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ABSTRACT

INTRODUCTION

Inflammation and oxidative stress play a key role in the initiation and maintenance of
atherosclerosis and are related to the occurrence of events leading to vessel occlusion,
both in the venous system (thromboembolic disease) and in the arterial system
(cardiovascular disease). Although there are no clear theories on how these occlusive
diseases in both arterial and venous territories are linked, they share the increase of
certain inflammatory and oxidative-stress markers. Ceruloplasmin (CP) is a protein
involved in copper metabolism that has also been linked to inflammatory responses,
whereas the association to occlusive vascular diseases has not been fully characterized.
HYPOTHESIS

Our hypothesis is that high levels of CP would be associated with the incidence of
cardiovascular events.

OBIJECTIVES

1) To evaluate whether high levels of plasma CP are associated with increased incidence
of atrial fibrillation.

2) To evaluate whether high levels of plasma CP are associated with increased incidence
of venous thromboembolism.

3) To perform a systematic review of the current evidence on whether high levels of
plasma CP are associated to a higher risk of coronary heart disease.

METHODS

a) We conducted a first analysis evaluating the association of CP with AF incidence in a
large cohort, the Atherosclerosis Risk in Communities (ARIC) Study.

b) We conducted other investigation to test the association between CP and VTE
incidence in the same ARIC study population.

c) Finally, to evaluate the influence of CP on CHD, we conducted a systematic review
exploring the impact of CP on the risk of CHD over the last three decades.

RESULTS

Higher plasma CP levels were associated with incident AF in the ARIC cohort. Regarding

VTE, higher concentrations of plasma CP were also associated with greater incident VTE



rates. Finally, most of 18 eligible studies reviewed supported a direct relationship
between CP elevated levels and incidence of CHD.

CONCLUSIONS

We have evaluated the association between CP and three highly prevalent diseases
derived from alterations in the cardiovascular system, both venous and arterial location,

establishing that high CP levels are related to the occurrence of these conditions.



INTRODUCCION

La inflamacidn y el estrés oxidativo desempefian un papel fundamental en el inicio y
desarrollo del proceso aterosclerdtico y estan relacionados con la aparicion de eventos
gue conducen a la oclusién de los vasos, tanto en el sistema venoso (enfermedad
tromboembdlica) como en el arterial (enfermedad cardiovascular). Aunque no hay
teorias claras sobre cémo se relacionan estas enfermedades oclusivas en los territorios
arteriales y venosos, comparten la elevacion de ciertos marcadores inflamatorios y de
estrés oxidativo. La ceruloplasmina (CP) es una proteina que actua en el metabolismo
del cobre que se ha relacionado con la respuesta inflamatoria, la cual no se relacionado
hasta el momento con las enfermedades vasculares oclusivas.

HIPOTESIS

Nuestra hipotesis es que altos niveles de CP estarian implicados en la aparicion de
nuevos eventos cardiovasculares.

OBIJETIVOS

1) Evaluar si niveles elevados de CP en plasma se asocian a una mayor incidencia de
fibrilacion auricular.

2) Evaluar si niveles elevados de CP en plasma se asocian a una mayor incidencia de
tromboembolismo venoso.

3) Realizar una revisidn sistematica de la evidencia actual sobre si niveles elevados de
CP en plasma se asocian a un mayor riesgo de enfermedad coronaria.

METODOS

a) En un primer andlisis, evaluamos la asociacion de la CP con la incidencia de FA en el
estudio ARIC (Atherosclerosis Risk in Communities), una cohorte comunitaria.

b) Realizamos otro trabajo de investigacién para comprobar la asociacién de CP e
incidencia de ETV en la misma poblacién.

c) Por ultimo, para evaluar la influencia de la CP en la cardiopatia isquémica, realizamos
una revision sistematica en la que exploramos el impacto de la CP en el riesgo de
cardiopatia isquémica en las tres ultimas décadas.

RESULTADOS

Niveles mas altos de CP circulante se asociaron con mayor incidencia de FA en la cohorte
ARIC. En relacién con la ETV, las mayores concentraciones de CP circulante también se

asociaron con mayores tasas de ETV. Por ultimo, la mayoria de los 18 estudios revisados



apoyaron una relacion directa entre niveles elevados de CP y la incidencia de cardiopatia
isquémica.

CONCLUSIONES

Tras evaluar la asociacién entre la CP y tres enfermedades altamente prevalentes
derivadas de alteraciones del sistema cardiovascular, tanto de localizacidon venosa como
arterial, podemos concluir que niveles elevados de CP estan relacionados con la

aparicién de estas enfermedades.



INDEX

CHAPTER 1: INTRODUCTION .........cccovvieeineneenennassessssssssssssssssssssssssssssssssssssssssssssssnns 9
CHAPTER 2: REVIEW OF LITERATURE ........uuuueeeeevvveeeeiiieiiiicscccssssssssssssssssssssssssssnns 13
A. Structure and biological role of ceruloplasmin................cccceeeeeeeiervvvennnricsrnnennnnnens 13
B. Inflammation markers, ceruloplasmin and coronary heart disease....................... 14
C. Inflammation, ceruloplasmin and venous thrombosis ................ceeeveeeecereeenennncne. 15
D. Inflammation, ceruloplasmin and atrial fibrillation .....................ccevvvvevveeeiirranene. 17
CHAPTER 3: HYPOTHESIS AND OBJECTIVES .....cuuuueeeeeeiiiiiiiiicisesssssssssnsssssssssssssnans 20
CHAPTER 4: PUBLICATIONS FROM THIS THESIS .....ccceeeeviiiiieeeeeesseeeesesssssscscaans 22

A. Circulating ceruloplasmin, ceruloplasmin-associated genes, and the incidence of

atrial fibrillation in the Atherosclerosis Risk in Communities study.....................cuu... 23

B. Circulating ceruloplasmin, ceruloplasmin-associated genes and the incidence of

venous thromboembolism in the Atherosclerosis Risk in Communities study............ 30
C. Ceruloplasmin and Coronary Heart Disease. A systematic review......................... 40
CHAPTER 5: RESULTS AND DISCUSSION.........ccuueeeeieeeirveirenienesinreeireisisensisenssnsassnnnies 57
A. Relationship of plasma ceruloplasmin and the incidence of atrial fibrillation....... 57

B. Relationship of plasma ceruloplasmin and the incidence of venous

0 TaoT 0] oXoT=101] T ] £ 1 1 58

C. Relationship of plasma ceruloplasmin and the incidence and prevalence of

coronary REArt diSEASE ..........ccceuuuuueeeirirvvnuusisiininnesiisisninsssnsisssnsssssssesssssessssssssssessnns 59
CHAPTER 6: CONCLUSIONS ........covvvvuueeiiiininrnencsssssssssssssssssssssssssssssssssssssssssssssssssssssnns 62
CHAPTER 7: CURRICULUM VITAE ......cuuevvvvvvveunciiriinnennsssssssssnsssssssssssssssssssssssssssssssnns 64

CHAPTER 8: REFERENCES .....ccuuuueveeeeirrenrierenniirreniiereneisiesssieseessissesssiessessissssssssssenses 66






CHAPTER 1: INTRODUCTION

Cardiovascular disease remains the leading cause of mortality worldwide
highlighting the need of the development of new approaches to better understand the
underlying pathophysiology. Arterial and venous thrombotic conditions are two wide
groups inside the spectrum of cardiovascular diseases. Ischemic heart disease and
ischemic stroke comprise the major arterial thromboses, and deep-vein thrombosis and
pulmonary embolism comprise venous thromboembolism. Atrial fibrillation is a major
risk factor for stroke and systemic arterial thromboembolism and its link to VTE is now
being investigated (1).

CHD remains a substantial public health challenge worldwide. An estimated
126.5 million individuals lived with CHD and 10.6 million new CHD cases occurred in
2017, contributing to 8.9 million deaths (2).

Many individuals in the general population have one or more risk factors for CHD.
The top three potential modifiable risk factors for CHD deaths in 2017 were dietary risks,
high systolic blood pressure and high LDL cholesterol and along with diabetes and
smoking, are estimated to be responsible for more than half of cardiovascular mortality
(3). Although current guideline-guided CHD therapy has lowered both recurrence and
death rates, people with CHD remain at high risk for these complications. One third of
all CHD with known, controlled risk factors will have a recurrence in the following 10
years (4). This is called residual risk, and many approaches have been taken to tackle it.

In relation to the venous system, VTE is the third most common cardiovascular
disease after CHD and stroke (5). VTE can manifest as an isolated lower extremity deep
vein thrombosis (DVT) or a clot can break off from the lower extremities and travel to
the lung to present as a pulmonary embolism (PE).

The incidence of PE in the general population is estimated at 39-115/100,000
person-years, and of DVT at 53-162/100,000 person-years. It is eight times higher in
people in their eighties than in those in their fifties. Worldwide, about 10 million cases
of VTE are estimated to occur annually. In the United States, about 676,000 DVTs,
340,000 PEs and 1,016,000 total VTE events and about 60,000-100,000 deaths annually
(for a population of 319 million) are estimated (1, 5-7). According to the most recent

mortality data in Europe (WHO data), the average yearly number of PE-related fatalities



in Europe is 38,929 (for a population of 651 million in 2015). At the same time, a
progressive decrease in European mortality due to PE is observed (from 12.8% in 2000
to 6.5% in 2015; annual mortality rate decrease of 5.0%). These same figures referring
to Spain provide 2,232 annual deaths (2015) (8). In the period 2004-2017, in-hospital
mortality due to PE in the National Health System decreased from 11.6% to 6.2%14.
Such declining mortality is also confirmed by the Registro Informatico de pacientes con
Enfermedad Tromboembdlica (RIETE) (30-day mortality in PE decreased from 6.6%
(2001-2005) to 4.9% (2010-2013)). The latest data from this registry (March 1, 2020;
44,482 patients with PE) show an (unadjusted) mortality of 5.2%. This admits important
nuances according to age, as it is 3 times higher in patients > 81 years (9.2%) compared
to those aged 36-60 years (3.1%). For DVT (36,540 patients), 30-day mortality is 2.6%
(9).

AF is the most frequent heart rhythm disbalance. It has been estimated that 6—
12 million people will suffer this condition in the US by 2050 and 17.9 million people in
Europe by 2060 (10, 11). AF shares strong epidemiological associations with other
conditions such as heart valve disease, diabetes mellitus, arterial hypertension, and
overweight/obesity, as well as with metabolic syndrome and its components sleep
apnea andinflammation (12-14). Genetic factors can also be involved, and more recent
data have focused on modifiable lifestyle factors such as alcohol consumption and
physical exercise (15). As we commented, AF is a major risk factor for ischemic stroke
and systemic arterial thromboembolism producing important economic burden along
with significant morbidity and mortality. The prevalence of AF is very low among young
individuals (<1% in people aged <40 years) but increases with age, reaching between
10% and 17% in those aged >80 years. With the worldwide aging of the population, an
AF epidemic is expected within the next years (16).

These three diseases previously mentioned (CHD, VTE and AF), have a huge
clinical, epidemiological and economic relevance, and it is necessary the search for
additional biomarkers which may help to detect or be an early predictor of those cases
which will develop a worse prognosis despite controlled risk factors.

In line with the above, we aimed to investigate if CP is a biomarker associated to

the development of these conditions.
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CP is an enzyme synthesized in the liver that is responsible for transport of
circulating copper and is also involved in iron metabolism. It is an acute-phase reactant
that may have antioxidant actions, but it can also participate in the generation of free
radicals, leading to an inflammatory state, which has been linked to the pathophysiology
of all vascular diseases (17, 18).

Oxidative stress might play a central role in the initiation of CHD, but it remains
unclear whether proteins involved in this process, like CP, act as passive markers of
inflammation or they are causal mediators in its development. In the same line, several
studies have demonstrated a relationship between different proteins involved in
inflammatory processes and VTE or AF. Inflammation seems to trigger a chain reaction
whereby procoagulant factors are activated and the fibrinolytic pathway is inhibited. For
example, the Atherosclerosis Risk in Communities (ARIC) study previously found that
elevated high-sensitivity C-reactive protein, but not fibrinogen, was independently
associated with an increased risk of VTE (19). Likewise, in AF, CP appears to promote
structural changes in the atrium making it more arrhythmogenic (20). If this relationship
between AF or VTE and CP is confirmed, new prevention approaches could be
researched, and we could identify individuals at increased risk of AF or VTE.

To summarize, the purpose of this thesis is to deepen our understanding of the
relationship between the main cardiovascular diseases (CHD, VTE, AF) and CP. CP is a
biomarker that is readily available in clinical practice, and, if this relationship is shown,
it would open new lines of research to unveil if there is a causal relationship behind the

association, or CP is just a marker increased in those diseases.
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CHAPTER 2: REVIEW OF LITERATURE

A. Structure and biological role of ceruloplasmin

CP is a 2-glycoprotein fraction of plasma proteins identified by Holmberg and
Laurell in 1948. Although it is produced in the liver, extrahepatic expression has been
found in the brain, lungs, spleen, and testicles.

CP has a molecular weight of around 132 kDa. The CP gene is located in the 3925
region of chromosome 3. This protein is part of the blue multinuclear copper oxidases
family. It comprises a single polypeptide chain of 1046 amino acids. Six plastocyanin
domains are organized in a triangle array in the molecule. Six copper atoms are present,
three of which form a trinuclear cluster at the domain 1-6 interface and the other three
of which form mononuclear sites in domains 2, 4, and 6. The trinuclear center and the
mononuclear copper in domain 6 form a cluster that resembles that of ascorbate

oxidase (Figure 2) (21).

Domain 4 '/'" ) 9 : . Domain6

Domain 1-6

Domain 2
Interface

Figure 2. Ceruloplasmin structure. Adapted from C.W. Linder (22)

The main function of CP is transport and distribution of copper to tissues. Copper
is needed by cells for a variety of proteins with defensive functions, including
cytochrome c, metallothioneins, and other oxidases (23). About 95% of total circulating

copper is associated to CP and this protein has been found in a variety of tissues and
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cells, including erythrocytes, aorta and heart, liver endothelium, leukocytes, Kupffer
cells, and human placental cells. The membrane galactosyl recognition mechanism links
CP to endothelial cells (24-26).

Copper transport from blood to tissues is tightly regulated by copper chaperone
proteins at the plasma membrane and in the intracellular compartment due to its highly
reactive nature. As a result, in non-pathological situations, there is almost no free
(unbound) copper in the cytoplasm of cells (27).

CP has ferroxidase activity, which means it can convert dangerous ferrous ions
to less harmful ferric ions. The Fenton reaction, which employs Fe?* to generate ROS, is
assumed to be inhibited by the oxidation of Fe?* to Fe3* by CP, which is expected to
minimize oxidative stress. The release of iron from cellular reserves for uptake by the
circulatory iron transport protein transferrin is likewise dependent on this event. Iron
accumulates in the brain, liver, and pancreas in patients who do not have CP or in CP
knock-out mice, which can lead to diabetes and dementia (28-30).

Apart from playing a role in copper and iron metabolism, CP is an acute-phase
reactant that may work as an antioxidant but can also generate free radicals. A
modulating action has been described in processes such as coagulation, angiogenesis,
as well as an inactivating capacity of biogenic amines and defense against oxidative
stress (31-33). It is also part of the family of inflammation-sensitive proteins that
includes ai-antitrypsin, haptoglobin, orosomucoid and fibrinogen (34) whose levels
have been associated with cardiovascular risk factors such as hypercholesterolemia,
body weight gain, diabetes and high blood pressure (35).

Normal values for serum CP are different by age. They are very low during early
infancy, then peak in early childhood (approximately 300 to 500 mg/L), and then decline
to the adult range (200 to 350 mg/L). CP is estrogen-sensitive, and levels are elevated in

pregnancy and in patients on hormonal supplementation.

B. Inflammation markers, ceruloplasmin and coronary heart disease

Inflammation is central to understanding the pathogenesis of atherosclerosis,
and is implicated both in the development and in the rupture of the atherosclerotic

plaque that causes cardiovascular events (36-39).
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Many inflammatory markers to date have been associated to atherosclerosis.
CRP, IL-6 or leukocyte enzyme myeloperoxidase are among the most widely studied.
CRP is probably the most extensively studied. It has been suggested that there could be
a direct effect of CRP on the development of atherosclerosis, based on the finding of
CRP in atherosclerotic lesions (40-49). IL-6 signals a downstream proinflammatory
response by activating membrane-bound IL-6 receptors (IL-6R) on the cell surface. IL-6
and IL-6R appear to have a direct causal role in the development of CHD and may be a
future target for therapeutic interventions to prevent CHD (50). Finally, leukocyte
enzyme myeloperoxidase is another inflammatory marker which has been associated
with the presence of coronary disease and may be predictive of the presence of acute
coronary syndrome in patients with chest pain (51-54).

