological conditions.!"!>* In
particular, in HF, both experimental and human, nitrotyro-
sine protein accumulation reflects a disruption in the balance
between oxygen and nitric oxide—derived oxidant formation
and antioxidant defense mechanisms.*'" In the past decade,
several experimental studies in HF,'%!2 but only few in hu-
mans,'*? suggested a potential pathogenetic link between
progressive deterioration of heart function and increased
protein nitration, although they rarely identified which pro-
tein was nitrated. The results of our study fully agree with
those reported by others showing that severely diseased pa-
tients with HF express the highest levels of plasma nitrated
proteins. We go further by indicating that ceruloplasmin in
patients with HF is identified as one of the plasma-nitrated
protein. Protein nitrotyrosine formation has been claimed
as a footprint for peroxynitrite generation, but only recently
specific nitrated proteins have been identified as having a
direct pathogenic role in heart function deterioration.!'-1327-2
Originally, nitration was thought to be the result of only
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peroxynitrite generation but alternative mechanisms of ni-
tration have been shown to take place in vivo, involving
the generation of the NO,- radical by myeloperoxidase and
eosinophil peroxidase in the presence of hydrogen per-
oxide.*®* Tyrosine nitration is strongly enhanced by the
presence of transition metals, in particular iron and copper,
because of the formation of secondary radicals at the metal
center reacting to NO,-.** Therefore, serum FeOxlI activity
that regulates the balance between toxic ferrous iron and its
nontoxic ferric form represents a fundamental mechanism of
protection from iron-mediated free radical injury. Serum ce-
ruloplasmin acts as an antioxidant in vivo by binding copper
and preventing free copper ions from catalyzing oxidative
damage and in particular by its FeOxI activity.*” We found a
progressive decline of serum FeOxI activity while increasing
the severity of heart failure along with a parallel increase of
nitrotyrosine-bound ceruloplasmin. Nitrotyrosine-bound ce-
ruloplasmin was identified by immunoprecipitation, immu-
noblot, and ELISA assays; however, we did not investigate
which tyrosine residue (ceruloplasmin has 6% of tyrosine
residues in its sequence of 1046 amino acids) underwent a
nitration process and which has the most important role in
FeOxI activity reduction. Hence, we used experimental set-
tings to investigate the effects of peroxynitrite on ceruloplas-
min-related ferroxidase activity and tyrosine and cysteine
residue modifications.

Our observations provide direct evidence that peroxyni-
trite is a potent inhibitor of ceruloplasmin-related FeOxI ac-
tivity. Decomposed peroxynitrite had null effect on FeOxI
activity. We also demonstrated that peroxynitrite effects are
related not only to modified tyrosine but also involve cys-
teine residues. This is the first report showing an involve-
ment of both cysteine thiol oxidation and tyrosine nitration
in the regulation of ceruloplasmin-related FeOxI activity
and that GSH, which inhibits both peroxynitrite-induced ce-
ruloplasmin tyrosine nitration and cysteine thiol oxidation,
completely prevent FeOxI activity drop. In the presence
of (-)-epicatechin, a flavonoid found in cocoa, grapes, and
green tea, which impedes tyrosine nitration but not cysteine
thiol oxidation, a partial drop of FeOxI activity was observed
after peroxynitrite incubation, indicating that both cysteine
and tyrosine are necessary and contribute to full FeOxI activ-
ity of ceruloplasmin. Unfortunately, we did not investigate
which residues in the ceruloplasmin sequence are modified
nor the mechanisms by which the interactions of cysteine and
tyrosine residues are important in FeOxI activity. It should
be noted from the results obtained in in vitro and ex vivo
experiments and in clinical samples that a clear and definite
causal link cannot be drawn between peroxynitrite-induced
reduction of FeOxI activity and ceruloplasmin cysteine thiol
oxidation and tyrosine nitration in patients with HF. Our
observations may suggest that these mechanisms of post-
translational modification of ceruloplasmin may be also op-
erant in vivo.

In the present study, we observed that in a cohort of elderly
stable patients with chronic moderate-to-severe HF, a lower
serum FeOxI activity is associated with higher incidence of
all-cause mortality in a 2-year follow-up period. This ob-
servation has never been reported before and is consistent

with the concept that as HF deteriorates, declining FeOxI
activity is related to increased nitrotyrosine-bound cerulo-
plasmin and could contribute to worse outcomes in patients
with HF. Interestingly, the predictive mortality performance
of FeOxI activity was maintained after the model was ad-
justed for the patients’ clinical characteristics and several
biochemical predictors of outcomes in HF including plas-
ma sodium level, eGFR, and hsCRP. But when BNP, one
of the most powerful biomarkers in patients with HF, was
included in the model, the prognostic performance of FeOxI
activity was strongly reduced and did not become signifi-
cant (P=0.053). From our results, we cannot argue whether
high BNP and low FeOxI are only reflecting the severity of
HF clinical situation of patients or whether they are directly
pathogenetically linked.

