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Abstract: Depression is a major cause of morbidity and low quality of life among patients with
cardiovascular disease (CVD), and it is now considered as an independent risk factor for major
adverse cardiovascular events. Increasing evidence indicates not only that depression worsens
the prognosis of cardiac events, but also that a cross-vulnerability between the two conditions occurs.
Among the several mechanisms proposed to explain this interplay, platelet activation is the more
attractive, seeing platelets as potential mirror of the brain function. In this review, we dissected
the mechanisms linking depression and CVD highlighting the critical role of platelet behavior during
depression as trigger of cardiovascular complication. In particular, we will discuss the relationship
between depression and molecules involved in the CVD (e.g., catecholamines, adipokines, lipids,
reactive oxygen species, and chemokines), emphasizing their impact on platelet activation and
related mechanisms.
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1. Introduction

Cardiovascular disease (CVD), still the most common cause of death worldwide [WHO, The Top
10 Causes of Death, https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death,
Accessed date: 20 June 2019], remains the major target for public health efforts. The association
between psychosocial factors and CVDs has long been recognized, and a recent meta-analysis of
prospective epidemiological studies found that psychological factors predict cardiovascular morbidity
and mortality [1,2]. Specifically, depression has been associated with coronary heart disease (CHD) [3,4],
and with atrial fibrillation [5,6]. After acute coronary syndrome (ACS), depression is a risk factor for all
cause and cardiac mortality, as well as for composite outcomes including mortality or non-fatal cardiac
events [7]. However, the relationship between depression and CVD is multifaceted and bidirectional:
not only depression may increase the risk of CVD, but also cardiovascular events may increase the risk
of depression [8]. The vast majority of studies are not able to determine whether this association is
causative or temporally related, raising the eternal chicken-and-egg dilemma.

Behavioral factors, autonomic dysregulation, activation of the hypothalamic–pituitary–adrenal
(HPA)-axis, inflammatory response [3], oxidative stress [9], serotoninergic and neurotrophins pathway
dysregulation [10–12], endothelial dysfunction and platelet activation [3] are the proposed mechanisms
underlying this relationship.
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Among these mechanisms, the platelet activation is one of the most attractive, seeing platelets
as a potential mirror of the brain (dys)-function [13]. Indeed, even though platelet and neurons are
basically different cells, they share common characteristics in subcellular organization [14] and in
protein composition [15–21], representing as consequence an alternative tool to investigate neuronal
dysfunction as well as a peripheral tracer of the onset and progression of brain-related pathologies.

Moreover, the platelet hyper-reactivity could at least partially explain the increased vulnerability
of depressed patients to acute thrombotic event and ischemic heart disease [22], as well as their
increased mortality post-myocardial infarction [23].

Of note, platelets of depressed patients display a greater exposure of anionic phosphatidylserine
determinants, an increased activation of glycoprotein (GP) IIb/IIIa [22], a greater granules secretion [24],
a higher expression of P-selectin and GPIb [25,26], and an enhanced aggregation in response to
collagen and thrombin compared to control subjects [22,27], whereas platelet aggregation is unchanged
when Adenosine Diphosphate (ADP) and TRAP1-6 were used [22,26,27] (Figure 1). An extensively
investigated molecule in the relation between depression and platelets activation is the serotonin
(5-HT) [28,29]. Platelets share with serotoninergic neurons several similarities in 5-HT uptake,
storage, metabolism and release mechanisms, representing a good surrogate to study neuropsychiatric
research [30]. Of note, platelets from depressed patients show a greater aggregation in response to
5-HT [31–33], display enhanced platelet serotonin uptake [30], that favors platelet response to ADP [34],
and an increased platelet 5-HT2 receptor binding and density [35,36] (Figure 1). Despite the already
proved importance of 5-HT in this contest also other circulating molecules may be involved.
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Figure 1. Platelets of depressed patients show hyper-reactivity. Patients with depression, show
hyper-reactive platelets. Indeed, platelets of depressed patients display a greater exposure of anionic
phosphatidylserine determinants, an increased activation of Glycoprotein IIb/IIIa, a higher expression
of P-selectin and Glycoprotein Ib, an increased expression and sensitivity of 5HT2 receptor, an enhanced
activity of SERT and an enhanced aggregation and sensitivity in response to collagen thrombin, and
serotonin. Platelet hyper-reactivity is also confirmed by a greater platelet granules secretion. GP:
Glycoprotein; vWF: von Willebrand Factor; 5-HT: 5-Hydroxytriptamine; 5-HT2: 5-HT receptor; SERT:
plasma membrane serotonin transporter. ↑: increased compared to control.

This review will be focused on the prothrombotic state of patients affected by depressive disorders.
In particular, it will analyze the impact of catecholamines, adipokines, lipids, reactive oxygen species
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and chemokines, in the pathophysiological link between depression and CVD, emphasizing the critical
role of platelet activation and the related molecular mechanisms.

2. Catecholamines

The catecholamines are adaptive and maladaptive stress hormones; they activate behavioral
and physiological processes facilitating the overcoming of stress [37]. Endogenous catecholamines
include dopamine (DA), noradrenaline (norepinephrine/NE), and adrenaline (epinephrine/EPI) [37].
Catecholamines, produced and released by the sympathetic system, brain and adrenal medulla [37],
exert their effects on multiple organs/compartments [38]. Although catecholamines are essential
constituents of physiologic cardiovascular regulation, their effects are greatly emphasized by abnormal
conditions [39].

The response to EPI and NE is mediated by a set of G protein-coupled adrenergic receptors
(ARs), α and/or β-adrenergic receptors, that are targets for several cardiovascular drugs [37,40]. DA
receptors are all members of the G protein-coupled receptor family and they are divided into two
subtypes: D1-like receptors coupled with Gs alpha subunit (Gs) (D1 and D5) and D2-like receptors
coupled with Gi alpha subunit (Gi) (D2, D3, D4). NE, EPI and DA have a prominent position in
the pathogenic mechanisms of several cardiovascular disorders, such as angina pectoris, heart failure,
arterial hypertension, atherosclerosis and thrombosis [39,41].