Cardiovascular risk has also been associated with many other markers of
inflammation. Elevated levels of white blood cells, erythrocyte sedimentation rates, IL-
18, tumor necrosis factor alpha, transforming growth factor beta, soluble intercellular
adhesion molecule-1, P-selectin, cathepsin S, and lipoprotein-associated phospholipase
A2 have been reported as markers of increased CHD risk (55-60).

Regarding ceruloplasmin, there is not a consensus on its association with
cardiovascular disease, or its role in the pathophysiology of atherosclerosis. Thereby,
reviewing the available data in a systematic disease was a need that we have covered in

the article included in this thesis.

C. Inflammation, ceruloplasmin and venous thrombosis

It has traditionally been thought that venous thrombosis and arterial thrombosis
have different etiopathogenesis. While red blood cells and fibrin are the major
participants of the “red clot” seen in venous thrombosis, aggregated platelets are the
major participants of the “white clot” seen in arterial thrombosis. Venous thrombosis
has been associated with hypercoagulability and/or reduced blood flow, whereas
arterial thrombosis has been linked to atherosclerosis and platelet activation. However,
the classical view of separate mechanisms for arterial and venous thrombosis has been
challenged. It has been shown that patients with arterial thrombosis were also at

increased risk for venous thrombosis, and overlapping risk factors have been found to
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be associated with both arterial and venous thrombotic events (61, 62). Furthermore, it
was shown that inflammation and platelet activation are also involved in the
pathogenesis of venous thrombosis (63).

The pathogenesis of inflammation-induced thrombosis is complicated. In
general, inflammation causes platelet, leukocyte and endothelial cell activation, and the
interactions between these cells may result in endothelial injury and endothelial cell
dysfunction, causing the loss of physiologic anticoagulant and vasodilatory properties of
the normal endothelium. With a simplistic approach, one may accept endothelial injury
as the key factor connecting chronic inflammation with thrombosis (64).

Various environmental agents may trigger systemic inflammation in the context
of genetic predisposition. Transcription factors and intracellular enzymes including
caspase family proteases are activated, followed by the secretion of various
inflammatory mediators including cytokines, chemokines and growth factors (figure 3).
These inflammatory mediators activate the endothelial cells, leukocytes and platelets,
inducing the expression of relevant cell adhesion molecules on their surfaces. Complex
interactions between endothelial cells, platelets and leukocytes occur, causing
endothelial injury and endothelial cell dysfunction. Non thrombogenic endothelial
surface may no longer be maintained in the setting of inflammation. In other words,
inflammation transforms the endothelial cells into a prothrombotic and antifibrinolytic
phenotype (61, 65-67). However, even if there is no vessel wall and endothelial damage,
inflammation itself may trigger venous thrombus formation. Increased tissue factors
(TF) expression occurring especially on platelets, endothelial cells and monocytes is an
important link connecting inflammation with thrombosis. TF mainly stimulates the
formation of thrombin, which has proinflammatory effects. Microparticles (MPs)
derived from platelets, endothelial cells and leukocytes are also involved in the
development and the amplification of thrombosis. Fusion of MPs with activated
platelets results in decryption of TF and the initiation of thrombosis. Platelet MPs are
not only prothrombotic, but also inhibit fibrinolysis, delaying thrombus resolution and

facilitating thrombus growth (68, 69).

16



DAMP / Fibrin

. Factor
X

Extrinsic Microvascular

Active tissue
= factor felavay Factor Factor thrombus
_ Xlla Xa

™ o /f: .
tey “‘ v (g y.lé. oy -v‘/l/g.\ PRE,

Tissue factor

.
F'al'léto'r

N hil —
elglsltt;(s)g . Inactivation

- TFPI

TFPI

& —
Inactivation

Activated C3aorCsa Thrombomodulin

platelet

/
Thrombomodulin | €leavage

Figure 3. Pathogenic mechanisms connecting inflammation with thrombosis.. Abbreviations: IL-1,
interleukin; TNF-a, tumor necrosis factor alpha; IL-6, interleukin 6; TFPI, tissue factor pathway inhibitor.
PAMP: pathogen-associated molecular pattern. DAMP: damage-associated molecular pattern. Adapted

from Vézquez-Garza et al., (70)

Several studies have demonstrated a relationship between various proteins
involved in inflammatory processes and VTE. For example, the ARIC study previously
found that elevated CRP, but not fibrinogen, was independently associated with an
increased risk of VTE (19). However, there are others results to the contrary as
Sveinsdottir et al. investigation where no significant relationships between VTE
incidence and CP or other inflammatory markers (fibrinogen, orosomucoid, ai-
antitrypsin, and haptoglobin) were found (71).

There is a complex interplay between inflammation and the coagulation system
and we intend to shed some light on this field exploring whether CP can be involved in

VTE.

D. Inflammation, ceruloplasmin and atrial fibrillation

Inflammation may also play a role in the genesis of AF. Measurement of serum
CRP has been used to assess the relationship between AF and inflammation.
Observational studies have reported elevated serum levels of CRP in patient

populations with any of the following characteristics: later development of AF (72),
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history of atrial arrhythmias (73), failed cardioversion (74), recurrence of AF after
cardioversion (75), and development of AF after cardiac surgery.

However, inflammation is more likely a marker for other conditions associated
with AF, as opposed to being a direct cause or a perpetuating agent. The strongest
evidence against a direct causal role for inflammation, as detected by an elevation in
CRP, comes from a Mendelian randomization study that evaluated nearly 47,000
individuals in two cohorts from Copenhagen, Demark (76). After multifactorial
adjustment, a CRP level in the upper versus lower quintile was associated with a
significantly increased risk of the development of AF (HR 1.77, 95% Cl 1.22-2.55).
Genotype combinations of four CRP single nucleotide polymorphisms (SNPs) were not
associated with an increased risk of the development of AF. Thus, inflammation, as
determined by CRP, is not likely to be causative of AF.

CP could promote structural changes in the atrium making it more
arrhythmogenic. A study showed that higher concentrations of CP in blood were
associated with increased AF risk. In this same study, a variant of rs11708215, a single
nucleotide polymorphism (SNP) located in the CP gene promoter, was associated with
both higher CP concentrations in blood and increased AF risk. Another SNP, rs13072552,
also in the CP gene, was associated with CP plasma concentration. (20). These results,

however, have not been replicated in larger studies.
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CHAPTER 3: HYPOTHESIS AND OBIJECTIVES

HYPOTHESIS
Our hypothesis is that high levels of plasma ceruloplasmin are associated with the

incidence of arterial and venous events.
OBIJECTIVES
We studied the influence of plasma ceruloplasmin in the incidence of conditions

affecting the vascular system. For this, we set the following objectives:

1) To evaluate whether high levels of plasma ceruloplasmin are associated with

increased incidence of atrial fibrillation.

2) To evaluate whether high levels of plasma ceruloplasmin are associated with

increased incidence of venous thromboembolism.

3) To perform a systematic review of the current evidence in whether high levels of

plasma ceruloplasmin are associated to a higher risk of coronary heart disease.
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Background: Ceruloplasmin (CP) may promote structural changes in the atrium making it more arrhythmogenic.
We assessed the associations between CP, CP-associated genetic variants, and incident atrial fibrillation (AF) in
the Atherosclerosis Risk in Communities (ARIC) study.

Methods and results: We studied 10,059 men and women without prevalent AF aged 53 to 75 years in 1996-1998
and followed through 2012. Circulating CP was measured in stored blood samples obtained in 1996-1998. Poly-
morphisms rs11708215 and rs13072552, previously associated with CP concentrations, were measured in
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A%O(Ji—h dillation 10,059 and 8829 participants respectively. AF was ascertained from study electrocardiograms, hospital discharge
Ceruloplasmin codes, and death certificates. Multivariable Cox models were run to study the association between circulating CP,

CP-associated polymorphisms, and the incidence of AF. Over 10.5 years of mean follow-up, 1357 cases of AF were
identified. After adjusting for traditional risk factors and biomarkers, higher levels of circulating CP were associ-
ated with incident AF (hazard ratio [HR] 1.33, 95% confidence interval [CI] 1.11, 1.61 comparing top to bottom
quartiles). Both rs11708215 and rs13072552 were significantly associated with CP levels. Presence of the CP-
increasing alleles in rs11708215 and rs13072552, however, were significantly associated with lower risk of AF
in whites (HR 0.84, 95%(l 0.76, 0.94, p = 0.002 and HR 0.83; 95%CI 0.69, 0.99, p = 0.043 respectively per CP-
increasing allele in the final adjusted model) but not in African Americans.

Conclusions: Even though higher CP concentrations were associated with increased AF risk, genetic variants asso-
ciated with higher CP decreased the risk of AF in whites. Our results suggest that circulating CP levels may not be
causally related to risk of incident AF.

Single nucleotide polymorphism
Oxidative stress
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1. Introduction

Atrial fibrillation (AF) is the most common clinically-significant ar-
rhythmia worldwide. It is estimated that, in the United States alone,
the number of people who suffer AF is approximately 2.5 million, with
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men 1.5 times as likely to be affected compared to women [1]. Despite
the decline in morbidity and mortality from cardiovascular disease
due to advances in prevention and treatment, AF has not followed a
similar trend, and the incidence of AF is expected to increase [2].

Ceruloplasmin (CP} is an enzyme synthesized in the liver that is re-
sponsible for transport of circulating copper and is also involved in iron
metabolism. It is an acute-phase reactant that may have antioxidant ac-
tions, but can also participate in the generation of free radicals that seem
to underlie several illnesses such as myocardial infarction, arteriosclero-
sis, unstable angina, abdominal aortic aneurysm, vasculitis and periph-
eral arterial disease, and even dementia [3-6].
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Fig. 1. Difference in CP concentration by number of CP-increasing alleles in rs11708215 and rs13072552, ARIC study, 1996-1998.

CP appears to promote structural changes in the atrium making it
more arrhythmogenic. If this relationship between AF and CP is con-
firmed, new prevention approaches could be researched and we could
identify individuals at increased risk of AF [7].

Arecently published study showed that higher concentrations of CP
in blood were associated with increased AF risk. In this same study, a
variant of rs11708215, a single nucleotide polymorphism (SNP) located
in the CP gene promoter, was associated with both higher CP concentra-
tions in blood and increased AF risk [ 7]. These results, however, have not
been replicated in other studies. Another SNP, rs13072552, also in the
CP gene, has been associated with CP plasma concentration. This SNP
was selected based on a GWAS in the Atherosclerosis Risk in Communi-
ties (ARIC) Study [4].

We addressed the association between rs11708215 and
rs13072552, circulating CP and AF incidence in the ARIC Study. We hy-
pothesized that higher concentrations of circulating CP would be associ-
ated with AF incidence and, following a Mendelian randomization
framework, that if the association between circulating CP and AF inci-
dence is causal then genetic variants associated with higher circulating
CP would also increase the risk of AF.

2. Methods
2.1. Study population

The ARIC study is a community-based population study designed to investigate the
causes of atherosclerosis and its clinical outcomes, as well as variation in cardiovascular
risk factors, medical care, and disease by race and sex [8]. From 1987 to 1983 (ARIC
study baseline), 15,792 adults (55.2% women; age, 45-64 years) from 4 US communities
(Washington County, MD; suburbs of Minneapolis, MN; Jackson, MS; and Forsyth County,
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NC) were enrolled and underwent a home interview and clinic visit. Additional examina-
tions were conducted in 1890 to 1892, 1893 to 1995, 1996 to 1998, and 2011 to 2013. Par-
ticipants were mostly white in the Washington County and Minneapolis sites, exclusively
black in Jackson, and a mix of both races in Forsyth County. Of the 11,656 participants in
visit 4 (1996-1998), 11,484 had CP data available. Individuals with prevalent AF (N =
524) at visit 4 and those with missing data for CP (N = 166), missing information on
1s11708215 (N = 367) or any other variable used in the statistical models (N = 473)
were excluded from the study. We additionally excluded individuals who were not
white or African American and any African American participants at the Minnesota and
Washington County field centers because of small enrollment numbers (N = 67). After
all exclusions, 10,058 participants remained and were included in this analysis. Medical
history, demographic data, anthropometric data, blood pressure measurements, and
fasting lipid assessments were obtained during visit 4 at the same time as the blood
draw for CP measurement. The ARIC study has been approved by the Institutional Review
Board at the University of Minnesota, Johns Hopkins University, Wake Forest University,
University of North Carolina, Baylor College of Medicine, University of Texas Health Sci-
ences Center at Houston, and University of Mississippi Medical Center. Participants pro-
vided written informed consent.

2.2 Ascertainment of AF

AF cases were identified from study visit ECGs, death certificates and by review of hos-
pital discharge records [3,10]. At each study examination, a standard supine 12-lead rest-
ing ECG was recorded with a MAC PC Personal Cardiograph (Marquette Electronics,
Milwaukee, WI) and transmitted to the ARIC ECG Reading Center (Epidemiological Cardi-
ology Research Center, Wake Forest School of Medicine, Winston Salem, NC) for automatic
coding. A cardiologist visually confirmed all AF cases automatically detected from the
study ECGs. Information on hospitalizations during follow-up was obtained from annual
follow-up calls and surveillance of local hospitals, with hospital discharge diagnosis
codes collected by trained abstractors. AF during follow-up was defined as International
Classification of Disease, Sth Revision (I(D-9), Clinical Medification diagnostic codes 427.31
or 427.32. AF cases detected in the same hospitalization with open cardiac surgery were
not counted as cases. AF cases were also identified ifICD-S code 4273 or International Clas-
sification of Diseases, 10th Revision (ICD-10) code 148 was listed as a cause of death. A par-
ticipant was considered to have prevalent AF at visit 4 (baseline for this analysis) if he or
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Fig. 2. Atrial fibrillation risk by number of CP-increasing alleles in rs117082 15 and rs13072552, ARIC study, 1996-2012.
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she had a prior AF hospitalization or had AF diagnosed through any of the study ECGs. In
this analysis, the AF incident date was defined as the date of the first ECG showing AF
(4% of our AF cases), the first hospital discharge with AF coded (96% of AF cases), or
when AF was listed as a cause of death (0.1% of cases), whichever occurred earlier.

2.3. Covariates

At each study visit, participants underwent a physical exam, provided blood samples,
and answered questionnaires. For the present analysis, information on all covariates was
obtained at visit 4, with the exception of education, which was only assessed at baseline.
Sex, race, date of birth, education, smoking, and alcohol use were self-reported by the
study participant. Self-reported educational achievement, a surrogate measure of socio-
economic status, was categorized into 3 levels: less than high school, high school graduate,
and greater than high school Smoking status was categorized as never, former or current
based on self-report. Alcohol consumption was ascertained by means of an interviewer-
administered dietary questionnaire, and classified into three alcohol-use groups: never,
former, or current [11]. Weight and height were measured with the participant wearing
light clothing. Body mass index (BMI) was calculated as weight (in kilograms) divided
by height squared (in meters). Blood pressure was measured twice and were averaged
to define systolic and diastolic blood pressure. Hypertension was defined as a systolic
blood pressure of > 140 mm Hg or a diastolic pressure of >0 mm Hg or use of antihyper-
tensive medication. Diabetes was defined as a fasting blood glucose >126 mg/dL, a non-
fasting blood glucose >200 mg/dL, a self-reported physician diagnosis of diabetes, or use
of antidiabetic medication [12].

Prevalent heart failure (HF) was identified by the Gothenburg criteria [13] or self-
report of HF medication use in the past 2 weeks at the baseline visit. During follow-up,
prevalent HF at each visit was identified as having a hospitalization with an ICD-9 code
428.0 during follow-up prior to that exam [ 14]. Myocardial infarction was based on self-
report at visit 1 and adjudicated events between visit 1 and visit 4 [15]. History of stroke
was defined as an adjudicated definite or probable hospitalized stroke occurring in a par-
ticipant prior to visit 4 or a history of physician-diagnosed stroke at the baseline interview
[16,17)

2.4. Biomarker assays and genotyping

Plasma CP concentrations were measured in 2010-2011 from Visit 4 plasma samples
(stored at — 70 *Csince collection in 1996-1988) by immunoturbidimetric assay using an
automated chemistry analyzer (Olympus AU400e, manufacturer Olympus Life Science Re-
search Europa GmbH). The CP turbidimetric procedure was calibrated every 14 days by
using Olympus Serum Protein Multi-calibrator 2 (Cat #0DR3023), which was traceable
to IFCC International Reference Preparation CRM470 (RPPHS ). The inter-assay coefficient
of variation for CP was 6.8%. Alanine transaminase (ALT), aspartate aminotransferase
(AST), and gamma-glutamyltransferase (GGT) were simultaneously measured in Visit 4
plasma samples using an Olympus AU400e automated chemistry analyzer (manufacturer
Olympus Life Science Research Europa GmbH) according to the manufacturer's protocol.
Inter-assay coefficients of variation were 11.1% for ALT, 8.5% for AST and 8.3% for GGT [18].