In our study, we were unable to observe, as recently re-
ported in the literature, a strong independent prognostic value
of high ceruloplasmin circulating levels in stable patients
undergoing elective coronarography and in a group of pa-
tients without HF or cardiovascular disease taken from the
Atherosclerosis Risk in Communities Study.*® As a matter of
fact, our findings show that ceruloplasmin and FeOxI were
unrelated in patients with HF with pooled preserved and re-
duced EF. It is unclear why ceruloplasmin had no predictive
value in our patients with HF, the majority (81%) of whom
had an ischemic origin. However, the population enrolled in
our study was significantly older (mean age, 76 years old),
included patients with advanced stages of heart failure (=60%
with mean EF of 34%) compared with the younger patients
in the 2 larger studies by Tang et al® and Dadu et al’ (mean
age, 62 years old) and at least in the Atherosclerosis Risk in
Communities Study in subjects without heart failure and car-
diovascular disease at enrollment.” Only FeOxI was found to
predict the mortality risk, and a close inverse relationship was
found with nitrotyrosine-bound ceruloplasmin in both patients
with HF with preserved and reduced EF and with hsCRP in
patients with HF with reduced EF. In addition, the analysis
of hospitalization rate of our patient population showed that
time to first admission was much shorter in patients with low
FeOxI activity, whereas no difference in number of hospital
admission during the follow-up period was observed among
FeOxI tertiles. It should be noted that the number of hospi-
talizations recorded in our population of patients with HF is
small, and there was insufficient power to detect a difference
among tertiles.

Overall, our findings imply that a reduced antioxidative ca-
pacity as evidenced by decreased ceruloplasmin-related FeOxI
activity plays a role in increasing the mortality risk in elderly
patients with moderate-to-severe HF. Low FeOxI activity can
in part affect the progression of left ventricular dysfunction
as found in our study, but other mechanisms are involved and
are probably more important. In fact, our data show that left
ventricular EF was similar in the 2 tertiles with low FeOxI ac-
tivity, thus suggesting the possibility that FeOxI activity may
be more closely related to peripheral derangements and vas-
cular alterations. In this regard, unfortunately, we did not mea-
sure vascular parameters in our patients, such as endothelial
function, peak reactive hyperemia, or aerobic capacity, which
could clearly influence the prognosis of patients with HE.
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Our study has some other limitations. First, the results
obtained from a single center require validation in large
external cohorts of patients. Second, the clinical criteria
of enrollment were restrictive: in fact patients with diabe-
tes mellitus, a large portion in elderly HF population, were
excluded. However, although the sample size is limited, a
large number of deaths occurred during the follow-up peri-
od in the elderly patients with HF in our study, which made
it possible to perform an analysis of FeOxI as an indepen-
dent mortality predictor.

In conclusion, our findings provide evidence that in elder-
ly patients with chronic HF, lower FeOxI activity related to
higher ceruloplasmin nitration is associated with increased
mortality risk. Both ceruloplasmin tyrosine nitration and
cysteine thiol oxidation that are responsible in the in vitro
setting of peroxynitrite-induced FeOxI activity inhibition
may be the mechanisms also operant in vivo in patients with
HF. However, further studies are required to deeper scruti-
nize these experimental and clinical research areas related
to the effects of peroxynitrite on cysteine and tyrosine resi-
dues in ceruloplasmin, to evaluate the clinical significance
of these results, and to establish whether preservation or res-
toration of FeOxI activity in HF could become a target for
future treatment.
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Novelty and Significance

What Is Known?

By regulating the balance between the toxic ferrous and the nontoxic
ferric form of iron, serum ferroxidase protects against oxygen and ni-
trogen free radical injury.

In human plasma, serum ceruloplasmin, the major copper transporter,
has antioxidant properties via its ferroxidase | (FeOxl) activity.
Advanced heart failure (HF) is associated with increased generation of
aberrant oxygen free radicals and nitric oxide—derived peroxynitrite.

What New Information Does This Article Contribute?

Low-serum FeOxI activity is associated with increased severity of heart
failure and has important prognostic implications.

Increased tyrosine nitration of ceruloplasmin is closely related to the
drop in FeOxI activity in patients with HF.

Cysteine thiol oxidation and tyrosine nitration of serum ceruloplasmin
may be operant in vivo in peroxynitrite-induced FeOxI activity inhibition
in patients with HF.

The FeOxI and ferroxidase Il activities of serum ferroxidase reg-
ulate the balance between the toxic ferrous iron and nontoxic

ferric form of iron and protect against iron-mediated oxygen
and nitrogen-derived free radical injury. Ceruloplasmin, an o2-
glycoprotein that transports serum copper, has antioxidant proper-
ties through its FeOxl activity. Increased peroxynitrite generation,
as observed in HF, can affect protein folding and influence protein
function through tyrosine nitration and cysteine sulfhydryl oxida-
tion. However, in the HF population, the relationship between ce-
ruloplasmin, peroxynitrite generation, tyrosine nitration, and FeOxl
activity has not been established, and the clinical relevance of
ceruloplasmin-mediated FeOxl activity remains unclear. We found
that increasing severity of HF in patients, associated with a drop in
serum FeOxl activity, is inversely related to ceruloplasmin tyrosine
nitration. In experimental studies, both cysteine thiol oxidation and
tyrosine nitration of serum ceruloplasmin were identified to be re-
sponsible for ex vivo and in vitro decrease in FeOxl activity. Thus,
low FeOxI activity seems to have important prognostic implications
in patients with chronic HF, and it may be an important target in
HF treatment.