2.1. Catecholamines in Depression

The discovery, in the 1960s, that the inhibition of neuronal uptake of NE, the primary target for
tricyclic antidepressants, reduced depressive symptoms, led to hypothesize and then to show that
a deficit in catecholamine transmission could account for the depression [42]. On the other hand,
the contribution of DA was largely neglected until few years ago.

Beyond alterations in adrenergic and dopaminergic receptors availability, and the consequent
modification in the downstream pathways in the brain [43–46], depressive disorders have been also
associated with changing in peripheral levels of catecholamines.

In spite of the scarce and outdated studies, plasma levels of EPI and NE result increased in
depressed patients and their levels correlate with the severity of the pathology [47,48]. In agreement
with previous data, more recent studies showed that patients suffering from depression and other
major affective disorders have increased urinary levels of EPI, NE and DA [49], and the existence of
a positive association between urinary EPI or NE and depressive symptoms [50] (Table 1).

All these findings provide the evidence that alterations in peripheral catecholamines levels may
be relevant also in depression and not only in stress response, and pave the way to the potential link
among catecholamines, depression and CVDs.

2.2. Catecholamines and Platelet Function

Since human platelets express both adrenergic and dopaminergic receptors [51–53], the high
catecholamine levels may easier explain the association between depression and CVD. Basically,
through platelet α2-adrenergic or dopaminergic receptors, they modulate thrombopoiesis [54,55], and
platelet function [56–58]. Low concentrations of catecholamines and dopamine potentiate the effects of
other agonists (e.g., ADP, collagen, and thrombin) enhancing platelet aggregation, whereas at high
concentrations are sufficient alone to induce human platelet aggregation, granule secretion, and release
of platelet markers (e.g., Platelet Factor 4 (PF4) and β-thromboglobulin (BTG) [59–61] (Table 1).

Specifically, the effects of EPI on human platelet activation has been extensively investigated
in vitro providing the evidence that in platelet α2-adrenergic receptors are selectively coupled to Gz
family members but not to Gq or G12 family members [62]. The activation of Gz mediated by EPI,
inhibits cyclic Adenosine Monophosphate (cAMP) formation and promotes the activation of Rap1B and
PI 3-kinase [63], enhancing the effects of other agonists. Interestingly, EPI, not affecting Phospholipase
C (PLC), is unable to cause platelet shape change [64].
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Remarkable, EPI infusion induces a threefold increase of platelet thromboxane (TX) production [65],
and enhances platelet fibrinogen binding and platelet aggregation induced by thrombin [66].

In vivo infusion or in vitro exposure to EPI, enhances ADP-induced platelet aggregation and clot
formation both in healthy subjects treated with ticagrelor and in ACS patients under acetylsalicylic
acid and ticagrelor therapy [67,68] (Table 1).

Table 1. Catecholamines levels in MDD and effect on megakaryocytes and platelets.

Catecholamines in Depression and Platelets

DEPRESSION EFFECT ON MEGAKARYOCYTES

Stimulus Levels Stimulus Receptor Effect

EPI
NE

Increased circulating and
urinary levels [47–49]

EPI
NE

α-2-
adrenoceptor

Megakaryocyte adhesion and
migration [55]

Pro-platelets formation [55]

DA Increased urinary levels
[49] DA D1/D2 Megakaryocytes differentiation [54]

EFFECT ON PLATELETS

Stimulus Levels Stimulus Receptor Effect

EPI
NE

Increased circulating and
urinary levels [47–49]

EPI
NE

α-2-
adrenoceptor

Low concentrations:
Increase the sensitivity to collagen,

thrombin and ADP [52,56,57,60]

EPI α-2-
adrenoceptor

High concentrations:
Induce aggregation alone [57,66]

Increase TX production [65]
Enhance fibrinogen binding [66]

Induce clot formation [65–67]

D2 (?) Low concentrations:
Increase sensitivity to ADP [61]

DA
D2-like
receptor

Induce platelet microaggregation
[58]

Induce platelet adhesion [58]
DA

Increased urinary levels
[49]

D2 (?)
High concentrations:

Induce the release of a-granules [61]

EPI: Epinephrine; NE: Norepinephrine; DA: Dopamine; D1/D2: Dopamine Receptors; ADP: Adenosine diphosphate;
PF: Platelet Factor 4. ?: still under debate.

Despite NE induces platelet activation by binding, like EPI, α2-adrenergic receptors, its action is
two or three times less effective than EPI [52,60] (Table 1).

Finally, dopamine potentiates platelet microaggregate formation and adhesion to collagen under
low shear flow induced by ADP via D2-like receptor [58] (Table 1), however dopamine infusion
in hypertensive and normotensive men do not influence platelet count, platelet size and plasma
concentration of β-thromboglobulin [69].

Overall these data suggest that the inappropriate activation of the sympathoadrenal axis
occurring under depression may increase the sensitivity of circulating platelets to agonists with
severe consequences on CVD outcome.

3. Adipokines

Neuroendocrine regulators of energy metabolism are crucial in determining cardiovascular
risk [70], and are associated with depression disorders [71]. In this contest, adipose tissue plays an
endocrine role by synthesizing and secreting bioactive compounds named adipokines, whose secretion
is essential to energy and metabolic homeostasis [72]. The most studied adipokines are leptin and
adiponectin, whose alteration is reflected on both neuronal [73] and cardiovascular alterations [74,75].
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Of note, among classical adipokines, also non-conventional metabolic regulators, like neurotrophins,
could play a pivotal role in influencing both these pathology [76].

3.1. Leptin

Leptin is a hormone mainly secreted by adipocytes, it is involved in the control of food intake [77]
and its increased levels are associated to obesity [78]. The peripheral actions of leptin include stimulation
of inflammatory reaction, oxidative stress, atherosclerosis and thrombosis, thus promoting endothelial
dysfunction, arterial stiffness, development and vulnerability of atherosclerotic plaques [79]. Moreover,
it has been reported that CHD patients have higher leptin levels compared to controls [80,81]. Its serum
concentrations are increased after myocardial infarction (MI) [82], and its high levels are associated
with an increased risk of cardiac death, ACS, non-fatal MI, stroke and hospitalization for congestive
heart failure [83,84].