N-terminal pro-B-type natriuretic peptide (NT-proBNP) was measured by using an
electrochemiluminescent immunoassay on an automated Cobas e411analyzer (Roche Di-
agnostics, Indianapolis, IN) with lower limit of detection <5 pg/mL and coefficient of var-
iation 3.5 to 4.7% [ 16]. High sensitivity C-reactive protein (hs-CRP) levels were measured
by using an immunonephelometric assay on a BNII autoanalyzer (Siemens Healthcare Di-
agnostics, Deerfield, IL) with a reliability coefficient of 0.9. Cardiac troponin T (cTnT) levels
were measured by using a novel precommercial highly sensitive assay, Elecsys Troponin T
(Roche Diagnostics), on an automated Cobas e41 1 analyzer with a lower limit of detection
0f 0.003 pg/L.

The 1511708215 SNP was genotyped using the Sequenom iPLEX assay, while
1s13072552 was genotyped with the Affymetrix Genome-Wide Human SNP Array 6.0.

2.5. Statistical analysis

Baseline characteristics of the overall population were tabulated by CP quartiles. We
report means for continuous variables and counts with percentages for categorical
variables.

Cox proportional hazards models were used to determine the association between CP
concentrations and incident AF. Follow-up time was calculated from the date of visit 4 to
the incidence of AF, death, lost to follow-up, or December 31, 2012, whichever occurred
first. Separate analyses were performed with circulating CP categorized into quartiles
and as a confinuous variable (in standard deviation units). The following models with in-
cremental adjustments were used to analyze the CP-AF association: model 1: adjustment
for age, sex, race, and ARIC study site; model 2: model 1 plus adjustment for BMI, height,
alcohol drinking, smoking status, diabetes mellitus, educational level, systolic and diastolic
blood pressure, total cholesterol and its fractions, liver enzymes and use of medications
(antihypertensive and corticosteroids); model 3: model 2 plus history of heart failure,
ML and stroke; and model 4: model 3 plus biomarkers CRP, NT-proBNP and troponin.
We conducted a sensitivity analysis excluding cases identified during the first 2 years of
follow-up to avoid reverse causation (undiagnosed AF increasing circulating CP).

Secondly, race-specific linear regression models were used to test the association be-
tween CPgene SNPs (rs11708215, 113072552 ) and CP concentrations. Analyses in African
Americans were adjusted for the first 10 genetic principal components to correct for pop-
ulation stratification.

26

Thirdly, a race-specific Cox model was used to test associations between CP gene SNPs
1s11708215 and rs13072552 separately, and AF risk, adjusting for age, sex, and ARIC study
site and for covariates listed above in Models 2-4 as well as for CP concentrations to test
whether any association with rs11708215 or rs13072552 was mediated by concentrations
of circulating CP. We explored the associations using additive genetic models and estimat-
ing the associations by specific genotypes, using homozygous for the allele associated with
lower CP as reference. We also used a 2-stage least square model to estimate the effect of
circulating ceruloplasmin on AF risk using the two SNPs as instrumental variables.

Finally, we created a CP-related genetic risk score (GRS) adding up the number of CP-
increasing alleles in the two SNPs (rs11708215 and rs13072552) (range, 0-4) and also
categorized the population by haplotypes formed by combinations of the 2 SNPs, studying
the association of GRS and CF gene haplotypes with CP concentrations and the incidence of
AF in multivariable race-specific models. We used an unweighted genetic score since there
are no large studies that could provide validated weights.

3. Results

After the exclusion of the participants listed above, this analysis in-
cluded 10,059 (mean age 62.7 + 5.6 years, 21.9% African American
and 56.7% female). Mean CP levels were higher in African Americans
than whites (311.6 & 71.1 mg/L versus 296.8 + 78.3 mg/L). The base-
line demographic characteristics stratified by CP quartiles for the overall
population are shown in Table 1. Overall, those with higher concentra-
tions of circulating CP were more likely to be women, African
American, had higher concentrations of hsCRP and NT-proBNP, but
lower concentrations of cTnT.

3.1. Associations of CP concentration with incident AF

Table 2 presents the associations between circulating CP, stratified
by quartiles and as a continuous variable, and AF risk. During a mean
follow-up of 10.5 years, a total of 1357 individuals developed AF (212
AF events in African American and 1145 in whites). Higher levels of cir-
culating CP were associated with incident AF in all the adjusted models.
Individuals with CP in the highest quartile had significantly higher risk
for AF than those in the lowest quartile (HR 1.38, 95%CI 1.08, 1.55)
after adjusting for traditional risk factors. The association was compara-
ble in the fully adjusted model including other biomarkers (HR 1.33,
95% C11.11, 1.61). A similar direct association was observed when we
modeled circulating CP as a continuous variable (HR 1.06, 95%CI 0.99,
1.13, per 1-standard deviation difference in CP). Results were essentially
unchanged after excluding 33 events occurring in the first 2 years of
follow-up.

3.2. Association between rs11708215, rs13072552 and CP concentration

We performed a race-stratified analysis between CP concentration
and the SNPs rs11708215 and rs13072552 located in or near the CP
gene in chromosome 3 in 10,059 and 8829 subjects respectively
(Table 3). The CP-increasing alleles frequency was different in whites
and African Americans. A higher number of CP-increasing alleles in
both SNPs was associated with higher concentrations of CP: 14.4
(95%Cl 8.8, 20.1; p < 0.001) and 133 (95%CI 10.9, 158, p <
0.001) mg/L in African Americans and whites respectively for
rs11708215, with the corresponding results being 5.9 (95%CI 1.7, 10.1;
p = 0.006) and 21.6 (95%CI 17.6, 25.6; p < 0.001) mg/L for
rs13072552. The R-squared for the association of each SNP with circu-
lating CP ranged between 0.006 and 0.012.

3.3. Association between rs11708215, rs13072552 and AF risk

We next investigated the relation between rs11708215, rs13072552
and incidence of AF separately in whites and African Americans
(Table 4). Contrary to our initial hypothesis, presence of the CP-
increasing alleles in rs11708215 and rs13072552 were significantly as-
sociated with lower risk of AF in whites (HR 0.84, 95%C10.76,0.94, p =
0.002 and HR 0.83, 95%C1 0.69, 0.99, p = 0.04 respectively for each CP-
increasing allele in the final adjusted model} but not in African
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Table 1

Baseline characteristics of the overall population by ceruloplasmin (CP) quartiles, ARIC study, 1996-1998.
CP mg/L Quartile 1 Quartile 2 Quartile 3 Quartile 4

<248.6 248.6 t0<285.3 2853 to <336.8 >336.8

N 2517 2515 2513 2514
Age 63.1 + 5.6 63.2 + 5.6 62.8 +£ 5.6 61.8 £ 5.5
Gender (% women) 21 45 68 92
African American (%) 13 20 28 26
BMI (kg/m?) 288 £ 5.0 287453 28.14+ 59 283458
Height (cm) 172.6 + 8.8 168.1 £ 5.4 165.8 + 8.9 162.7 + 6.9
Diabetes mellitus (%) 17 17 17 12
HTN medication (%) 42 41 43 44
SBP (mmHg) 126 + 18 127 + 189 128 + 184 127 £ 183
DBP (mmHg) 71+ 88 714102 71 + 106 70+ 103
Smoker, current (%) 22 25 26 27
Alcohol, current (%) 27 26 23 24
Total cholesterol (mg/dL) 191 4+ 34.2 200.2 + 34.6 2053 £ 373 206 + 36.8
LDL-c (mg/dL) 1194 + 31.2 1254 + 3138 127.7 + 346 1184 + 35.1
HDL-c (mg/dL) 438 + 134 47.7 + 147 50.7 + 15.7 593 4+ 17.6
Triglycerides (mg/dL) 1385 + 69.1 135.2 + 66.6 134 + 658 140.8 + 66.8
hs-cTnT (pg/L) 08 + 29 0.7 +08 0.7+ 14 0.5+ 08
hsCRP (mg/L) 354+ 72 33 +47 42452 6.6+ 7.9
NT-proBNP (pg/mL) 127.2 + 525 131.1 £+ 470.6 132.1 &+ 5244 141.7 £+ 2446
GGT (U/L) 28 + 263 30.7 + 398 31+ 358 295+ 448
AST (U/L) 24 + 147 24.14+ 1338 241+ 112 2314 105
ALT (U/L) 202 + 137 1954 13 19 4+ 113 167 £ 9.1

Values correspond to means or percent. Plus-minus values are means + SD.

BMI, body mass index; HTN, hypertension; SBP, systolic blood pressure; DBP, diastolic blood pressure; LDL, low-density lipoprotein; HDL, high-density lipoprotein; hs-cTnT, high-sensi-
tivity cardiac troponin T; hs-CRP, high-sensitivity C-reactive protein; NT-proBNP, N-terminal pro-B-type natriuretic peptide. GGT, vy glutamy] transpeptidase; AST, aspartate aminotrans-

ferase; ALT, alanine aminotransferase.

Americans (corresponding HRs 0.92, 95% €I 0.67, 1.25, p = 0.58 and
1.01, 95% C10.81, 1.26, p = 0.92). Additional adjustment for polymor-
phisms rs11708215 and rs13072552 did not affect the association be-
tween circulating ceruloplasmin and AF incidence (data not shown).
Results from a two-stage least squares regression analysis with the
two polymorphisms as instrumental variables were consistent with
these results, showing an inverse association of genetically-
determined CP with AF risk in whites but not in African Americans
(Table 5).

3.4. Difference in CP concentration and AF risk by number of risk alleles and
haplotypes in rs11708215 and rs13072552

The CP-related GRS showed a linear direct association with circulat-
ing CP. Participants with 3 or 4 CP-increasing alleles had the highest
blood CP concentration. This difference was significant in both African
Americans (Beta 34.5, 95%CI 18, 51 mg/L} and whites (Beta 36.3,
95%(Cl, 28.6,49.9 mg/L) (Fig. 1}. In contrast, we did not find any signifi-
cant association between GRS and increased AF risk in African
Americans and a potentially lower risk of AF with higher GRS in whites

(Fig. 2). Similar results were obtained when participants were catego-
rized according to haplotypes in both SNPs.

4. Discussion

Our study is the largest prospective study to date showing that
higher concentrations of circulating CP, an inflammatory plasma pro-
tein, are associated with AF. Consistent with previous observations, we
found that variants in SNPs rs11708215 and rs13072552, which are in
or near the (P gene in chromosome 3, were associated with circulating
concentrations of CP in a biracial cohort. In contrast, effect alleles asso-
ciated with higher CP concentrations in these 2 alleles were not associ-
ated with higher incidence of AF. In fact, and contrary to our initial
hypothesis, variants associated with higher CP concentrations were as-
sociated with lower risk of AF in whites. These findings do not support
a direct causal role of CP on AF risk, though statistical power is possibly
limited.

A previous publication from the Malmé Preventive Project in south-
ern Sweden, including 3900 participants, described an association be-
tween CP concentrations and AF incidence [7]. Our study confirms and

Table 2
Association between CP concentration and AF risk, ARIC study, 1996-2012.
Quartile 1 Quartile 2 Quartile 3 Quartile 4 Continuous® P-value”
CP (mg/L) <248.6 248.6 to <2853 285.3 to <336.8 >336.8 CP/o
# AF cases 359 362 335 301 1357
N 2514 2503 2492 2550 10,059
Hazard ratios (85% confidence intervals)
Model 1 1 (ref) 1.11 (0.96, 1.28) 1.18 (1.01, 1.39) 1.30 (1.08, 1.55) 1.04 (0.88, 1.11) 0.18
Model 2 1 (ref) 1.13 (0.98,1.32) 1.21 (1.03, 1.42) 1.38 (1.15, 1.66) 1.07 (1.00, 1.14) 0.05
Model 3 1 (ref.) 1.12 (0.86, 1.30) 1.1 (1.02, 1.40) 1.37 (1.14, 1.65) 1.06 (0.89, 1.14) 0.06
Model 4 1 (ref) 1.12 (0.87, 1.30) 1.18 (1.01, 1.40) 133 (1.11,1.61) 1.06 (0.89, 1.13) 0.1

Model 1: adjustment for age, sex, race, and ARIC study site.

Model 2: Model 1 + adjustment for BMI, height, alcohol drinking, diabetes mellitus, educational level, smoking status, systolic and diastolic blood pressure, total cholesterol and its frac-

tions, liver enzymes and use of medications (antihypertensive and corticosteroids).
Model 3: Model 2 + history of heart failure, M1, and stroke.
Model 4: Model 3 + biomarkers CRP, BNP and troponin.
* Per 1-standard deviation increase in CP. 0 = Standard deviation = 77.07 mg/L.
* P-value for the continuous analysis.
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Table 3
Difference in ceruloplasmin concentration by rs11708215 and rs13072552 genotype by race, ARIC study, 1996-1998.
1511708215
AA AG GG Additive model P-value”
African Americans (N = 2205) 1621 527 57 2205
CP mean values (mg/L) 3074 3224 330.7 3116
Model 1 Ref. 14.6 (7.7, 21.6) 25.5(6.9,44.1) 14.0 (8.2, 19.8) <0.001
Model 2 Ref. 15.2 (8.4, 22.0) 26.0(8.0,44.1) 14.4 (8.8,20.1) <0.001
Whites (N = 7854) 5008 2540 306 7854
CP mean values (mg/L) 2914 303.8 3276 256.8
Model 1 Ref. 12.8(9.8,16.1) 32.0(244,369) 142 (11.6, 16.7) <0.001
Model 2 Ref. 11.8 (8.9, 14.9) 31.0(23.8,38.2) 13.3 (109, 15.8) <0.001
1513072552
GG GT T Additive model P-value”
African Americans (N = 1925) 628 958 339 1925
CP mean values (mg/L) 308.8 309.6 3236 311.8
Model 1 Ref. 13(—523,7.9) 11.8 (2.9,2056) 5.2 (0.8,8.5) 0.02
Model 2 Ref. 1.1(—54,76) 13.6 (4.9,22.2) 5.8 (1.7,10.1) 0.006
Whites (N = 6504) 5841 921 42 6904
CP mean values (mg/L) 2584.1 3144 3415 287.1
Model 1 Ref. 20.9 (164, 25.6) 52.8(328,72.9) 218 (17.7,26.1) <0.001
Model 2 Ref. 20.7 (16.4,25.1) 51.8 (32.8, 70.7) 216 (17.6,25.6) <0.001

Measure of association: Beta coefficient (95% confidence intervals).
Model 1: adjustment for age, sex, ARIC study site and GWAS PCs.

Model 2: Model 1 + adjustment for BMI, height, alcohol drinking, diabetes mellitus, educational level, smoking status, systolic and diastolic blood pressure, total cholesterol and its frac-
tions, liver enzymes, use of medications (antihypertensive and corticosteroids), history or heart failure, MI, stroke and biomarkers like CRP, BNP and troponin.

" P-value for the additive model.

extends these findings to the large, middle-aged, biracial cohort of men
and women in the ARIC study. After adjusting for traditional risk factors
and different biomarkers, higher levels of circulating CP were associated
with incident AF. In contrast to our results, the Malmé Preventive Pro-
ject analysis described a higher risk of AF associated with the CP-
increasing allele in SNP rs11708215. This discrepancy may be due to dif-
ferences in sociodemographic and clinical characteristics of the study

populations, diverse sample sizes, and heterogeneity in AF ascertain-
ment method.

CP has been reported to possess both oxidative and anti-oxidative
functions. It has been seen that the overproduction of reactive oxygen
species (ROS) is associated with both AF and CP pathogenicity [19].
When this occurs, the body's antioxidant systems such as catalase, su-
peroxide dismutase and glutathione are saturated and unable to

Table 4
Association of rs11708215 and 1513072552 genotype with incidence of atrial fibrillation by race, ARIC study, 1996-2012.
1511708215
AA AG GG Additive model P-value”
African Americans (N = 2205) 1621 527 57 2205
AF cases 158 46 7 212
Model 1 1 (ref.) 0.87 (0.62, 1.20) 1.23 (0.58,2.63) 0.90 (0.66, 1.21) 0.47
Model 2 1 (ref.) 0.89 (0.64, 1.24) 1.39(0.65, 2.99) 0.92 (0.68, 1.26) 0.61
Model3 1 (ref.) 0.88 (0.63, 1.23) 1.38 (0.64, 2.96) 0.92 (0.67, 1.25) 0.58
Whites (N = 7854) 5008 2540 306 7854
AF cases 766 338 40 1145
Model 1 1 (ref) 0.84 (0.74,0.96) 0.82 (0.60,1.13) 0.87 (0.77, 0.96) 0.008
Model 2 1 (ref)) 0.84 (0.73,0.95) 0.77 (0.56,1.05) 0.85 (0.77, 0.95) 0.003
Model 3 1 (ref)) 0.83 (0.73,0.94) 0.75 (0.54,1.03) 0.84 (0.76, 0.94) 0.002
1513072552
GG GT T Additive model P-value”
African Americans (N = 1925) 628 958 338 1925
AF cases 54 92 33 179
Model 1 1 (ref.) 0.98 (0.73,1.31) 0.99 (0.66, 1.47) 1.08 (0.87, 1.34) 0.47
Model 2 1 (ref.) 0.89 (0.66, 1.20) 0.92 (0.61,1.38) 1.01(0.81,1.27) 0.91
Model 3 1 (ref)) 0.88 (0.66, 1.20) 0.91 (0.61,1.37) 1.01(0.81, 1.26) 0.52
Whites (N = 6504) 5541 921 42 6904
AF cases 883 123 4 1010
Model 1 1 (ref)) 0.91 (0.75,1.10) 0.62 (0.23, 1.66) 0.89 (0.75, 1.06) 0.19
Model 2 1 (ref)) 0.86 (0.71,1.03) 0.68 (0.25,1.82) 0.85 (0.71, 1.02) 0.08
Model3 1 (ref.) 0.84 (0.69, 1.02) 0.65 (0.24, 1.75) 0.83 (0.69, 0.99) 0.04

Measure of association: Hazard ratio (95% confidence intervals).

Model 1: adjustment for age, sex and ARIC study site and GWAS PCs (in African Americans).

Model 2: Model 1 + adjustment for BMI, height, alcohol drinking, diabetes mellitus, educational level, smoking status, systolic and diastolic blood pressure, total cholesterol and its frac-
tions, liver enzymes, use of medications (antihypertensive and corticosteroids), history or heart failure, MI, stroke and biomarkers like CRP, BNP and troponin.

Model 3: Model 2 + CP concentration.
" P-value for the additive model.
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Table 5

Results from two-stage least squares regression analysis with rs11708215 and
1513072552 as instruments, circulating ceruloplasmin as the main independent variable,
and AF risk as the outcome, ARIC study, 1896-2012.

1s11708215 1513072552
Whites African Whites African
Americans Americans
B coefficients —0.001 0.001 —0.001 0.001
P-value 0.038 0.726 0.138 0.731

counteract oxidative stress, leading to tissue damage. CP is capable of
promoting the activation of the NO oxidase and consume NO catalytical-
ly reducing its bioavailability in plasma. Animal studies have shown that
NO and NO synthases play a key role in the normal cardiac physiology
[20,21]. NO is a cardioprotective agent due to, among other mecha-
nisms, inhibition of oxidative stress. Therefore, high levels of CP in the
body can stimulate the activity of NO oxidase causing a decrease of
NO and tilting the balance towards an oxidative role. This oxidative
stress may produce cardiac electrical activity alterations, damaging ion
channels and finally leading to the AF development [22,23].

Our study has several potential clinical implications. First, since pa-
tients with high levels of CP are more likely to develop AF, information
on CP concentrations may facilitate efforts to identify high-risk individ-
uals. And, second, future studies could determine whether CP measure-
ments can be used to monitor the efficacy of interventions aimed to
prevent AF.

4.1. Limitations

Although hospital discharge codes being used for identifying inci-
dent AF cases have shown to be valid [9], AF cases managed exclusively
in outpatient settings and those who are asymptomatic are certainly
missed. In addition, there may be some misclassification of the CP con-
centrations exposure since there is no follow-up information on circu-
lating CP after visit 4. As a result, if the CP measures happened to
change over time, there is no additional information to examine such
changes from follow-up data. Finally, our Mendelian randomization
analysis is limited due to the weak association between the CP-related
variants and circulating CP and to the potential association of CP-
related variants with other cardiovascular risk factors (pleiotropy).

5. Conclusion

High levels of circulating CP are associated with increased incidence
of AF. The two SNPs studied were associated with increased CP levels in
both whites and African Americans. Opposite to our initial hypothesis,
the presence of the effect allele in rs11708215 SNP was associated
with significantly lower risk of AF in whites, but not in African
Americans. Our results suggest that CP can be one of many inflammato-
ry intermediaries involved in the development of AF. Therefore, addi-
tional studies are needed to understand the causal mechanism behind
this association to advance our ability to prevent this common
arrhythmia.
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Essentials

+ Ceruloplasmin (CP) is an acute-phase reactant and a
potential biomarker of atherothrombotic nisk.

*» We assessed associations between CP and venous
thromboembolism (VTE) nisk in 9933 individuals.

» Higher circulating CP but not CP-related genes were
associated with greater incident VTE rates.

» Circulating CP could be considered a non-causal bio-
marker of VTE risk in the community.

Summary. Background: Ceruloplasmin (CP) 1s an acute-
phase reactant and a potential biomarker of atherothrom-
botic risk. We assessed the associations between CP,
CP-associated genetic variants and incident venous thom-
boembohsm (VTE) in the Atherosclerosis Risk in Com-
munities study. Methods and results: In an observational
study, 9933 men and women aged 53-75 years without
prevalent VTE were included in 1996-1998 and followed
through 2011. Circulating CP was measured in stored
blood samples obtained in 1996-1998. Polymorphisms
rs11708215 and rs13072552, which have been previously
associated with CP concentrations, were measured in
8439 participants. VTEs were identified from hospital
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discharge codes and validated by physician review of
medical records and imaging reports. Over a mean of
10.5 years of follow-up, 376 cases of VTE were identified.
The association between circulating CP, CP-associated
polymorphisms and the incidence of VTE was estimated.
After adjustment for traditional risk factors and biomark-
ers, higher concentrations of circulating CP were associ-
ated with greater incident VTE rates (hazard ratio 1.82,
95% confidence interval 1.12-2.95, comparing the 87.5-
100th percentile with the bottom quartile). Both
rs11708215 and rs13072552 were associated with CP con-
centrations but not with VTE nsk. Conclusions: Even
though high CP concentrations were associated with an
increased VTE nisk, CP-associated genetic vanants were
not associated with a higher risk of VTE. Our results sug-
gest that circulating CP concentrations may not be cau-
sally related to the nsk of incident VTE.

Keywords: ceruloplasmin;  oxidative  stress;  single-
nucleotide polymorphism; venous thromboembolism.

Introduction

Deep vein thrombosis (DVT) and pulmonary embolism
(PE) are mamfestations of venous thromboembolism
(VTE), the third most common cardiovascular disease
after myocardial infarction and stroke. [1,2].

It i1s estimated that at least 900 000 people are
affected by VTE (1-2 per 1000 adults) each year in the
USA. This results in 100 000 premature deaths [3,4], of
which >10% will occur within 1 month of diagnosis.
[1,2]. Because of the public health burden and expense
associated with VTE, additional biomarkers are needed
to help detect or predict VTE and/or monitor the treat-
ments prescribed.
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Ceruloplasmin (CP) is an enzyme synthesized in the
liver that is responsible for the transport of circulating
copper. CP 1s also involved in iron metabolism. It is an
acute-phase reactant that may have antioxidant actions
but can also participate in the generation of free radicals
that may underhe several illnesses, such as myocardial
infarction, arteriosclerosis, unstable angina, abdominal
aortic aneurysm, vasculitis, peripheral artenal disease,
and even dementia [5,6].

There is strong evidence that inflammation, during which
CP levels are increased, 1s associated with an increased risk
of atherothrombosis [7,8]. Several studies have demon-
strated a relationship between vanous proteins involved in
inflammatory processes and VTE. For example, the
Atherosclerosis Risk in Communities (ARIC) study previ-
ously found that elevated hgh-sensitivity C-reactive pro-
tein (hsCRP), but not fibnnogen, was independently
associated with an increased risk of VTE [9]. Inflammation
seems to trigger a chain reaction whereby procoagulant fac-
tors are activated and the fibrinolytic pathway is inhibited
[10]. However, Sveinsdottir ef al. found no significant rela-
tionship between VTE incidence and CP or other inflam-
matory markers (fibrinogen, orosomucoid, oy-antitrypsin,
and haptoglobin) [11]. Additionally, two single-nucleotide
polymorphisms (SNPs) located in the CP gene promoter
are associated with CP concentrations in blood
(1311708215 and rs113072552) [12]. We addressed the asso-
ciation between these SNPs, circulating CP and VTE inci-
dence in the ARIC study. We hypothesized that higher
circulating CP concentrations would be associated with
greater VTE incidence, and, following a Mendehan ran-
domization framework, that if the association between cir-
culating CP and VTE incidence is causal then genetic
variants associated with higher circulating CP concentra-
tions would also increase the risk of VTE.

Methods

Study population

The ARIC study 1s a community-based population study
designed to investigate the causes of cardiovascular dis-
ease. From 1987 to 1989 (ARIC study baseline), 15 792
adults (55.2% women; age, 45-64 years) from four US
commumnities (Washington County, MD; suburbs of Min-
neapolis, MN; Jackson, MS; and Forsyth County, NC)
were enrolled and underwent a home interview and clinic
visit. Additional examinations were conducted in 1990-
1992, 1993-1995, 1996-1998, 2011-2013, and 2016-2017.
Participants were mostly white in the Washington County
and Minneapolhs sites, exclusively African Americans in
Jackson, and a mix of both in Forsyth County [13].

Of the 11 656 participants attending visit 4 (1996-1998),
we excluded individuals with prevalent VIE at wisit 1
(N =238), with an incident VTE event before wisit 4
(N =49), with missing data for CP (N = 153), taking
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anticoagulants at visit 4 (N = 235), whose follow-up ended
on the date of the visit 4 exarmnation (N = 2), and with
mussing information for body mass index (BMI) (N = 38) or
any other vaniable used in the statistical models (N = 939).
We additionally excluded individuals who were not white or
African American and any African American participants at
the Minnesota and Washington County field centers,
because of small enrollment numbers (N = 69).

Ascertainment of VTE

Staff contacted ARIC participants annually by telephone
and asked about all hospitalizations in the previous year.
In addition, the ARIC study conducted surveillance of
hospital discharge lists from local hospitals, and obtained
all International Classification of Diseases (ICD) dis-
charge codes. For ICD codes indicating possible VTE
events, staff obtained copies of the hospital records. To
vahdate VTE events, two physicians reviewed the records
by using standardized critenia, requrng positive imaging
test findings for diagnosis of DVT and PE. We restricted
DVTs for this analysis to those occurring in the lower
extremities or vena cava, because upper-extremity DVTs
were relatively few in number and almost always resulted
from the use of venous catheters [14].

Covariates

At each study wisit, participants underwent physical
assessments, provided blood samples, and answered ques-
tionnaires. For the present analysis, information on all
covariates was obtained at visit 4, with the exception of
education, which was assessed only at baseline. Sex, race,
date of birth and hormone replacement therapy (HRT)
were self-reported by the study participant. Weight and
height were measured with the participant wearing light
clothing. BMI was calculated as weight (n kilograms)
divided by height (in meters) squared. Blood pressure was
measured twice and averaged to define systolic and dias-
tolic blood pressure. Hypertension was defined as a sys-
tolic blood pressure of > 140 mmHg, a diastolic blood
pressure of > 90 mmHg, or the use of antihypertensive
medication. Diabetes was defined as a fasting blood glu-
cose level of > 126 mg dL ™!, a non-fasting blood glucose
level of > 200 mg dL ™', a self-reported physician diagno-
sis of diabetes, or the use of antidiabetic medication.

Biomarker assays and genotyping

Plasma CP concentrations were measured in 2010-2011
from wvisit 4 plasma samples (stored at — 70 °C since col-
lection in 1996-1998) with an immunoturbidimetric assay
by use of an automated chemistry analyzer (Olympus
AU400e; Olympus Life Science Research FEuropa,
Miinchen, Germany). The CP turbidimetric procedure
was calibrated every 14 days by the use of Olympus

© 2019 International Society on Thrombosis and Haemostasis



Serum Protein Multi-cahibrator 2 (Cat. no. ODR3023),
which was traceable to International Federation for Chini-
cal Chemistry International Reference Preparation
CRM470 (RPPHS). The interassay coefficient of varniation
for CP was 6.8%.

Levels of hsCRP were measured with an immunoneph-
elometric assay on a BNII autoanalyzer (Siemens Health-
care Diagnostics, Deerfield, IL, USA), with a rehiability
coefficient of 0.9.

The 1311708215 SNP was genotyped with the Seque-
nom iPLEX assay, and the rs13072552 SNP was geno-
typed with the Affymetrix Genome-Wide Human SNP
Array 6.0.

The ARIC study had previously exhausted most base-
line citrate plasma samples. Therefore, in this analysis, we
used D-dimer and factor XI concentrations measured in
fasting citrate plasma collected at ARIC wvisit 3 (in 1993-
1995} and stored unthawed at — 70 °C until analysis in
2014. The Laboratory for Clhinical Biochemistry Research
at the University of Vermont used an immunoturbidimet-
nic assay (Liatest D-DI; Diagnostica Stago, Parsippany,
NJ, USA) on the Evolution analyzer (Diagnostica Stago)
for D-dimer, and sandwich ELISA with affimty-purnified
polyclonal antibodies from Affinity Biologicals (Ancaster,
Ontario, Canada) for factor XI. The analytical coefficient
of vanation for the D-dimer assay was 4-16%. Blind
analysis of 73 pairs of ARIC samples split at the time of
blood draw and stored until 2014 yielded an intraclass
rehability coefficient of 0.92 [15].

For FXI, the coefficient of vanation for control sam-
ples during this study averaged 9.6%. Blind analysis of 74
pairs of ARIC samples spht at the time of blood draw
and stored until 2014 yielded an intraclass reliability coef-
ficient of 0.81 [16].

Other hemostatic factors were measured at ARIC wisit 1
(1987-1989). FVIII activity was measured by deternmining
the ability of the tested sample to correct the clotting time of
human FVIII-deficient plasma obtained from George King
Biomedical, Overland Park, Kansas. von Willebrand factor
(VWF) antigen was determined by the use of ELISA kits
from Amernican Bioproducts, Canton, MA. Activated partial
thromboplastin time (APTT) was measured on an auto-
mated coagulometer (Coag-A-Mate X-2; General Diagnos-
tics, Turbhe, Navi Mumbai, India). The reference matenal
for assays was the Umversal Coagulation Reference Plasma
(Thromboscreen; Pacific Hemostasis, Curtin Matheson Sci-
entific, Houston, TX, USA). Rehability coefficients (method
variance plus intraindividual vanance divided by total van-
ance) obtained from repeated testing of individuals over a
period of several weeks were 0.86 for FVIII, 0.68 for VWF,
and 0.92 for APTT [17].

Statistical analysis

Cox proportional hazards models were used to estimate
the association between CP concentrations and incident
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VTE. Time to follow-up was defined as the time between
visit 4 and VTE occurrence, death, loss to follow-up, or
the end of 2011, whichever occurred first. Imtally, we
explored the shape of the association of CP concentration
with VTE nsk by using restrnicted cubic splines, which
allowed us to test for linearity. The crculating CP con-
centration was modeled by the use of quartiles (with the
highest quartile spht in two) and as a continuous variable
(scaled per standard deviation increment).

The following incrementally adjusted models were used
to analyze the CP-VTE association: model 1 — adjust-
ment for age, sex, race, BMI, and current HRT; model 2
— model 1 plus adjustment for diabetes mellitus, systolic
blood pressure, APTT, VWF, D-dimer, FVIII, FXI, and
hsCRP. Other atherosclerotic risk factors, such as dias-
tolic blood pressure, smoking, lipid levels, and physical
activity, were not strong VTE risk factors in the ARIC
study, and were therefore not examined. We also per-
formed a sensitivity analysis with adjustment for partici-
pants’ cancer status (yes or no), which had no matenal
impact on the results.

In a second step, we used race-specific inear regression
models testing the association between CP gene SNPs
(rs11708215 and 1s13072552) and CP concentration.
Analyses in African Americans were adjusted for the first
10 principal components of ancestry (PCAs) to correct
for population stratification.