3.1.1. Leptin in Depression

Modifications of leptin metabolism and its gene expression, as well as its receptor, have been
reported among patients with mental health disorders, including depression [85], independently of
drug treatment [86]. However, the relationship between circulating leptin levels and depression is
under debate. Some authors stated that depression is associated with low circulating and brain leptin
levels [87–90], suggesting a correlation between leptin levels and the depressive mood. This data are
supported by the observation that administration of leptin exerts an antidepressant-like effect [91],
through dopaminergic neurotransmission regulation in mesolimbic areas [92]. In particular, leptin
reduces symptoms of depression and has an anxiolytic effect affecting the HPA [93,94], and stimulating
brain-derived neurotrophic factor (BDNF) production and function [95–97]. In addition, the deletion
of leptin receptor (LepRb) and its downregulation are associated with depression-like behavioral
impairments, indicating that leptin-lepRb signaling is involved in the molecular mechanism of leptin
antidepressant action [98,99].

On the other hand, some studies did not find any difference in the leptin levels between depressed
patients and control group [100–103], or measured higher levels of leptin in depressed patients [104–109].
In addition, a positive association between circulating leptin levels and depressive symptoms [110],
mild/moderate but not severe depression [104,111], and with self-reported depressive symptoms,
especially in women [109], was recently identified. A marked sexual difference in leptin levels has
been consistently reported, usually both healthy and depressed women have higher leptin levels than
men [88,104,112]. Several reasons of these sex-discrepancies have been hypothesized, including: (a)
the greater amount of subcutaneous and intra-abdominal adipose tissue in women (b) the difference in
male and female eating behavior or upregulated leptin mRNA in proportionally larger adipocytes of
females and (c) the testosterone levels, that inversely correlates with leptin levels [113].

In general, confounders such as time of blood sampling, age, Body Mass Index (BMI),
gender-associated metabolic disturbances, medication history and clinical type and features of
depressive disorders, might impact peripheral leptin levels, and thereby justify inconsistent results
obtained [101,104,107,114,115].

The presence of atypical major depressive disorders (MDD) may be an additional explanation of
this contradictory results. High concentrations of leptin are specifically associated with atypical MDD
and with symptoms that represent the core features of the atypical subtype, whereas no association
was found for the typical subtype or when considering the general diagnosis of MDD [106]. This
finding is consistent with the hypothesis of a leptin resistance process which blunts leptin central action,
despite increasing peripheral concentrations, and leads to hyper-leptinemia in obese subjects [106].
Data from a large international consortium identified that 15% of patients with atypical depression
carried a higher number of genetic risk variants for increased BMI, leptin and C-reactive protein
(CRP), meaning that atypical depression and obesity-related traits may be the two faces of the same
syndrome [108].
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Taken together, all these data indicate the necessity of further investigation about circulating leptin
levels in depressive disorders to understand its real impact on cardiovascular risk and thrombosis.

3.1.2. Leptin and Platelet Function

Among other receptors, platelets express on their surface also receptors for peptide hormones,
including the long form of leptin receptor (LEPRL) [116], suggesting that alteration of leptin
levels occurring in depressive disorders may alter platelet response contributing to cardiovascular
complications. Indeed, leptin promotes arterial thrombosis, potentiates platelet aggregation in
mouse [117,118], increases platelets adhesion and potentiates ADP- and thrombin-induced aggregation
in human [119,120], even if such effect was not observed in all subjects [116–118,121–123].

Furtherly, it has been shown that leptin induces platelet activation through almost two
different signaling cascade mechanisms. The first includes the activation of Janus kinase 2 (JAK2),
phosphatidylinositol 3-kinase (PI3K), protein kinase B (PKB), insulin receptor substrate-1 (IRS-1), and
phosphodiesterase 3A (PDE3A), with a consequent increase of PDE3A and a decrease of cAMP [119,120].
The second one leads to GPIIb/IIIa activation, increase of Ca2+ and TX production through the activation
of phospholipase C γ2 (PLCγ2), protein kinase C (PKC), and phospholipase A2 (PLA2) pathway [124].

3.2. Adiponectin

Adiponectin is an anti-inflammatory adipokine and contributes to increase insulin sensitivity
protecting, therefore, against diabetes, atherosclerosis and thrombosis. Accordingly, high concentrations
of adiponectin have been associated with a reduction in the risk of CVD [125–127] and an increase
in endothelial nitric oxide production [128]. Conversely, patients with CVD, with increased carotid
intima–media thickness and with obesity, exhibit low plasma adiponectin levels [129].

3.2.1. Adiponectin in Depression

The relationship and the modulation of adiponectin in depressive disorders have been extensively
studied. Specifically, several studies and a recent meta-analysis showed that MDD patients have
low adiponectin levels [105,130–134], and that successfully antidepressant treatment increases its
levels [135]. Interestingly, an inverse correlation between adiponectin levels and Hamilton Depression
Rating Scale (HAM-D), indicating the depression symptoms severity at admission [130,132,136], or
cumulative duration of depression [137] was identified. However, other studies were unable to confirm
this observation [103,138–140]. Again, several confounding factors have to be taken into consideration.
It is well known that (a) ethnic difference [140,141] between Asians and Europeans due to different
body composition and metabolic profile [142], (b) matrix in which adiponectin is measured (plasma
or serum) [134], (c) sex-dependent adiponectin levels [132,143], (d) body weight [137], (e) presence
of metabolic syndrome [144], (f) onset of depressive event [107], and (g) the subtypes of depressive
disorders [133,145–147] influence adiponectin levels.

However, when the modification of adiponectin levels are presents, they may contribute to platelet
activation and then to thrombosis.

3.2.2. Adiponectin and Platelet Function

Concerning the impact of adiponectin on platelet function, both mice and human platelets
express adiponectin receptors AdipoR1 and AdipoR2 [124]. Adiponectin alone does not affect
platelet adhesion/aggregation in human [120], nevertheless its deletion in a mouse model increases
agonist-induced platelet aggregation and enhances thrombus formation after photochemically-induced
arterial injury [148]. The antithrombotic effect of adiponectin may be related to its ability to
influence leukocytes behavior, to reduce polymorphonuclear (PMN) leukocyte- and monocyte-platelet
aggregates [149], and to inhibit macrophage-related Tissue Factor (TF) expression and activity with
the consequent impairment in the coagulation cascade [150].
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3.3. Neurothrophins

The neurotrophin (NT) family consists of Nerve Growth Factor (NGF), BDNF, NT-3 and NT-4 (also
named NT-4/5). NTs not only are stimulators of nerve growth, survival and differentiation [151] but
they also exert effects on immune cells [152–154], blood vessels/angiogenesis [155,156], wound healing
and tissue repair [156,157], and most importantly on glucose, lipid and energy dynamics [158–161].
They are considered key regulators of metabolism [162], and for their pleiotropic functions, NTs have,
as consequence, a huge importance in both depression [76], and CVD [76].