Third, a race-specific Cox model was used to test asso-
ciations of CP gene SNPs rs11708215 and rs13072552,
separately, with VTE nsk, with adjustment for age, sex,
race, BMI, HRT, and PCAs (in African Americans), and
for covanates hsted above in model 2 as well as for CP
concentration, to test whether any association between
rs11708215 or rs13072552 might be mediated by circulat-
ing CP.

Finally, we created a CP-related genetic risk score
(GRS) by summing the number of CP-increasing alleles
in the two SNPs (rs11708215 and rs13072552) (range, 0-
4), and also categorized the population into haplotypes
formed by combinations of the two SNPs. We assessed
the associations of GRS and CP gene haplotypes with CP
concentration and the incidence of VTE in multivariable
race-specific models. We used an unweighted GRS,
because there are no large studies that could provide vah-
dated weights.

Results

This ARIC wisit 4 sample included 9933 participants at
risk for VTE (mean age, 62.7 4+ 5.6 years; 20.1% African
Americans and 55.7% females). Mean CP concentrations
were higher in African Americans than in whites
(311.9 + 71.7 mg L™" versus 296.1 & 78.1 mg L™"). The
baseline demographic charactenistics stratified by CP
quartiles for the overall sample are shown in Table 1.
Those with higher circulating CP concentrations were
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Table 1 Baseline characteristics (mean + standard deviation or percentage) of the overall sample by ceruloplasmin (CP) quartiles in the

Atherosclerosis Risk in Communities study, 1996-1998

CP (mg L™

Quartile 1 Quartile 2 Quartile 3 Quartile 4
Characteristic <248 248 to < 284.6 284.6 to < 335 >335
N 2486 2487 2480 2480
Age (years) 63 £ 5.6 63 £ 57 63 £5.7 62 £ 5.5
Women (%) 20 44 67 91
African American (%) 12 18 27 25
BMI (kg m™?) 289 £49 28.6 £ 52 290 £ 538 282 +£58
HRT use (%)* 3 5 11 42
Diabetes mellitus (%) 18 17 17 12
SBP (mmHg) 126 + 17 127 £ 19 129 + 19 127 + 19
DBP (mmHg) 71+9 71 £ 10 71 £ 10 70 £ 10
Smoker, current (%) 21 25 27 26
Total cholesterol (mg dL™") 191 + 35 200 + 35 205 + 38 206 + 36
LDL cholesterol (mg dL™Y) 119 + 30 125 + 31 127 + 33 118 4 34
HDL chosterol (mg dL™7) 44 +13 47 + 14 50 4+ 15 59 4+ 17
Triglycerides (mg dL™) 147 + 98 140 + 83 141 + 86 146 + 77
hsCRP (mg L) 36+74 33447 42+53 65+176
APTT ()t 29.4 + 3.0 2924+ 29 29.1 £3.1 28.8 £ 2.8
Factor VIII (%) 125 £ 37 127 £ 35 129 + 36 129:4:35
VWF (%)t 112 £ 43 114 £ 44 116 + 47 113 + 43
D-dimer (ug mL™)t 0.39 £ 1.05 046 + 1.33 0.48 + 1.13 0.62 + 1.82
Factor XI (%)% 107 + 24 111 £ 25 115 + 26 118 + 28

APPT, activated partial thromboplastin time; BMI, body mass index; DBP, diastolic blood pressure; HRT, hormone replacement therapy;
hsCRP, high-sensitivity C-reactive protein; SBP, systolic blood pressure; VWF, von Willebrand factor. *Women only. Visit 1 value (1987-
1989). $Visit 3 value (1993-1995). The rest of the covariates were measured at visit 4.

more likely to be women, to be African American, and to
have higher hsCRP concentrations.

Associations of CP concentration with incident VTE

During a mean follow-up of 10.5 years, a total of 376
individuals developed VTE (110 events in African Ameni-
cans and 266 in whites). Table 2 shows the associations
between circulating CP concentration, stratified by quar-
tiles (last quartile spht in two) and as a continuous vari-
able, and VTE nsk. Higher circulating CP concentrations
were associated with greater incidence of VTE in all of
the adjusted models. Individuals with CP concentrations
in the highest category (87.5-100th percentile} had 1.61-
fold greater VTE nsk than those in the lowest quartile
(hazard ratio [HR] 1.61, 95% confidence interval
[CI] 1.06-2.45) after adjustment for traditional risk fac-
tors. The association was comparable in the fully adjusted
model  including  other  biomarkers  (HR 1.50,
95% CI 0.98-2.29). A similar association was observed
when we modeled circulating CP concentration as a con-
tinuous variable in model 2 (HR 1.16, 95% CI 1.03-1.30
per one standard dewviation increment in CP concentra-
tion). Associations between circulating CP concentrations
and VTE nsk were similar in  whites (HR 1.16,
95% CI 1.01-1.34 per one standard deviation increment
in CP concentration) and African Amencans (HR 1.13,
95% CI 0.91-1.41). We also conducted stratified analysis
by sex. HRs (95% CIs) for the association between CP

34

concentration and VTE stratified by sex are shown in
Tables S1 and S2. Higher CP concentrations were associ-
ated with an increased VTE risk in both men and women,
without evidence of a sigmficant interaction (P for inter-
action = 0.49). Given the more limited sample size in each
analysis, estimates were more imprecise than in the com-
bined analysis. Nevertheless, HRs for VTE in the top cat-
egory were 1.5 1n women and 1.6 in men.

One additional analysis was carried out with restriction
of follow-up to the first 11 years. Associations were stron-
ger than for the entire follow-up, indicating that there
was some dilution of the effect over time (Table S3).

We also plotted the association between circulating CP
concentration and VTE rnsk by modeling CP concentra-
tion with a restricted cubic sphine. The nisk increased up
to the 87.5th percentile, and plateaved afterwards

(Fig. 1).

Association between rs11708215, rs13072552, and CP
concentration

We performed a race-stratified analysis between CP con-
centration and the SNPs rs11708215 and r1s13072552
located in or near the CP gene in chromosome 3 in 8439
subjects (Table 3). The frequencies of CP-increasing alle-
les differed between whites and African Amencans. For
both SNPs, a higher number of CP-increasing alleles was
associated with higher concentrations of CP: 30.3 mg L™
(95% CI 11.5-49.1) and 29.8 mg L™ (95% CI 22.-37.2)

© 2019 International Society on Thrombosis and Haemostasis
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Table 2 Hazard ratios (95% confidence intervals) for the association between ceruloplasmin (CP) concentration and venous thomboembolism

(VTE) risk; the Atherosclerosis Risk in Communities study, 1996-2011

75-87.5th 87.5-100th
Quartile 1 Quartile 2 Quartile 3 percentile percentile Continuous* P-valuet

CP (mg L) < 248 248 to < 284.6 284.6 to < 335 335 to < 386.4 > 386.4
No. of VTE cases 87 92 85 60 52 376
N 2486 2487 2480 1240 1240 9933
Hazard ratios (95% confidence intervals)

Model 1 1 (ref) 1.09 (0.81-1.47)  0.99 (0.72-1.37)  1.53 (1.05-2.21)  1.61 (1.06-2.45)  1.20 (1.06-1.35)  0.003

Model 2 1 (ref) 1.09 (0.81-1.46)  0.98 (0.71-1.36)  1.50 (1.03-2.18)  1.50 (0.98-2.29)  1.16 (1.03-1.30)  0.016

Model 1: adjustment for age, sex, race, body mass index (BMI), and hormone replacement therapy (HRT). Model 2: model 1 + adjustment for
diabetes mellitus, systolic blood pressure, activated partial thromboplastin time, von Willebrand factor, D-dimer, factor VIII, factor XI, and high-
sensitivity C-reactive protein. *Per one standard deviation increase in CP concentration (77.1 mg L—1). tP-value for the continuous analysis.

0 200
Ceruloplasmin (mg L)

400 600

Fig. 1. Association of concentration of circulating ceruloplasmin with incidence of VTE presented as hazard ratio (solid line) and 95% confi-
dence interval (shaded area) adjusted for age, sex, and race. The histogram represents the distribution of circulating ceruloplasmin in the study
sample. Orange points corresponds to the values for the 25th, 50th, 75th and 87.5th percentiles of the ceruloplasmin distribution.

higher in African Americans and whites, respectively, for
rs11708215, with the corresponding results being
13.6mg L™"  (95% CI 4.6-22.6) and 538 mg L™
95% CI 34.9-72.7) higher for 1313072552 in the fully
adjusted model. The proportion of vanability in circulat-
ing CP concentration explained by these two SNPs was
small (> = 0.02). Reported differences in concentration
reflect two risk alleles versus no risk alleles of the SNPs.

Association between rs11708215, rs13072552, and VTE risk

We next investigated the relationship of rs11708215 and
rs13072552 with VTE incidence separately in whites and
African Amencans (Table 4). The presence of the CP-
increasing alleles in rs11708215 and 1rs13072552 were not
significantly associated with VTE risk in whites or Afri-
can Americans.

Difference in CP concentration and VTE risk by number of
risk alleles and haplotypes in rs11708215 and rs13072552

The CP-related GRS showed a lhinear association with cir-
culating CP concentration (Table 5). Participants with

© 2019 International Society on Thrombosis and Haemostasis

three or four CP-increasing alleles had the highest blood
CP concentrations. This difference was significant in both
African Americans (Beta 11.6 mg L™, 95% CI 7.7-15.5)
and whites (Beta 11.7 mg L™", 95% CI 9.8-13.6). In con-
trast, neither the GRS (Table 5) nor the haplotype cate-
gories (Table 6) were associated with VTE nsk in whites.
In contrast, there was some suggestion that African
American with a GRS of 0 (Table 5) or haplotype AA/
GG may have a lower VTE risk than those with other
genotypes.

Discussion

This 1s the largest prospective study to date showing that
a higher concentration of circulating CP, an inflammatory
plasma protein, is associated with modestly increased
VTE nsk. We found that vanants in SNPs rs11708215
and rs13072552, which are in or near the CP gene in
chromosome 3, were associated with circulating CP con-
centrations in both whites and African Americans. In
contrast, alleles in these two SNPs associated with higher
CP concentrations were not associated with a greater
VTE incidence. These findings do not support a direct
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Table 3 Association between rs11708215 and rs13072552 single-nucleotide polymorphism and difference in ceruloplasmin (CP) concentration

AA AG GG
rs11708215

African Americans (N = 1661) 1225 393 43
CP mean values (mg L") 307.4 3224 330.7
Difference (mg dL™"), model 1 Ref. 16.6 (9.5-23.7) 29.6 (10.7-48.5)
Difference (mg dL™"), model 2 Ref. 16.6 (9.6-23.6) 30.3 (11.5-49.1)

Whites (N = 6778) 4331 2162 285
CP mean values (mg L) 291.4 303.8 327.6
Difference (mg dL™%), model 1 Ref. 11.7 (8.5-14.9) 30.4 (22.9-37.9)
Difference (mg dL™"), model 2 Ref. 11.7 (8.5-14.9) 29.8 (22.5-37.2)

GG GT T
1813072552

African Americans (N = 1661) 550 824 287
CP mean values (mg L) 308.9 309.2 323.9
Difference (mg dL™"), model 1 Ref. 0.9 (- 59t07.6) 13.6 (4.5-22.7)
Difference (mg dL™"), model 2 Ref. 1.1(- 5.7 to 7.8) 13.6 (4.6-22.6)

Whites (N = 6778) 5830 907 41
CP mean values (mg L") 293.6 314.3 340.3
Difference (mg dL™"), model 1 Ref. 20.9 (16.5-25.2) 54.9 (35.8-74.0)
Difference (mg dL™"), model 2 Ref. 21.1 (16.8-25.4) 53.8 (34.9-72.7)

Model 1: adjustment for age, sex, race, body mass index, hormone replacement therapy, and principal components of ancestry (in African
Americans). Model 2: model 1 + adjustment for diabetes mellitus, systolic blood pressure, activated partial thromboplastin time, von Wille-
brand factor, D-dimer, factor VIIIL, factor XI, and high-sensitivity C-reactive protein.

causal role of CP in VTE risk, although statistical power
to rule out a small effect was limited.

A previous publication from the Malmo Preventive
Project in southern Sweden, including 6068 participants,
explored whether raised levels of inflammation-sensitive
plasma markers (fibrinogen, haptoglobin, CP, oy-antitryp-
sin, and orosomucoid) were associated with increased
VTE risk. They did not find any association between
these biomarkers and VTE nisk [11].

In contrast to this previous study, we found a positive
association of CP concentration with VTE in a large,
middle-aged, biracial cohort of men and women. After
adjustment for several VTE risk factors and different
biomarkers, higher circulating CP concentrations
remained associated with increased VTE incidence.

Multiple clinical and molecular lhines of evidence sug-
gest a close link between inflammation, thrombosis acti-
vation, and VTE [18-22]. Inflammation increases the
production of procoagulant factors, activating blood
coagulation and inhibiting the fibrninolytic pathway [23].
During endothehal dysfunction, platelet-activating factor
and endothelin-1 are released, promoting vasoconstric-
tion, whereas production of FV, VWF, plasminogen acti-
vator inhibitor-1 and tissue factor augments thrombosis.
Furthermore, endothelial cells increase the number of
adhesion molecules in the surface, promoting the activa-
tion of leukocytes. This event initiates and amplhfies
inflammation and thrombosis [24].

It has been reported that inflammation, with the subse-
quent overproduction of reactive oxygen species (ROS), 1s
associated with VTE nsk [18-22]. CP has been suggested
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to have proinflammatory effects on vascular cells, both
oxidative and antioxidative functions having been
reported. Therefore, hypothetically, the overproduction of
ROS and vascular inflammation could be a cause of VTE
in the presence of higher CP concentrations.

In relation to C-reactive protein (CRP), we are uncertain
why single measures of CRP were previously associated
with incident VTE [9,25] but changes in these biomarkers
were not, and this appears to be somewhat dependent on
the follow-up time [26]. One possibility is that the original
findings were spurious, because of some unrecognized con-
founding variable. The lack of longitudinal associations
between CRP and VTE incidence suggest that this protein
18 not a nisk factor for VTE. This 1s supported by the study
of Zacho ef al., in which genetically elevated CRP levels
were not associated with increased VTE risk [27].

Durning an inflammatory process, multiple factors are
involved. Numerous inflammatory markers could be ana-
lyzed individually as potential VTE rnisk factors. Further
studies would be needed to deterrmne whether an elevated
CP concentration is a causal nisk factor or merely a nisk
marker for VTE.

Strengths and limitations

Strengths of the study include the large sample size and
power to measure overall associations between CP con-
centration and VTE. However, there are a few lmita-
tions. Although the LITE study validated VTEs, some
VTE cases treated in outpatient settings are rmssed [14].
In addition, there may be some misclassification of CP

© 2019 International Society on Thrombosis and Haemostasis
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Table 4 Hazard ratios (95% confidence intervals) for the associations of the rs11708215 and rs13072552 single-nucleotide polymorphisms with
venous thomboembolism (VTE) risk

AA AG GG
rs11708215
African Americans (N = 1661) 1225 393 43
VTE cases 61 25 2
Model 1 1 (ref) 1.31 (0.82-2.10) 0.90 (0.22-3.72)
Model 2 1 (ref) 1.28 (0.80-2.06) 1.06 (0.25-4.41)
Whites (N = 6778) 4331 2162 285
VTE cases 132 86 8
Model 1 1 (ref) 1.31 (1.00-1.72) 0.89 (0.43-1.81)
Model 2 1 (ref) 1.31 (1.00-1.72) 0.89 (0.43-1.82)
GG GT T
rs13072552
African Americans (N = 1661) 550 824 287
VTE cases 21 50 17
Model 1 1 (ref) 1.52 (0.91-2.53) 1.40 (0.73-2.69)
Model 2 1 (ref) 1.54 (0.91-2.61) 1.57 (0.81-3.04)
GT/TT
Whites (N = 6778) 5830 948
VTE cases 191 35
Model 1 1 (ref) 1.12 (0.78-1.61)
Model 2 1 (ref) 1.11 (0.77-1.59)

Model 1: adjustment for age, sex, race, body mass index, hormone replacement therapy and principal components of ancestry (in African
Americans). Model 2: model 1 + adjustment for diabetes mellitus, systolic blood pressure, activated partial thromboplastin time, von Wille-
brand factor, D-dimer, factor VIIL, factor XI, and high-sensitivity C-reactive protein.

Table 5 Differences in ceruloplasmin (CP) concentration and venous thromboembolism (VTE) risk by number of CP-increasing alleles in

rs11708215 and rs13072552

No risk alelles

One risk alelle

Two risk alelles

Three to four nsk alelles

N 4499 2497 1253 190

CP (mg L™ 291.0 303.7 317.7 3321

VTE cases 133 117 59 5

African Americans

Difference in CP concentration (95% confidence intervals)

N 353 791 466 51
VTE cases 10 46 29 3
Model 1 Ref. 11.3 (3.5-19.2) 23.4 (14.7-32.1) 32.5 (14.2-50.9)
Model 2 Ref. 11.8 (4.0-19.7) 23.8 (15.1-32.4) 32.9 (14.7-51.2)

Hazard ratios (95% confidence intervals)

Model 1 1 (ref) 2.03 (1.02-4.04) 2.11 (1.02-4.04) 1.73 (0.47-6.37)
Model 2 1 (ref) 2.26 (1.11-4.60) 2.31 (1.10-4.87) 2.24 (0.60-8.38)
Whites
Difference in CP concentration (95% confidence intervals)
N 4146 1706 787 139
VTE cases 123 71 30 2
Model 1 Ref. 9.9 (6.5-13.5) 23.4 (18.7-28.11) 39.3 (28.8-49.8)
Model 2 Ref. 10.1 (6.6-13.5) 232 (18.6-27.9) 39.2 (28.8-49.5)
Hazard ratios (95% confidence intervals)
Model 1 1 (ref) 1.39 (1.04-1.86) 1.28 (0.86-1.91) 0.48 (0.12-1.94)
Model 2 1 (ref) 1.38 (1.03-1.85) 1.29 (0.87-1.93) 0.45 (0.11-1.83)

Model 1: adjustment for age, sex, race, body mass index, hormone replacement therapy, and principal components of ancestry (in African
Americans). Model 2: model 1 + adjustment for diabetes mellitus, systolic blood pressure, activated partial thromboplastin time, von Wille-
brand factor, D-dimer, factor VIII, factor XI, and high-sensitivity C-reactive protein.

concentrations, as there is no follow-up information on bias our HRs (presumably towards 1). Power is poor for
circulating CP concentrations after visit 4. As a result, if  race-specific findings and for the SNP associations. We
the CP measures changed over time, it would tend to considered these SNPs because they have been previously

© 2019 International Society on Thrombosis and Haemostasis
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Table 6 Differences in ceruloplasmin (CP) concentration, hazard ratios (HRs) and 95% confidence intervals (CIs) of venous thromboembolism

(VTE) by haplotypes of rs11708215 and rs13072552

Ceruloplasmin

Difference in

HR (95% CI) of

Haplotype (rs11708215/rs13072552) N VTE events (mg L™ CP (adjusted)* AF (adjusted)*

African Americans (n = 1661)
AA/GG 353 10 298.4 Ref. 1 (Ref)
AA/GT 621 36 305.3 7.6 (— 0.5to 15.7) 2.19 (1.05-4.55)
AA/TT 251 15 323.4 22.7 (12.6-32.9) 2.35 (1.02-5.39)
AG/GG 170 10 3248 26.9 (15.6-38.1) 2.50 (1.02-6.13)
AG/GT 188 13 3218 22.4 (11.5-33.3) 2.36 (1.01-5.50)
AG/TT 35 2 3269 30.5 (8.9-51.9) 2.01 (0.43-9.44)
GG/xxt 43 2 3393 38.9 (19.4-58.4) 1.98 (0.43-9.26)

Whites (n = 6778)
AA/GG 4146 123 290.4 Ref. 1 (Ref)
AA/GT 183 9 311.0 23.6 (14.5-32.7) 1.49 (0.76-2.94)
AG/GG 1523 62 299.7 8.5 (4.8-12.1) 1.37 (1.01-1.86)
AG/GT 624 24 3124 22.6 (17.4-27.7) 1.32 (0.85-2.04)
GG/GG 161 6 318.8 24.7 (15.1-34.9) 1.23 (0.54-2.79)
GG/GT 100 2 3323 33.5(21.345.6) 0.65 (0.16-2.62)
xx/TTt 41 0 340.3 56.7 (37.9-75.6)

*Adjusted for variables in model 1 +model 2 + principal components in African Americans. 1GG/xx: 27 GG/GG (one VTE case), 15 GG/GT
(one VTE case), and one GG/TT (no VTE cases). Ixx/TT: two AA/TT (no VTE cases), 15 AG/TT (no VTE cases), and 24 GG/TT (no VTE cases).

associated with CP concentrations (rs13072552 in an
ARIC genome-wide association study and rs11708215 in
a candidate SNP analysis) [12]; there could be other
variants related to CP concentrations that have not been
identified yet. Finally, the hemostatic factors were not
measured at visit 4, so there could be residual confound-
ing. Finally, we could not take into account acute risk
factors for VTE (ammobility, surgery, etc.).

Conclusion

High carculating CP concentrations are associated with
an increased VTE incidence. The two SNPs studied
were associated with increased CP concentrations in
both whites and African Amencans. The presence of
the CP-increasing alleles in rs11708215 and rs13072552
was not significantly associated with VTE risk in either
race group. Our results suggest that CP may be one of
many inflammatory intermediaries involved in the devel-
opment of VTE, or at least may indicate a patient at
nsk for VTE.

Addendum

A. Alonso contributed significantly to the design of the
study, reviewed the study proposal, and participated in
drafting the manuscnipt and in each subsequent revision.
A. Folsom reviewed the study proposal, participated in
drafting the manuscript, and crnitically reviewed the manu-
script. N. Roetker designed the database and reviewed
the paper. F. Norby reviewed the paper and prowvided
many recommendations and useful ideas. A. Arenas ana-
lyzed the database, interpreted the results obtained, and
wrote and updated the manuscript following the sug-
gested recommendations from other authors.

38

Acknowledgements

The ARIC Study is carried out as a collaborative study
supported by: National Heart, Lung, and Blood Institute
contracts (HHSN268201100005C, HHSN268201100006C,
HHSN268201100007C, HHSN268201100008C, HHSN268
201100009C, HHSN268201100010C, HHSN268201100011
C, and HHSN268201100012C), RO1HLO87641, ROIH
159367, and ROIHLO86694; National Human Genome
Research Institute contract U01HG004402; and National
Institutes of Health contract HHSN268200625226C. The
authors thank the staff and participants of the ARIC
study for their important contributions. The infrastruc-
ture was partly supported by Grant Number
ULIRRO02500 5, a component of the National Institutes
of Health and NIH Roadmap for Medical Research.

Disclosure of Conflict of Interests

The authors state that they have no conflict of interest.

Supporting Information

Additional supporting information may be found onhne in
the Supporting Information section at the end of the article:

Table S1. Hazard ratios (95% confidence intervals) for
the association between CP concentration and VTE risk
in women, ARIC, 1996-2011

Table S2. Hazard ratios (95% confidence intervals) for
the association between CP concentration and VTE risk
in men, ARIC, 1996-2011

Table S3. Hazard ratios (95% confidence intervals) for
the association between CP concentration and VTE risk
with the follow-up time hmited to 11 years

© 2019 International Society on Thrombosis and Haemostasis



References

1

2

10

11

12

13

14

Goldhaber SZ, Bounameaux H. Pulmonary embolism and deep
vein thrombosis. Lancet 2012; 379: 1835-46.

Heit JA, Spencer FA, White RH. The epidemiology of venous
thromboembolism. J Thromb Thrombolysis 2016; 41: 3-14.
Beckman MG, Hooper WC, Critchley SE, Ortel TL. Venous
thromboembolism: a public health concern. 4Am J Prev Med
2010; 38: S495-501.

Raskob GE, Silverstein R, Bratzler DW, Heit JA, White RH.
Surveillance for deep vein thrombosis and pulmonary embolism:
recommendations from a national workshop. 4m J Prev Med
2010; 38: S502-9.

Dadu RT, Dodge R, Nambi V, Virani SS, Hoogeveen RC, Smith
NL, Chen F, Pankow JS, Guild C, Tang WH, Boerwinkle E,
Hazen SL, Ballantyne CM. Ceruloplasmin and heart failure in
the Atherosclerosis Risk in Communities study. Circ Heart Fail
2013; 6: 936-43.

Jeremy JY, Shukla N. Ceruloplasmin dysfunction: a key factor
in the pathophysiology of atrial fibrillation? J Intern Med 2014;
275: 191-4.

Casas JP, Shah T, Hingorani AD, Danesh J, Pepys MB. C-reac-
tive protein and coronary heart disease: a critical review. J Intern
Med 2008; 264: 295-314.

Ridker PM, Cushman M, Stampfer MJ, Tracy RP, Hennekens
CH. Inflammation, aspirin, and the risk of cardiovascular disease
in apparently healthy men. N Engl J Med 1997; 336: 973-9.
Folsom AR, Lutsey PL, Astor BC, Cushman M. C-reactive pro-
tein and venous thromboembolism. A prospective mnvestigation
in the ARIC cohort. Thromb Haemost 2009; 102: 615-9.

Conde I, Lopez JA. Classification of venous thromboembolism
(VTE). Role of acute inflammatory stress in venous thromboem-
bolism. J Thromb Haemost 2005; 3: 2573-5.

Sveinsdottir SV, Svensson PJ, Engstrom G. Inflammatory plasma
markers and risk for venous thromboembolism. J Thromb
Thrombolysis 2014; 38: 190-5.

Adamsson Eryd S, Sjogren M, Smith JG, Nilsson PM, Melander
O, Hedblad B, Engstrom G. Ceruloplasmin and atrial fibrilla-
tion: evidence of causality from a population-based Mendehian
randomization study. J Intern Med 2014; 275: 164-71.

The Atherosclerosis Risk in Communities (ARIC) Study: design
and objectives. The ARIC investigators. Am J Epidemiol 1989;
129: 687-702.

Cushman M, Tsai AW, White RH, Heckbert SR, Rosamond
WD, Enright P, Folsom AR. Deep vein thrombosis and pul-
monary embolism in two cohorts: the longitudinal investigation
of thromboembolism etiology. Am J Med 2004; 117: 19-25.

© 2019 International Society on Thrombosis and Haemostasis

15

16

17

18

19

20

21

22

23

24

25

26

27

Ceruloplasmin and incidence of VIE in ARIC 9

Folsom AR, Alonso A, George KM, Roetker NS, Tang W,
Cushman M. Prospective study of plasma D-dimer and incident
venous thromboembolism: The Atherosclerosis Risk in Commu-
nities (ARIC) Study. Thromb Res 2015; 136: 781-5.

Folsom AR, Tang W, Roetker NS, Heckbert SR, Cushman M,
Pankow JS. Prospective study of circulating factor XI and inci-
dent venous thromboembolism: The Longitudinal Investigation
of Thromboembolism Etiology (LITE). dm J Hematol 2015; 90:
1047-51.

Folsom AR, Wu KK, Rosamond WD, Sharrett AR, Chambless
LE. Prospective study of hemostatic factors and incidence of
coronary heart disease: the Atherosclerosis Risk in Communities
(ARIC) Study. Circulation 1997; 96: 1102-8.

Goldhaber SZ. Risk factors for venous thromboembolism. J Am
Coll Cardiol 2010; 56: 1-7.

Smeeth L, Cook C, Thomas S, Hall AJ, Hubbard R, Vallance P.
Risk of deep vein thrombosis and pulmonary embolism after
acute infection in a community setting. Lancet 2006; 367: 1075—
9.

Libby P, Crea F. Clinical implications of inflammation for car-
diovascular primary prevention. Eur Heart J 2010; 31: 777-83.
Libby P, Ridker PM, Hansson GK; Leducq Transatlantic Net-
work on Atherothrombosis. Inflammation in atherosclerosis:
from pathophysiology to practice. J Am Coll Cardiol 2009; 54:
2129-38.

Glynn RJ, Danielson E, Fonseca FA, Genest J, Gotto AM Ir,
Kastelein JJ, Koenig W, Libby P, Lorenzatti AJ, MacFadyen
JG, Nordestgaard BG, Shepherd J, Willerson JT, Ridker PM. A
randomized trial of rosuvastatin in the prevention of venous
thromboembolism. N Engl J Med 2009; 360: 1851-61.

Libby P. Inflammation in atherosclerosis. Adrterioscier Thromb
Vasc Biol 2012; 32: 2045-51.

Wakefield TW, Myers DD, Henke PK. Mechanisms of venous
thrombosis and resolution. Arterioscler Thromb Vasc Biol 2008;
28: 387-91.

Folsom AR, Lutsey PL, Nambi V, DeFilippi CR, Heckbert SR,
Cushman M, Ballantyne CM. Troponin T, NT-pro BNP, and
venous thromboembolism: the Longitudinal Investigation of
Thromboembolism Etiology (LITE). Vasc Med2014;19: 33-41.
Folsom AR, Lutsey PL, Heckbert SR, Poudel K, Basu S, Hoo-
geveen RC, Cushman M, Ballantyne CM. Longitudinal increases
in blood biomarkers of inflammation or cardiovascular disease
and the incidence of venous thromboembolism. J Thromb Hae-
most 2018; 16: 1964-72.

Zacho J, Tybjaerg-Hansen A, Nordestgaard BG. C-reactive pro-
tein and risk of venous thromboembolism in the general popula-
tion. Arterioscler Thromb Vasc Biol 2010; 30: 1672-8.

39



C. Ceruloplasmin and Coronary Heart Disease. A systematic review
Arenas de Larriva AP, Limia-Perez L, Alcala-Diaz JF, Alonso A, Lopez Miranda J, Delgado-

Lista J.
Nutrients. 2020;12(10). DOI: 10.3390/nu12103219.

Journal Impact Factor (2020): 4.546. (Q1) Nutrition and Dietetics.

40



\Sa nutrients ‘MbPI
_ )

Review

Ceruloplasmin and Coronary Heart Disease-A
Systematic Review

L2,4() Laura Limia-Pérez 1'%, Juan F. Alcalad-Diaz 1-%*,

Alvaro Alonso 37, José Lopez-Miranda '? and Javier Delgado-Lista 12
1

Antonio P. Arenas de Larriva

Lipids and Atherosclerosis Unit, Department of Internal Medicine, Maimonides Biomedical Research

Institute of Cordoba (IMIBIC), Reina Sofia University Hospital, University of Cordoba, Av. Menendez Pidal

s/n, 14004 Cordoba, Spain; h52arlaa@uco.es (A.P.A.d.L.); lauralimiaperez@gmail.com (L.L.-P.);

jlopezmir@uco.es (J.L.-M.); md1delij@uco.es (J.D.-L.)

2 CIBER Fisiopatologfa de la Obesidad y Nutricion (CIBEROBN), Instituto de Salud Carlos III (ISCIII),
28029 Madrid, Spain

3 Department of Epidemiology, Rollins School of Public Health, Emory University, Atlanta, GA 30322, USA;
alvaro.alonso@emory.edu

*  Correspondence: jfalcala@gmail.com

t  These authors contributed equally to this work.

check for
Received: 22 September 2020; Accepted: 20 October 2020; Published: 21 October 2020 updates

Abstract: Several studies indicate that oxidative stress might play a central role in the initiation and
maintenance of cardiovascular diseases. It remains unclear whether ceruloplasmin acts as a passive
marker of inflammation or as a causal mediator. To better understand the impact of ceruloplasmin
blood levels on the risk of cardiovascular disease, and paying special attention to coronary heart
disease, we conducted a search on the two most commonly used electronic databases (Medline via
PubMed and EMBASE) to analyze current assessment using observational studies in the general
adult population. Each study was quality rated using criteria developed by the US Preventive
Services Task Force. Most of 18 eligible studies reviewed support a direct relationship between
ceruloplasmin elevated levels and incidence of coronary heart disease. Our results highlight the
importance of promoting clinical trials that determine the functions of ceruloplasmin as a mediator
in the development of coronary heart disease and evaluate whether the treatment of elevated
ceruloplasmin levels has a role in the prognosis or prevention of this condition.

Keywords: ceruloplasmin; coronary heart disease; inflammation

1. Introduction

Cardiovascular disease (CVD) is the largest cause of death worldwide in developed countries.
As a diagnostic category, CVD includes various areas: coronary heart disease (CHD), manifested by
myocardial infarction (MI) or angina pectoris; cerebrovascular disease, manifested by stroke and
transient ischemic attack; high blood pressure; peripheral artery disease and death by any of the above
causes [1].