BDNF influences endothelial function [163], monocyte activation [154], and thrombus dimension
and stability [164]. It takes part to cardiovascular development [165] but also to the onset of
cardiovascular alterations and disease [166], including hypertension [167,168], atherosclerosis [169,170]
and thrombosis. Reduced BDNF plasma levels has been found in metabolic syndrome [170], ACS [171,
172], and type 2 diabetes [173], suggesting that alterations in its circulating levels may be associated to
pathological conditions.

NGF and NT-3, similarly to BDNF, are involved in the cardiac development [174] and
regeneration [175], angiogenetic process [165,176], hypertension onset [76,177], and atherosclerotic
lesions formation [170,172,178].

The role of NT-4 and related pathways in CVD are not well characterized; however, binding
the same receptor of BDNF (Tropomyosin receptor kinase B-TrkB), it might have similar functions of
BDNF in controlling blood pressure [168].

Interestingly, several NT polymorphisms, including BDNF rs6265 (Val66Met) [179–183], NGF
rs11102930 [184] and rs78701042 [185], have been associated to increased risk of ACS and
adverse outcome.

3.3.1. Neurotrophins in Depression

By their nature NTs play a key role in preventing depressive disorders [186], and data obtained
in rodent models of depression indicate that administration of BDNF and NGF have significant
antidepressant effects [187,188]. NTs do not control directly mood but, they are fundamental in
the activity-dependent modulation of networks and changes in plasticity [11]. Low NT levels
have been associated with several affective disorders including bipolar depression (BD) [189,190],
depression [12,191], mania [192], and obsessive compulsive disorders [193]. In particular, reductions
in serum and plasma BDNF have been found in patients affected by depression [194–196], and in those
who committed suicide [197,198]. Despite a large cohort study [199] and meta-analyses [12,200,201]
confirmed these results, there are a studies that have not found any relationship between BDNF and
depression [202], or that provided evidence of positive correlation between BDNF and higher scores
of scales for assessing depression in specific subgroups of patients [203]. Interestingly, genetic and
epigenetic modifications in the BDNF gene have been associated to depressive disorders [204].

Similarly, alteration in circulating NGF levels have been detected in patients with depression.
Clinical studies showed its reduced levels in patients with MDD compared to healthy control, and that
NGF is negatively associated with depressive symptoms [205,206]. Nevertheless, in elderly patients
this association seems to be attenuated [207].

As regard to NT-3 and 4/5 results are still controversial. Some studies found increased circulating
levels of NT-3 [208,209], and NT-4/5 [209,210] in BD patients, while other studies demonstrated
reduced [189,211] or unchanged levels [212,213].

3.3.2. Neurotrophins and Platelets Function

The impact of NTs on platelet function has not been well-investigated yet. To our knowledge, it is
only known that NGF can bind platelet surface and induce aggregation [214], while no information
is available on the effect of BDNF on platelet function, even though BDNF can bind a specific site
on platelets surface with subsequent internalization [215]. Platelets contain both NGF and BDNF,
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that are spontaneously released upon platelet activation [215–219]. From data present in literature is
conceivable that NGF and BDNF are not stored in the same granules and that their release is mediated
by different mechanisms, even though these mechanisms are still poorly characterized [219].

In particular, NGF is released within 10 min under calcium-free conditions, while after 60 min in
presence of calcium his release is significantly reduced [219]. This event is faster when platelets are
co-incubated with ibuprofen, while indomethacin do not affect NGF release [219].

On the other hand, only a low amount BDNF, stored in the α-granules [215], is released under
calcium-free conditions, while calcium markedly increases its release. Ibuprofen and clopidogrel but
not indomethacin and aspirin decrease its release [219,220]. Interestingly, when platelets are stimulated
with thrombin, the mechanism of BDNF release is consequent to the activation of Protease-Activated
receptor-1 (PAR-1). PAR-1 peptide induces a biphasic BDNF release, where only the first phase is
calcium mobilization-dependent, as provided by its inhibition mediated by Prostaglandin-1 (PGE-1)
pretreatment [217]. In this contest, authors demonstrated that BDNF is released by the fusion of
α-granules with the Open Canalicular System (OCS), forming the swollen OCS [217].

Interestingly, it has been shown that the amount of serum BDNF well reflect the amount of
BDNF found in platelets [221]. In agreement with the decreased levels of BDNF under depression
conditions [222,223], the platelet BDNF content is significantly reduced in patients with depression
compared to control subjects [224], and the antidepressant pharmacotherapy normalize its levels.
Then, it is possible to speculate that the platelet pre-activation state of MDD patients leads to their
BDNF reservoir depletion [224], influencing negatively endothelial function and thrombus growing
and stability [154,164,166] (Figure 2).
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antidepressant treatment is able to restore their levels [224], indicating that a pre-activated state may 
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Figure 2. The controversial role of BDNF on platelet function. Depressed patients are characterized
by the reduction of BDNF levels in the brain, that is well reflected by its decreased plasma and
serum levels [221–223]. Remarkably, platelet BDNF content is reduced in depressed patients [224],
but antidepressant treatment is able to restore their levels [224], indicating that a pre-activated state
may promote platelet emptying of their BDNF reservoir. Platelets, when activated, can release
BDNF [154,215,217,218], and extracellular BDNF can bind a specific site on platelets surface with
subsequent internalization [215]. However, there are no information about its possible effect on platelets.
BDNF: Brain-derived Neurotrophic Factor.