Despite the fact that the mortality from CHD has decreased over the last few decades in western
countries, it still causes about one-third of all deaths in people over 35 years [2-4]. Although current
guideline-guided CHD therapy has lowered both recurrence and death rates, people with CHD remain
at high risk for these complications. One third of all CHD with known, controlled risk factors will have
a recurrence in the following 10 years [5]. This is called residual risk, and many approaches have been
taken to tackle it. One of the most important fields of research in this area is the search for additional
biomarkers which may help to detect or be an early predictor of those cases which will develop a
worse prognosis despite controlled risk factors.

Nutrients 2020, 12, 3219; d0i:10.3390/nu12103219 www.mdpi.com/journal/nutrients
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Inflammation and oxidative stress are two of the processes involved in the development of
atherosclerosis and CHD. Oxidative stress is believed to be a consequence of increased circulating
neurohormones and hemodynamic disorder. Impairment of cardiac function could be caused by a
redox balance disorder, an oxidative damage to cellular molecules, or a damage in cell signaling,
compromising the cell survival and leading to death [6,7].

Ceruloplasmin (CP) belongs to the «2-glycoprotein fraction of plasma proteins. It is synthesized
in the liver, incorporating copper, mainly from the diet, and accounts for 95% of the total circulating
copper in healthy adults. Apart from playing a role in copper and iron metabolism, CP is an acute-phase
reactant that may work as an antioxidant but can also generate free radicals that may lead to several
illnesses [8,9]. It is interesting that most of the plasma copper that will end up building CP comes from
dietary copper consumed weeks or months ago, not from recent meals, so it will take some time for CP
to reflect changes involving copper availability in the diet.

Oxidative stress might play a central role in the initiation of CVD, but it remains unclear whether
CP acts as a passive marker of inflammation or as a causal mediator in its development. Reviewing the
scientific literature, it is clear that elucidating the effect of CP on CHD is a difficult task. For this reason,
we carried out the first systematic review which provides evidence from the observational studies
involving the effect of CP over the last three decades, in an attempt to better understand its impact on
the risk of CHD.

2. Methods

We conducted a search of the two most commonly used electronic databases (Medline via PubMed
and EMBASE) to analyze current assessment in observational studies. We identified the records using
the following keywords: “Cardiovascular” OR “coronary” OR “heart” OR “angina” OR “myocardial”
OR “infarction” AND “ceruloplasmin.” Equivalent free-text terms were used. In this review, we were
interested in exploring the evidence of CP and CHD after 1990.

The search resulted in 1407 records which were categorized and screened independently by
AAL and LLP (differences resolved by JDL). When analyzing original articles, the authors decided
whether the item was relevant or not, based on the title and the abstract. If considered pertinent,
the referenced articles included in the item were added to the list of potential articles to include in
this review. To assess the validity of each of these studies, we reviewed all the related articles and
evaluated the quality of each study on the basis of criteria created by the third USPSTF (US Preventive
Services Task Force) (Table 1) [10].

We removed all articles written in languages other than English, duplicated records, reviews,
conference abstracts and letters, studies on a pediatric population, studies on animals and unrelated
articles, resulting in 18 eligible studies (Table 2). This is illustrated as a flow-chart according to the
PRISMA statement in Figure 1.
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Table 1. US Preventive Services Task Force Quality Rating Criteria *.

Cohort studies

Criteria
Initial assembly of comparable groups: cohort studies—consideration of potential confounders with either
restriction or measurement for adjustment in the analysis; consideration of inception cohorts

Maintenance of comparable groups (including attrition, crossovers, adherence, contamination)
Major differential loss in follow-up or overall high loss in follow-up

Measurements: equal, reliable and valid (including masking of outcome assessment)

Clear definition of interventions

Important outcomes considered

Definition of ratings on the basis of above criteria

Good Meets all criteria: comparable groups are assembled initially and maintained throughout the study
(follow-up at least 80%); reliable and valid measurement instruments are used and applied equally to the
groups; important outcomes are considered, and appropriate attention is given to confounders in analysis.

Fair Any or all of the following problems occur, without the important limitations noted in the “poor”
category: generally comparable groups are assembled initially but some question remains about whether some
(albeit not major) differences occurred in follow-up; measurement instruments are acceptable (albeit not the
best) and are generally applied equally; some but not all important outcomes are considered, and some but not
all potential confounders are accounted for.

Poor Any of the following major limitations exists: groups assembled initially are not close to being
comparable or maintained throughout the study; unreliable or invalid measurement instruments are used,
and key confounders are given little or no attention.

Case-control studies

Criteria

Accurate ascertainment of cases

Non-biased selection of cases/controls with exclusion criteria applied equally to both
Response rate

Diagnostic testing procedures applied equally to each group

Measurement of exposure accurate and applied equally to each group

Appropriate attention to potential confounding variables

Definition of ratings on the basis of the above criteria

Good Appropriate ascertainment of cases and non-biased selection of case and control participants; exclusion
criteria applied equally to cases and controls; response rate equal to or greater than 80%; diagnostic procedures
and measurements accurate and applied equally to cases and controls, and appropriate attention to
confounding variables.

Fair Recent, relevant, without major apparent selection or diagnostic work-up bias but with response rate less
than 80% or attention to some but not all important confounding variables.

Poor Major selection or diagnostic work-up biases, response rates less than 50%, or inattention to confounding
variables.

* Adapted from Humphrey et al. [11].
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Table 2. Summary of the articles included in this review.
Supports a Direct

Qualit Relationship between Higher
¥ Ceruloplasmin (CP) Levels

Stungesign, y Follow-Up
Authors c}nd Y i Populason;Age (y; SampleSize, in Years (If ~ Outcomes Evaluated Main Findings Related to Ceruloplasmin
of Publication Mean + Standard Cases/Controls Applicabl of Study qC Heast Di
Besoiation) pplicable) and Coronary Heart Disease
(CHD) Risk (Yes/No)
N s el Higher serum CP levels are a risk factor for
Reunanen et al. d ) Sé 104/104 11.0 Incidence of MI and myocardial infarction (MI). Good v
[12]; 1992 TETAnCWOmEn; : stroke Adjusted OR in the highest tertile: 3.1 (1.3-7.6 20 &
(mian) 95% confidence interval (CI)
There was anincrease in coronary risk in
patients with rising CP.
The risk in the highest tertile was double (OR 2.1;
M. Manttari of al Nested case-control, Non-fatal myocardial ! ’1_&'2}? 21‘; € mn‘?fi oftie ;%WZ.St' Thetrl.sk o
’ " men; 49.3 + 4.4 (cases); 136/136 5.0 infarction or cardiac 5 e I Good Yes
[13]; 1994 47.2 + 4.7 (controls) — cholesterol concentrations, with an odds ratio of
- 2.4 (1.3-4.4 95% CI) in subjects with high
low-density lipoprotein cholesterol and of 11.3
(2.5-52.2 95% CI) in subjects with low
high-density lipoprotein cholesterol.
Severity of coronary
Mori et al. [14]; Cohort, men and atherosclerosis in CP canbe an independent risk factor for
1005 g women, 57.8 +9.7; 225 4.1 patients undergoing coronary atherosclerosis and determine the Fair Yes
61.2 + 9.3 respectively coronary angiography. severity of the disease.
(Gensini Score)
Cohort, men and The extent of CHD
Enbergs et al. [15]; women, 55.1 + 9.6; 975 1.0 sjgjzziiiili:z:e Serum CP levels were not confirmed as risk T
1998 54.6 +10.0 ’ : ! factor for the extent of CHD.
sy stenosis score and
extent score)
Risk of MI for the highest compared with the
I a— lowest quartile of CP was 2.46 (1.04-6.00 95%
KIpERsRIGHONETH: At ar WoHaH T 6,4 CI). After adjustment for C-reactive protein and
Y 83/127 4.0 Incidence of MI leucocyte count, the excess risk was reduced by Good Yes
33% suggesting that the association between

et al. [16]; 1999 + 8.7 (cases); 76.8 £ 9.0
(aonstpls) serum CP and CHD may be attributed to
inflammation processes.
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(CHD) Risk (Yes/No)
CP levels increased the Incidence of MI. The
relative risk in the highest quartile of low-risk
group were 1.00 (reference), 1.9 (95% CI10.8-4.2),
1.8 (95% CI0.6-5.4), and 2.9 (95% CI1.05-8.1),
.. ) respectively, for men with an increasing number
’ ’ ; 5 1 £43 Incidence of MI of inflammation-sensitive plasma proteins (ISPs Good Yes
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high-risk group, relative risks (RRs) were 1.00,
1.4 (95% C10.9-2.2), 1.9 (95% CI 1.2-3.1), and 2.0
(95% CI1.3-3.1), respectively, for men with an
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Incidences of
cardiovascular events . T
(myccardial infarction The age-adjusted relative risks in obese men
) _ . * were 2.1 (95% CI1.4-3.4),2.4 (95% CI 1.5-3.7),
' ' ] o 6075 187442 Stoke cardiovascular 5 000 019 3 6 0) and 45 (95% C13.0-66), ~ Good Yes
¢ Eﬁg‘f’]i:’;ggft “ o ;1'17911/ e deaths), cardiac events
il o (fa tai or nonfatal respectively for men with an increasing number
myocardislintarction; of ISPs (0,1, 2 and = 3 ISPs)
and stroke
A higher number of CHD deaths was noted in
men who had presented a low-grade
inflammation during many years before.
Of the 680 men with a coronary event, 197 died
G. Engstrom et al. Cohort, men; 46.8 + 6075 19 Nonfatal MI or death t::oﬁpl::ﬁian}; ?ﬁjgg?g‘iﬁmﬁfi:g:ég;w Cood Yo
[19]; 2004 3.7. from CHD s

25%, 29%, and 35%, respectively, for men with
an increasing number of ISPs (0,1, 2 and > 3
ISPs). The corresponding proportions who died
within 28 days were 30%, 31%, 34%, and 38%,
respectively
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Authors and Year
of Publication

Study Design,
Population; Age (y;
Mean + Standard
Desviation)

Follow-Up
in Years (If
Applicable)

Sample Size,
Cases/Controls

Qutcomes Evaluated

Main Findings Related to Ceruloplasmin

Verma ef al. [20];
2005

Cohort, men and
women; 50-59

250

Severity of coronary

artery disease (CAD)

and modifiable CAD
risk factors

Verma et al. explored how serum levels of three
antioxidants (vitamin C, bilirubin and CP) were
related to CHD risk factors. A 7-18% decrease
was observed in CHD patients with severe
disease with increasing serum levels of the three
antioxidants. In the same line, a decrease of
14-20% was objectified in triple vessel disease
and of 39% in MI occurred with increasing
serum CP in CHD patients, compared to the
non-MI group. An inverse relationship was
found between the three antioxidants studied
and coronary risk factor suggesting that greater
care in traditional risk factors would maintain a
high level of these antioxidants

Brunetti et al.
[21]; 2008

Cohort, men and
women; 65.8 + 11.25

123

Left ventricular
systolic function
during the early phase
of acute MI

Systolic dysfunction in ST elevation acute MI
patients seems to be associated with an
inflammatory response featured by a rise in
plasmatic concentration of acute-phase proteins
(APPs); increase in APPs concentrations seems
to own a short-term prognostic relevance.
CP values were the most significant markers of
acute heart failure when compared with patients
without systolic dysfunction (40.1 + 9.7 vs. 31.4
+ 7.6 mg/dL, p < 0.001).

Gdgmen et al. [22];
2008

Case-control, men and
women; 56.31 +2.74
(men); 54.23 + 1.55
(women)

26/26

CAD

High CP and low albumin levels were found to
be independent risk factors for CAD.

Kaur et al. [23];
2008

Case-control, men and
women; 41-60

50/30

CAD

Increase in the levels of CP in patients of CAD
(Mean +SD, 48.93 + 4.44 mg/dl as compared to
controls (32.25 + 4.67 mg %).

CP could be a risk factor of CAD by modifying
of Low-density lipoprotein (LDL) to an
atherogenic form.

Supports a Direct
Relationship between Higher
Ceruloplasmin (CP) Levels
and Coronary Heart Disease
(CHD) Risk (Yes/No)

Quality
of Study
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predicted increased risk of CVD but not DM.
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Figure 1. Flow diagram illustrating the search strategy used according to PRISMA (Preferred Reporting

Items for Systematic reviews and Meta-Analyses) statement.

3. Results

The probable relationship between the CP concentration in serum and the incidence of
atherosclerosis and other cardiovascular conditions was first suggested in the 1950s [30]. High serum
CP levels have been found in patients with arteriosclerosis [31], unstable angina [32], stroke and MI (15).
Prospective studies have showed that serum CP may be an independent risk factor for cardiovascular
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disease. A nested, case-control study by Reunanen et al. was the first to show that serum CP was
positively associated with CHD [12]. In this study, which included 208 patients, the association between
serum CP level and the subsequent incidence of MI was explored and higher serum CP concentration
was found to be directly related with MI with an adjusted Odds Ratio (OR) of 3.1 (95% confidence
interval (CI) 1.3-7.6) in the highest tertile compared to the lowest tertile. The same result was obtained
by Ménttdri et al. in middle-aged patients with dyslipidemia, where there was a continuous, graded
increase in coronary risk in patients with increasing CP. The risk in the highest tertile was double (OR 2.1;
95% CI 1.1-4.2) that of the lowest tertile, with an odds ratio of 2.4 (95% CI 1.3—4.4) in subjects with
high low-density lipoprotein cholesterol and of 11.3 (95%CI 2.5-52.2) in subjects with low high-density
lipoprotein cholesterol [13].

Because inflammation is recognized as a key player in atherosclerotic progression, Mori et al.
separated the risk contributed by CP from that of inflammation (x1l-antitrypsin, «l-acid glycoprotein,
a2-macroglobulin, haptoglobin, fibrinogen, C4b binding protein, lipoprotein (a) and C-reactive protein
(CRP)) and suggested that CP could serve as independent risk factor for coronary atherosclerosis and
as a marker for the severity of disease [14]. In these terms, Klipstein-Grobusch et al. confirmed the
association between serum CP levels and subsequent Ml in a four-year follow-up study. The risk of MI
for the highest compared with the lowest quartile of CP was 2.46 (95% CI 1.04-6.00), a relationship
that continued after making adjustments for other potential contributors, like C-reactive protein or
leucocyte count (lowering a third of the effect), thus supporting the theory that the excess CP itself
contributes substantially to the risk of CHD [16].

Five inflammation-sensitive plasma proteins (ISPs; fibrinogen, oroso-mucoid, «l-antitrypsin,
haptoglobin, and CP) were measured in 6075 healthy patients from the Malmo Study with a mean
follow-up of 18 years. Engstrom et al. carried out several studies in this population to determine the
association of ISPs with incidence of CHD, the cardiovascular risk in overweight or obese men and the
fatality of future coronary events.

In the first study, the incidence of MI was related to ISPs. Patients were categorized into low-risk
and high-risk groups according to traditional risk factors. The relative risk in the highest quartile of
low-risk group were 1.00 (reference), 1.9 (95% CI10.8-4.2), 1.8 (95% CI10.6-5.4), and 2.9 (95% CI 1.05-8.1),
respectively, for men with an increasing number of ISPs (0, 1, 2 and =3 ISPs). On the other hand, in
the high-risk group, RRs were 1.00, 1.4 (95% CI10.9-2.2), 1.9 (95% CI 1.2-3.1), and 2.0 (95% CI 1.3-3.1),
respectively, for men with an increasing number of ISPs (0, 1, 2 and =3 ISPs) [17].

The idea that ISPs may modify the cardiovascular risk in overweight or obese men was explored in
a later study. High ISPs levels were associated with an increased cardiovascular risk. The age-adjusted
relative risks in obese men were 2.1 (95% CI 1.4-3.4), 2.4 (95% C11.5-3.7), 3.7 (95% CI2.3-6.0), and 4.5 (95%
CI 3.0-6.6), respectively, for men with an increasing number of ISPs (0, 1, 2 and >3 ISPs) [18].

A third study was performed to determine whether low-grade inflammation (measured by ISP
levels) in healthy men predicted the fatality of future coronary events. A higher number of CHD deaths
was noted in men who had presented a low-grade inflammation during many previous years. Of the
680 men with a coronary event, 197 died on the first day and 228 died within 28 days. The proportions
who died on the first day were 26%, 25%, 29%, and 35%, respectively, for men with an increasing
number of ISPs (0, 1, 2 and =3 ISPs). The corresponding proportions who died within 28 days were
30%, 31%, 34%, and 38%, respectively. Although we cannot infer the exact contribution of CP to these
studies, it seems that it may interact with some of the other inflammatory markers, and might exert its
hypothetical effect by means of inflammation [19].

Systolic dysfunction in acute ST-elevation MI patients seems to be associated with an inflammatory
response characterized by a rise in plasma concentration of ISPs («lantitrypsin, «lglycoprotein,
haptoglobin, CP and C-reactive protein) and appears to provide a short-term prognostic relevance.
This was the conclusion reached by Brunetti et al., where the incidence of CHD correlated with the ISP
values, and CP values were the most significant markers of acute heart failure when compared with
patients without systolic dysfunction (40.1 + 9.7 vs. 31.4 + 7.6 mg/dL, p < 0.001) [21].
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Gogmen et al. found increased CP levels in CHD patients. An increase in oxidants could be a
possible cause of this increase in CP in CHD patients. In their study, serum CP levels were reported to
be an independent risk factor for cardiovascular diseases [22]. There was a consistent increase in the
levels of CP in CHD patients (48.93 + 4.44 mg %) compared to controls (32.25 + 4.67 mg %) in a study
by Kaur et al., where statistical analysis revealed significantly increased CP levels in all the subgroups
(acute ML, unstable angina and stable angina) [23].

CP levels were elevated in patients with acute MI and Diabetes Mellitus (DM) compared to
non-diabetics with MI, possibly because of the greater degree of inflammation in these patients.
However, regardless of this factor, CHD patients showed more inflammation, and consequently higher
CP levels, than controls [24].

In a prospective case-control study by Kumar et al., designed to identify and evaluate potential
risk factors in normolipidemic patients with an acute M1, CP was again found to be higher in cases than
in the controls, in a study that also evaluated other potential markers, such as lipoprotein a, CRP and
fibrinogen [25].

Subclinical myocardial necrosis as a prognostic feature of long-term adverse cardiac events risk
has been studied on several occasions. Tang et al. first explored it in 3828 patients undergoing
elective diagnostic coronary angiography with troponin I levels below the cut-off for defining MI. Here,
the authors studied the underlying mechanisms contributing to myocardial necrosis and the risk of
major adverse cardiovascular events. CRP and CP were associated with subclinical myocardial necrosis
after 3-years of follow-up [26]. Afterwards, Tang et al. studied the relationship between CP levels and
the incidence of major adverse cardiovascular events (MACE = death, MI and stroke) in 4177 patients
undergoing elective coronary angiography after 3-years of follow-up. They performed a genome-wide
association study of CP to determine genetic variants that could be related to prevalent and incident
cardiovascular risk. Serum CP level was associated with higher risk of MI with a HR of 2.35, (95% CI
1.79-3.09) when comparing the top quartile versus the lowest. CP remained independently predictive
of MACE (HR 1.55, 95% CI 1.10-2.17). Genetic variants at the CP locus were not associated with
prevalent or incident risk of CAD [27].

Similar conclusions were reached by Grammer et al,, who examined whether serum copper
and CP concentrations were associated with angiographic CAD and mortality from all causes and
cardiovascular causes. When the highest quartile for CP levels was compared to the lowest, HR for
death from any cause was 2.63 (95% CI, 2.17-3.20), and HR for death from cardiovascular causes
was 3.02 (95% CI, 2.36-3.86). The concentration of CP was therefore independently associated with
increased risk of death from all and cardiovascular causes [28].

Finally, in a sub-cohort of 4658 participants in the Malmo Diet and Cancer study,
seven inflammatory markers were studied to evaluate their incidence in DM and CVD (coronary
events, including fatal and nonfatal MI or stroke). CP, among other molecules, predicted an increased
risk of CVD but not of DM [29].

However, not all the studies evaluating the relationship between serum CP and CHD have
produced the same results. For example, Enbergs et al. found no such relation when attempting to
relate CP with the extent of atherosclerosis in coronarography. However, there were a number of
limitations as regards patient selection in this investigation [15].

Along similar lines, Verma et al. explored how serum levels of three antioxidants (vitamin C,
bilirubin and CP) were related to CHD risk factors. A 7-18% decrease was observed in CHD patients
with severe disease, with increasing serum levels of the three antioxidants. Similarly, a decrease
of 14-20% was objectified in triple vessel disease and of 39% in MI with increasing serum CP in
CHD patients, compared to the non-MI group. An inverse relationship was found between the three
antioxidants studied and coronary risk factor suggesting that greater care in traditional risk factors
would maintain a high level of these antioxidants [20].
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4, Discussion

Our systematic review shows an association between elevated CP levels and CHD that is unrelated
to Framingham risk factors. As mentioned above, traditional risk factors are thought to account
for most CHDs, although 15% to 20% of patients have no identified risk factors and this entails
the impossibility of an adequate treatment to prevent a first event. For this reason, the scientific
community has tried to identify other modifiable risk factors which help to predict an important
number of CHD events. For this, CF, a protein closely linked to inorganic nutrient copper, is a strong,
biologically-plausible candidate.

Most of the studies analyzed in the present work showed a uniformity in their results, with the
exception of the study by Verma et al., towards a direct relationship between serum CP levels and
incidence of CHD or cardiovascular events. The higher serum CP level the patient has, the more likely
the patient is to suffer some complications.

The mechanism by which CP may influence cardiovascular disease is still unknown. It seems that
reactive oxygen species (ROS), such as superoxide and hydrogen peroxide, may be important in the
main underlying mechanisms. It is hypothesized that, with high ROS levels, antioxidant systems such
as superoxide dismutase, catalase and glutathione are overwhelmed and the structural integrity of CP
is damaged [33].

CP is involved in iron removal from the cells and its dysfunction, in particular a loss of its
ferroxidase activity, may lead to an accumulation of iron in tissues. Moreover, this loss of function
produces unbound or free copper, which, together with the iron, can produce pathogenic effects
in the cell such as apoptosis, cell toxicity, cell replication, greater oxidative stress and pathogenic
gene activation [9]. It has been shown in a murine model that copper from myocardium is also
released to the blood during the ischemic process thanks to the increase of copper metabolism MURR
domain 1 (COMMD1), a Cu transport chaperone [34]. Therefore, the increase of copper in blood,
and secondarily of CP caused by ML, seems not completely associated with an inflammatory response.

Oxidation of Low-density lipoproteins (LDLs) leads to the initiation or acceleration of the
atherosclerotic process inducing the formation of autoantibodies against oxidized LDL (anti-oxLDL).
The presence of CP and other acute-phase proteins in atherosclerotic lesions seems to incriminate a
pathway involving lipid and lipoprotein oxidation, which plays an important role in the etiology of
CHD. In fact, several study groups have provided evidence that CP is a potent catalyst of LDL oxidation
in vitro and in vivo [35-37]. The study published by Awadallah et al. deserves particular consideration
being the only study demonstrating an association between the concentrations of anti-oxLDL and those
of CP and copper in patients with CVD [38]. Serum concentrations of CP and LDL lipid peroxides
were correlated with atherosclerotic process and restenosis in patients undergoing endarterectomy [39].
Therefore, these studies suggest that CP may play a role in the oxidation of LDL in vivo.

To summarize and tie all the above threads together, CP may promote an inflammatory
environment, with the associated defense mechanisms activating the ROS cascade by directly or
indirectly producing the oxidation of LDL.

Another important mechanism by which CP may exert an effect in atherosclerosis is by affecting
the nitric oxide (NO) pathway, which plays a key role in normal cardiac physiology and a protective
role in the ischemic and failing heart [40,41]. CP can exert an important prooxidant function, related to
NO oxidase, which may decrease NO bioavailability in plasma through its catalytic activity under
given conditions. This has been shown in several studies after CP immuno-depletion and in humans
with aceruloplasminemia with no NO oxidase activity [42,43].

Although most of the studies support a direct association between serum CP and CHD,
some studies have questioned this association. In this context, CP was shown by Chapman et al.
to have another antioxidant property through inhibition of myeloperoxidase, which stops free radical
production [44], and Verma et al. established an inverse relationship between serum CP levels and
coronary risk factors [20]. However, this study also had several limitations: CP was measured with an
old technique and the international system of units was not followed; the baseline characteristics of the
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patients were not defined and only cholesterol and triglycerides were compared as CHD risk factors
with the three antioxidants. Finally, Enbergs et al. did not find any quantitative relationship between
CP and the coronary atherosclerosis observed through angiography. Nevertheless, the paper also had
one very critical limitation, in that it excluded patients with inflammatory conditions, thus consequently
ruling out a clinical population with increased CP levels.

5. Limitations

As in any review, publication bias may have shifted the review towards positive findings, due to
the fact that positive results have more chances of being published. Nevertheless, the fact that a
good proportion of our results come from studies where CP is not the main objective, and results
of those article are aligned with the articles in which CP is the main focus, supports our results.
Another limitation is that we were not able to establish a specific cut-off point of CP to indicate a higher
CHD risk. This is because studies are not homogeneous and so neither are their results. The limits
established in our search strategy may also have limited our results. Although some articles written in
other languages may be valid, limiting the articles included to those written in English is a common
feature in Reviews. Finally, we reviewed here the articles published in the last 30 years, but not
earlier studies.

6. Conclusions

Most of the studies reviewed in this article support a direct relationship between elevated CP levels
and CVD. Patients with high CP serum levels were more likely to have a CV event, especially a CHD.
However, CP cannot currently be considered as a coronary risk factor that may provide any value in
prioritizing preventive interventions amongst those with unrecognized CVD or offer recommendations
for people in secondary CHD prevention.

In view of the results of the observational studies included in this review, we believe that there is
a basis supporting the importance of evaluating whether the treatment of elevated CP levels has a role
in the prognosis or prevention of CHD.
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CHAPTER 5: RESULTS AND DISCUSSION

A. Relationship of plasma ceruloplasmin and the incidence of atrial
fibrillation

Our first publication (Chapter 4.A) is the largest prospective study to date
showing that higher concentrations of circulating CP are associated with AF. Moreover,
in this study we found that genetic variants (SNPs rs11708215 and rs13072552) in or
near the CP gene in chromosome 3, also influence circulating concentrations of CP.
These SNPs, associated with higher CP concentrations, were associated with lower risk
of AF in whites.

A prior study from the Malmd Preventive Project in southern Sweden, which
included 3900 individuals, found a link between CP levels and the occurrence of AF (20).
The findings of our investigation confirm those previous results and extend them to a
large, middle-aged, multiracial cohort of men and women. Higher levels of circulating
CP were linked to occurrence AF after controlling for conventional risk variables and
biomarkers.

When looking for possible mechanism underlying our findings, it has been
suggested that a normal redox balance is essential for the correct cardiac rhythm
homeostasis, and that CP may influence that redox balance. In fact, CP has been
reported to possess both oxidative and antioxidative functions, depending on its
structure (33). It has been seen that the overproduction of reactive oxygen species (ROS)
produces a damage in CP structure making it dysfunctional (77). The dysfunction of CP
in men drives to an accumulation of iron in tissues which is associated with AF (20).

Apart from deleterious iron effect, free copper can produce similar effects to that
of free iron (apoptosis, pathogenic gene activation or cell toxicity among others).

In the context of inflammation, CP may activate the NO oxidase and catalytically
consume NO, lowering its bioavailability in plasma. NO and NO synthases have been
demonstrated to play a crucial function in normal cardiac physiology in a variety of
animal and human investigations (78-80). NO is a cardioprotective agent because it

inhibits oxidative stress, among other things. As a result, excessive amounts of CP in the
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body can promote NO oxidase activity, resulting in a reduction in NO and shifting the
balance towards an oxidative function. This oxidative stress may affect heart electrical
activity, causing ion channel damage and eventually contributing to the onset of AF (81,
82).

Despite all the above, more studies are necessaries to support a direct causal

role of CP on AF risk. Our statistical power was possibly limited.

B. Relationship of plasma ceruloplasmin and the incidence of venous
thromboembolism

Our second published article (Chapter 4.B) studied the relationship of CP with
VTE risk, being the largest study to date showing that a higher concentration of
circulating CP is associated with increased risk for VTE. We found that the same SNPs,
rs11708215 and rs13072552, were associated with circulating CP concentrations in both
whites and African Americans.

Higher levels of inflammation-sensitive plasma markers (fibrinogen, haptoglobin,
CP, 1-antitrypsin, and orosomucoid) were linked with increased VTE risk in a prior study
from the Malmé Preventive Project in southern Sweden, which included 6068
individuals. They discovered no association between these biomarkers and the risk of
VTE (71).

In contrast to the previous investigation, we discovered a relation between CP
concentration and VTE in a large, multiracial, middle-aged cohort of men and women.
After accounting for a variety of VTE risk variables and biomarkers, greater circulating
CP concentrations were still associated to an elevated risk of VTE.

Even though VTE is not classified as a chronic systemic inflammatory illness like
atherosclerosis; any inflammatory reaction, regardless of its source, can cause
hypercoagulability and raise the risk of VTE. As we discussed in Chapter 2.B, multiple
clinical and molecular lines of evidence show a tight connection between inflammation,
thrombosis activation and VTE. (38, 83-86). Inflammation activates blood coagulation
and inhibits the fibrinolytic pathway by increasing the production of procoagulant
substances (87). Platelet-activating factor and endothelin-1 are produced during

endothelial failure, causing vasoconstriction, whereas Factor V, Von Willebrand factor,
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plasminogen activator inhibitor-1, and tissue factor increase thrombosis. Endothelial
cells also increase the amount of adhesion molecules on the surface, which promotes
leukocyte activation. Inflammation and thrombosis are triggered and amplified by this
occurrence (65).

As a result, inflammation and the resultant overproduction of reactive oxygen
species (ROS) are linked to the risk of VTE. Both oxidative and antioxidative activities
have been found for CP, suggesting that it has proinflammatory effects on vascular
cells. Therefore, in the presence of increased CP concentrations, overproduction of
ROS and vascular inflammation might be a cause of VTE.

As we mentioned in the previous section (Chapter 5.A), we could not find
evidence for a direct causative effect of CP in VTE risk because statistical power was

limited.

C. Relationship of plasma ceruloplasmin and the incidence and prevalence
of coronary heart disease

Our third article (Chapter 4.C) investigated the evidence supporting an
association between elevated CP levels and CHD.

As mentioned in Chapter 1, the rationale for this approach was based on the
residual risk, or, in other words, that although traditional risk factors are thought to
account for most CHDs, 15% to 20% of patients suffer a CHD event (first or recurrent
events) even though they have not identified risk factors. This is a critical situation,
because it implies that, in this population there is an impossibility of an adequate
primary or secondary prevention. For this reason, the scientific community aims to
identify other modifiable risk factors which help to predict an important number of CHD
events.

Most of the studies that we analyzed in our systematic review showed a
uniformity in their results towards a direct relationship between serum CP levels and
incidence of CHD or cardiovascular events. Patients who had higher serum CP levels are

more likely to suffer cardiovascular complications.
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Although the exact mechanisms by which CP may influence cardiovascular
disease is still unknown, the available current data suggest that redox, inflammation and
hemostatic systems can be responsible (33).

The presence of CP in atherosclerotic lesions appears to implicate a lipid and
lipoprotein oxidation pathway, which is crucial in the pathogenesis of CHD. In fact,
numerous investigations have shown that CP is a powerful LDL oxidation catalyst in vitro
and in vivo (88-90). Oxidation of LDL leads to the initiation or acceleration of the
atherosclerotic process, resulting in the production of autoantibodies against oxidized
LDL (anti-oxLDL). The work by Awadallah et al. merits special attention since it is the first
to show a correlation between anti-oxLDL and CP concentrations and copper blood
concentrations in patients with CVD (91). According to this, blood concentrations of CP
and LDL lipid peroxides are associated to the degree of atherosclerosis and restenosis in
individuals following endarterectomy (92).

Apart from cardiac electrical activity alterations (Chapter 5.A), CP may have a
role in atherosclerosis via influencing NO, which plays a crucial function in normal
cardiac physiology as well as a protective role in ischemic and failing heart (79) Under
some situations, CP can have a significant prooxidant effect, similar to NO oxidase, which
can reduce NO bioavailability in plasma through its catalytic activity. This has been
demonstrated in a number of experiments after CP immunodepletion and in individuals
with aceruloplasminemia who do not have NO oxidase activity (78, 93).

Most of the studies reviewed (Chapter 4.C) supported a direct relationship
between elevated CP levels and CVD. Patients with high CP serum levels were more

likely to have a CV event, especially a CHD.
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CHAPTER 6: CONCLUSIONS

1) High levels of plasma ceruloplasmin are associated with increased incidence of atrial

fibrillation.

2) High levels of plasma ceruloplasmin are associated with increased incidence of venous

thromboembolism.

3) A systematic review of the current scientific evidence supports that high levels of

plasma ceruloplasmin are associated to a higher risk of coronary heart disease.
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CHAPTER 7: CURRICULUM VITAE
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