The genetic knock-in mouse carrying BDNFVal66Met polymorphisms, that recapitulates
the phenotypic hallmarks of human disease (e.g., depression and CVD) [179] has been a helpful
model to investigate the relationship between this polymorphism and platelet function. Specifically,
the presence of this polymorphism predisposes to platelet hyper-activated phenotype, enhancing
P-selectin expression, GPIIb/IIIa receptor activity, ability to bind leukocytes and fibrinogen, and
aggregation [179,225].
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4. Lipid Molecules and Lipoproteins

Lipids are essential structural components of cell membranes and play a crucial role in different
metabolic pathways and cellular functions [226]. Lipids alteration is associated with cardiovascular
risk [70]. A rise in cholesterol concentration increases the risk for death by CVD [227], and low-density
lipoprotein (LDL), contributing to the development of atherosclerotic plaques, are included among
the traditional risk factors for thrombosis. LDL may be oxidized, entrapped in macrophages inducing
their differentiation in foam cells, and they may also bind to proteoglycans in the arterial intima. In
addition to the critical role of LDL, a reduction of high-density lipoproteins (HDL) may cooperate to
promote atherosclerosis. HDL inhibits oxidation of LDL, removes cholesterol from foam cells and
reduces inflammation [228,229].

4.1. Lipid, Low Density Lipoprotein and Lipids Peroxidation in Depression

A large body of literature has provided knowledge on the relation between lipid status and
psychotic disorders [230–232], whereas very few data is available on depression.

Nevertheless, a relation between depression and lipid disturbances has been recently
demonstrated [233–240].

Actually, high total cholesterol (TC) and LDL are significantly associated with depressive symptoms
and severity, with depression prospective course [236], and with metabolic syndrome in MDD [237].
In support of the relation between the severity of depression and cholesterol alteration, Enko et
al. showed that, although depressed patients display only a slight increase in TC and LDL, there
is a positive correlation between BDI-II depression score and triglycerides (TG), TC and LDL, and
a negative, even though not significant, correlation with HDL [238]. In particular, an increase in
LDL/HDL ratio has been observed in MDD patients [235,239,240]. By contrast, other studies showed
that lower concentrations of TC and LDL were associated with MDD [241,242], and with incidence
of depression [243–246], and that during first episodes of MDD higher TG levels and low HDL but
similar LDL levels were found [247]. In addition, emerging data from a meta-analysis showed that
depression was inversely associated with TC levels, and directly related to HDL levels, especially
in women [235], whereas a U-shaped relationship with LDL was found [234]. The cross sectional
nature of most studies, the different categorization of age, sampling and dissimilar tools of evaluation
of depression applied in the studies, as well as the considerations of confounder factors (e.g., BMI,
drug treatments) might explain the controversial findings about depression and circulating lipids and
lipoproteins. Moreover, several studies analyzed the association of metabolic alterations with MDD,
without carrying information about the inclusion of the BD individuals or without specifying which
episode they were experiencing [237], all factors that could affect the conclusions.

Additionally to lipid molecules, the potential relationship with lipid peroxidation products as
well as with oxidized LDL (oxLDL) and depression have to be considered [248].

The lipid peroxidation marker malondialdehyde (MDA) is increased in MDD patients compared to
healthy control [249–252], and correlates with depression severity [253,254]. Similarly, the metabolites
of F2 isoprostanes, an additional marker of lipid peroxidation, are greater in urine, plasma and serum
of patients with depressive disturbances or MDD. This difference is particularly marked in elderly
men [255], and is sex- and age-independent [256]. Only one study did not find significant difference
between depressed and control subjects; however, this conclusion may be a result of the small sample
size used [257].

Depressed patients have also higher levels of serum oxLDL antibodies than normal control [258],
and a positive correlation emerged between serum oxLDL/LDL ratio with both Centre Epidemiological
Studies Depression Scale (CES-D) score and perceived stress in a Japanese population [259]. Interestingly,
depressed patients with great serum oxLDL antibodies are at high risk for atherosclerosis or have
atherosclerotic lesions [9,258], suggesting a relationship among depression, oxLDL and CVD.
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Overall, the positive association found between LDL or oxLDL and BMI [260,261], and between
BMI and depressive symptoms [71], suggests that depression, directly or indirectly, leading to weight
gain and to metabolic syndrome, could predispose to lipid alteration and to CVD.

4.2. Low Density Lipoprotein, Lipids Peroxidation and Platelet Function

Disorders in lipid status, above described, in patients with depression and CVD may contribute
to platelets activation leading to acute thrombotic events.

LDL increases the sensitivity of blood platelets to agonist stimulation, making their response
faster and more extensive [228]. Individuals with high plasma-LDL have hyper-reactive platelets
and greater plasma levels of platelet activation markers, including BTG and soluble CD40 ligand
(CD40L) [228]. In vitro, platelets exposed to LDL display hyper-aggregability, increased fibrinogen
binding and surface-expression of P-selectin, and increased production of TX, and generation of
Reactive Oxygen Species (ROS) [228,262].

Of note, oxLDL can influence platelet activation, apoptosis, and association with
monocytes/macrophages [228]. In particular, by binding scavenger receptors on platelets (e.g.,
CD36) [228,263], oxLDL enhances NADPH oxidase-2 (NOX-2)-mediated generation of ROS and
platelet hyper-reactivity [264], including platelet degranulation, GPaIIb3-integrin activation, apoptosis,
thrombin generation, and shape change. Finally, LDL–oxLDL enhances platelet release of CXCL12
(Stromal Cell-derived Factor-1-SDF-1), that in turn prompts LDL–oxLDL uptake and synergistically
augments the LDL–oxLDL-induced pro-oxidative and thrombogenic impact on platelet function [265].

5. Reactive Oxygen Species

ROS (i.e., superoxide anion (O•2-), hydrogen peroxide (H2O2), hydroxyl radical (•OH), hydroxyl
ion (OH−) consist of radical and non-radical oxygen species formed by the partial reduction of
oxygen [266]. ROS modulate several physiological processes, however when their excessive production
is not counteracted by antioxidant capacity of human physiology there is imbalance in the redox system,
resulting in tissue damage and in the development and progression of several diseases. The implication
of ROS in the pathogenesis of CVDs and thrombosis has been well described [267]. Abnormal ROS
increase has been observed in atherosclerosis [268], and in coronary artery disease (CAD) patients and
associated with future CVD events [269]. The most well-known sources of ROS in the cardiovascular
system are NOX family of enzymes, uncoupled endothelial nitric oxide synthase (eNOS), mitochondria
and xanthine oxidase (XO), whose function is critical in determining the onset and progression of
CVD [270].

5.1. Reactive Oxygen Species in Depression

Clinical studies have reviewed the possible impact of oxidative stress in the pathophysiology
of depression [271–274], focusing on ROS iper-production or on the activation of enzymes relevant
in pro/antioxidant processes [e.g., NOX, XO, superoxide dismutase (SOD) and catalase (CAT)] [274],
and experimental models have established that the enhanced ROS production favors depression-like
phenotype [275].

Several peripheral markers of oxidative stress and mechanisms implicated in redox balance are
altered in MDD, nevertheless, there is a significant heterogeneity across the studies [276], specifically
as regard to ROS alteration [277], hence importance of careful phenotyping of the depressed and
control subjects.

Decreased SOD activity [253,278] in red blood cells (RBC) of depressed patients have been
measured in first [253], recurrent [251], and bipolar episodes [279] suggesting also a connection with
different subtypes of depressive manifestations.

The reduction of SOD activity associated with increased XO activity [278] and unchanged CAT
activity [253,276] well explain the increased ROS generation detected in patients with depression [252,
276]. However, other studies showed increased RBC SOD activity [249,250,252], that is potentially
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explained as a protective mechanism induced by organism to counterbalance oxidative stress that
occurs during depressive disorders (Figure 3).

A recent meta-analysis indicated that depression is associated with enhanced oxidative damage,
as provided by increased urinary and serum/plasma levels of 8-hidroxy-2′-deoxyguanosine (8-OHdG)
and F2-isoprostanes [273] (Figure 3).

Noteworthy is that mitochondrial dysfunction is considered the preferential mechanism as source
of ROS in MDD [280,281]; indeed, reduced mitochondrial function is implicated in depression onset
and progression [281]. This finding is relevant since the brain is a highly active organ with high energy
consumption, and then it is more susceptible to the deleterious effect of excessive ROS production
related to mitochondrial dysfunctions.

Overall, the imbalance of redox system, with an increased production of ROS, that characterizes
depression disorders may cover a key role in promoting platelets activation.

5.2. Reactive Oxygen Species and Platelet Function

Extracellular ROS promote the activation of GPIIb/IIIa interacting with thiol groups in
the extracellular domain, and the shedding of GPVI and GPIbα through a mechanism mediated
by A Disintegrin and Metalloproteases (ADAM) [282,283]. These events have been recently associated
with increased coagulation factor binding and enhanced thrombin and fibrin generation, favoring
a pro-coagulant phenotype of platelets [284]. Activated platelets, via NOX, cyclooxygenases, eNOS,
XO, and mitochondrial respiration [285,286], are able to generate per se ROS, that in turn re-activate
platelets [287,288], especially in older patients [289]. As consequence, intra-platelets ROS support
platelet activation promoting α-granule exocytosis [290], increasing the sensitivity of platelets receptor
like GPIIb/IIIa, GPIbα and GPVI [291,292]. When platelets are exposed to thrombin-or collagen ROS
act as second messenger [293], inducing calcium mobilization [293], upregulating CD40L surface
expression and release [294], and generating isoprostanes including 8-iso-prostaglandin F2α (PGF2α)
that can promote platelet aggregation via TX receptor in the presence of low concentrations of other
agonists [295–297] (Figure 3).

Interestingly, alteration in platelets mitochondrial bioenergetics has been detected in MDD patients
compared to a matched control subjects [298,299], supporting the hypothesis of interplay among ROS,
platelet activation and depression.
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Figure 3. Increased oxidative stress that occurs during major depressive disorders (MDD), can activate
platelets. Depressed patients are characterized by an imbalance in redox system with increased
pro-oxidant enzyme activity not counterbalanced by anti-oxidant enzyme [251–253,276,278,279]. This
imbalance promotes an excessive production of ROS and an increase in F2 isoprostanes circulating
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levels. Extracellular ROS is then able to activate platelets increasing GPIIb/IIIa receptor affinity,
and inducing GPIα and GPVI receptors shedding with consequent activation of downstream
pathways [282,283]. In the same time, the activation of platelets due to pro-oxidant environment favors
intra-platelets production of ROS. Intra-platelets ROS support platelet activation promoting α-granule
exocytosis, increasing the sensitivity of platelet receptors, acting as second messenger in thrombin- or
collagen-activated platelets, inducing calcium mobilization, upregulating CD40L surface expression
and release and generating isoprostanes, including 8-iso-PGF2α [activating AA metabolism] [290–294].
PGF2α can in turn activates TX receptor beyond supporting platelet activation [295–297]. Finally,
the redox imbalance is furtherly fed by a vicious cycle of ROS production due to activation of NOX
enzyme [285–289] and to alteration of platelet mitochondrial function [298,299]. ROS: Reactive Oxygen
Species; GP: glycoprotein; CD40L: CD40 Ligand; Ca2+: Calcium; NOX: NADPH oxidase; PLA2:
Phospholipase A2; AA: Arachidonic Acid; TX: Thromboxane.

6. Inflammatory Factors

Inflammatory process has been extensively described in worsening CVD prognosis, and platelets
are recognized as active mediators of this mechanisms [300]. The pro-inflammatory status has been
also associated with MDD and is exhaustively described in literature. In particular, pro-inflammatory
cytokines like interleukin-2 (IL-2), IL-6, soluble IL-6 receptor, tumor necrosis factor-α (TNF-α) and
interferon-γ (IFN-γ) are increased while anti-inflammatory cytokines like IL-4 and IL-10 are decreased
during depressive disorders [301]. More recent studies demonstrated that also chemokines contribute
to neurobiological processes relevant to psychiatric disorders [302], suggesting another point of
connection between depression and cardiovascular disease.

6.1. Chemokines

Chemokines are small (8–12 kDa) chemotactic cytokines, which have an important role in directing
the migration of blood cells to target tissues. Chemokines are classified into 4 groups, with the CC- and
CXC-types being the most common [303]. Alteration in circulating levels of chemokines like CXCL8
(IL-8), CCL2 (Monocyte Chemoattractant Protein-1 (MCP-1), CCL26 (Eosinophil Chemotactic Protein-3
(Eotaxin-3), CCL5 (Regulated on Activation of Normal T cell-expressed and secreted (RANTES)
entities) CXCL10 (γ-Interferon-inducible Protein-10 (IP-10) or of chemokines receptors (e.g., fractalkine
receptor-CX3CR1) are associated with subclinical or proclaimed cardiovascular pathology (e.g., MI,
CAD, atherosclerosis) or with cardiovascular death [304–306]. In addition, it has been showed that
the fractalkine receptor CX3CR1 plays a key role in atherosclerosis [305], and that a polymorphism in
its gene is associated with a reduced risk for CAD [306].

Overall, chemokines represent a promising therapeutic target in cardiovascular disease [303], and
recently have been also related to depression disorders [307].

6.1.1. Chemokines in Depression

Several studies highlighted the link between depressive symptoms and elevated circulating levels
of chemokines, and the main results obtained are summarized in a recent review [307].

Higher blood levels of CCL11 (Eotaxin-1), RANTES, SDF-1 and CXC3L1 (fractalkine) were found
in depressed patients compared to controls [308–311] (Table 2).

In particular, Ogłodek et al. showed that RANTES and CXCL12 levels were significantly increased
in both women and men with depressive disorders and that a relation between circulating levels
of these chemokines and severity of depressive symptoms exists [309]. By contrast, Leighton et
al., in a meta-analysis including 7 studies, did not find significant difference in circulating levels of
RANTES and CCL3 (Macrophage Inflammatory Protein-1α (MIP-1α) between MDD patients and
control group [307] (Table 2). However, need to be mentioned that the conclusion of Leighton et al. may
be incorrect due to the inclusion of studies that evaluated indiscriminately the RANTES levels in plasma,
serum and whole blood of depressed patients (Table 2). Indeed, it has been reported that depressed
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patients have reduced serum levels of RANTES [308] and antidepressant treatment can restore its
levels [311]. Nevertheless, reduced RANTES serum levels in depressed patients may be related to
the activated platelet phenotype, that leads to the emptying of RANTES platelet reservoir [312].

Increased plasma levels of fractalkine in moderate-severe depressed patients compared to control
subjects was found [313] and this result was confirmed by other studies, in which a correlation between
fractalkine plasma levels and the severity of depressive symptoms was identified [314,315] (Table 2).
However, considering the scarcity of information about circulating levels of fractalkine in association
with depression, further studies are needed, also taking into account the possible confounding factors
(e.g., age, BMI) and the heterogeneity of MDD.

Instead, CCL4 (MIP-1β) has been found lower in the serum of depressed patients compared to
not depressed ones [307].

Finally, MCP-1 levels are usually higher in depressed patients compared to controls [302,310,
311,316,317], with the exception of some works [131,318] (Table 2). The careful analyses of these
works highlighted that patient groups are highly heterogeneous, including different subgroups of
depressed patients, e.g., patients with bipolar disturbs [316], obsessive-convulsive disorders [319],
exhaustion [320], and nocturnal disturbs [321], leading to find no difference, almost in all cases, in
circulating levels of MCP-1. Indeed, it is showed that MDD patients with suicidal ideation have
surprisingly reduced levels of this chemokine [308].

In conclusion, the studies investigating the relationship between chemokines and depression are
still few and often controversial, more research is needed to define whether their circulating levels are
really enhanced in depression.

6.1.2. Chemokines and Platelet Function

The presence of chemokine receptors on the surface of platelets has been controversial for a long
time, but now accumulated evidence show that CXCR4, CCR4, CX3CR1 and lower but still functional
amounts of CCR1 and CCR3 are present on platelets [322–325].

As regard of chemokines whose levels result altered in MDD, only few were investigated in relation
to platelets function. Nevertheless, some of them (e.g., MCP-1, Eotaxin-1, SDF-1 and fractalkine) are
promising mediators of the link between depression and platelets activation.

It has been demonstrated that the activation of CCR1, 3 and 4 receptors by specific chemokines,
including MCP-1, MIP-1α, Eotaxin, and RANTES, induces platelet aggregation and release of platelet
granule contents [325] (Table 2).

In addition, fractalkine, through the activation of CX3CR1, promotes adhesion of platelets on
fibrinogen and collagen [326], and induces not only monocyte recruitment but also platelet accumulation
at sites of arterial injury [327]. It has been recently demonstrated that also GPIb can acts as a fractalkine
receptor [328], thus suggesting another possible target in regulating platelets activation. Interestingly,
a positive correlation between levels of fractalkine and platelet activation in patients with CVD was
identified [326] (Table 2).

Finally, SDF-1, expressed on both megakaryocytes and platelets [322], modulates megakaryocytes
maturation and megakaryocytopoiesis [329], induces platelets activation, enhancing platelet
aggregation and intra-platelet Ca2+ flux, and it modulates the expression of CXCR4-CXCR7 receptors
on platelets surface [330]. Of note, the expression of CXCR4-CXCR7 receptors on platelets have
a prognostic value in CVD [330] (Table 2).
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Table 2. Chemokines potentially relevant in the relationship between depression and platelet activation.

DEPRESSION PLATELETS

Chemokines District Levels Receptor Effect

MCP-1 Serum
Plasma

↑ [302,310,311,
316,317] CCR1/CCR3 Platelet aggregation [325]

Granules content release [325]

Eotaxin-1 Serum ↑ [308,310] CCR1/CCR3 Platelet aggregation [325]
Granules content release [325]

RANTES Serum
Plasma

↓ [307,308,311]
↑/= [307,309] CCR1/CCR3 Platelet aggregation [325]

Granules content release [325]

SDF-1 Plasma ↑ [309] CXCR4

Megakaryocytes maturation and
megakaryopoiesis [329]

Platelets activation, aggregation
and Ca2+ flux [330]

Expression of platelets surface
expression of CXCR4-CXCR7

receptors [330]

MIP-1α Plasma = [307,311] CCR1/CCR3 Platelet aggregation [325]
Granules content release [325]

MIP-1β Serum ↓ [307] CCR1/CCR3 NA

Fractalkine Plasma ↑ [313–315] CXC3CR1

Platelet adhesion [326]
Platelet accumulation and

monocytes recruitment at injury
site [327]

Platelet activation in CVD patients
[326]

↑: increased, ↓: decreased; =: similar levels compared to control. MCP1: Monocyte Chemoattractant Protein-1;
Eotaxin-1: Eosinophil Chemotactic Protein-1; RANTES: Regulated on Activation of Normal T cell-expressed and
secreted; SDF-1: Stromal Cell-derived Factor-1; MIP-1α/β: Macrophage Inflammatory Protein-1α/β.

Interestingly, platelets store and release several chemokines [331] that influence both physiological
and pathological conditions [332]. To our knowledge, the relationship among chemokines
platelet-released, depression and CVD has not been investigated as yet. Nevertheless, we can
hypothesize that chemokines released by hyper-reactive platelets contribute to progression of both
depression and CVD, worsening the clinical outcome.

7. Conclusions

In spite of the provided evidence about highest prevalence of CVD in patients with depression,
the molecular mechanisms at the basis of this relation are largely unknown. The hyper-activated
response of platelets of depressed patients suggest them as possible and interesting mediators in
this contest.

In this review we critically analyzed some of the molecules, whose alteration is relevant in
promoting the onset of CVD and that are known or potentially associated with platelets activation
and de-/activation, in depressive disorders. Even if many of the studies taken into consideration seem
to suggest that circulating levels of these molecules are changed during depression, consequently
favoring platelets activation, the results present in literature are often still controversial and need
further investigation to give a univocal indication. In this perspective, it will be useful to study
the pathways activated by these molecules in platelets of depressed patients to have an exhaustive
insight about this subject matter and to understand molecular mechanisms underlying the link among
depression, platelet activation and CVD.
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Abbreviations

5-HT 5-Hydroxytriptamine
5-HT2 5-HT receptor
8-isoPGF2α 8-iso-prostaglandin F2α
OHdG 8-hydroxy-2′-deoxyguanosine
ACS Acute Coronary Syndrome
ADAM A Disintegrin and Metalloproteases
ADP Adenosine Diphosphate
AR Adrenergic Receptor
BD Bipolar Depression
BDNF Brain-derived Neurotrophic Factor
BMI Body Mass Index
BTG β-thromboglobulin
CAD Coronary Artery Disease
cAMP 3’-5’-Cyclic Adenosine Monophosphate
CAT Catalase
CD40L CD40 Ligand
CES-D Centre Epidemiological Studies Depression Scale
CHD Coronary Heart Disease
CRP C-Reactive Protein
CVD Cardiovascular Disease
CXC3L1 Fractalkine
CXC3R1 Fractalkine Receptor
DA Dopamine
eNOS Endothelial Nitric Oxide Synthase
EPI Epinephrine
Eotaxin Eosinophil Chemotactic Protein
G protein Guanine nucleotide-binding proteins
GP Glycoprotein
HAM-D Hamilton Depression Rating Scale
HDL High-Density Lipoprotein
HF Heart Failure
HPA Hypothalamic-Pituitary-Adrenal
IFN-γ Interferon-γ
IL Interleukin
IP-10 γ-Interferon-inducible Protein-10
IRS-1 Insulin Receptor Substrate-1
JAK2 Janus Kinase 2
LepRb Leptin Receptor
LEPRL Long form of Leptin Receptor
LDL Low-Density Lipoprotein
MCP-1 Monocyte Chemoattractant Protein-1
MDA Malondialdheyde
MDD Major Depressive Disorders
MI Myocardial Infarction
MIP-1α/β Macrophage Inflammatory Protein-1α/β
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NE Norepinephrine
NGF Nerve Growth Factor
NOX NADPH oxidase
NT Neurotrophin
OCS Open Canalicular System
oxLDL Oxidized LDL
PAR-1 Protease-Activated Receptor-1
PDE3A Phosphodiesterase 3A
PF4 Platelet Factor 4
PGE-1 Prostagladin E-1
PLA/C Phospholipase A/C
PI3K Phosphatidylinositol 3-Kinase
PK Protein Kinase
PMN Polymorphonuclear
RANTES Regulated on Activation of Normal T cell-expressed and secreted
RBC Red Blood Cells
ROS Reactive Oxygen Species
SDF-1 Stromal Cell-derived Factor-1
SOD Superoxide dismutase
TC Total Cholesterol
TF Tissue Factor
TG Triglycerides
TNF-α Tumor Necrosis Factor-α
TrkB Tropomyosin receptor kinase B
TX Thromboxane
vWF Von Willebrand Factor
XO Xantine oxidase
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levels in depressive disorders with atypical features. Psychiatry Clin. Neurosci. 2005, 59, 736–738. [CrossRef]

116. Giandomenico, G.; Dellas, C.; Czekay, R.-P.; Koschnick, S.; Loskutoff, D.J. The leptin receptor system of
human platelets. J. Thromb. Haemost. 2005, 3, 1042–1049. [CrossRef]

117. Konstantinides, S.; Schäfer, K.; Koschnick, S.; Loskutoff, D.J. Leptin-dependent platelet aggregation and
arterial thrombosis suggests a mechanism for atherothrombotic disease in obesity. J. Clin. Investig. 2001, 108,
1533–1540. [CrossRef]

118. Konstantinides, S.; Schafer, K.; Loskutoff, D.J. The prothrombotic effects of leptin possible implications for
the risk of cardiovascular disease in obesity. Ann. N. Y. Acad. Sci. 2001, 947, 134–141. [CrossRef]

119. Elbatarny, H.S.; Maurice, D.H. Leptin-mediated activation of human platelets: Involvement of a leptin
receptor and phosphodiesterase 3A-containing cellular signaling complex. Am. J. Physiol. Metab. 2005, 289,
E695–E702. [CrossRef]

120. Elbatarny, H.S.; Netherton, S.J.; Ovens, J.D.; Ferguson, A.V.; Maurice, D.H. Adiponectin, ghrelin, and
leptin differentially influence human platelet and human vascular endothelial cell functions: Implication in
obesity-associated cardiovascular diseases. Eur. J. Pharmacol. 2007, 558, 7–13. [CrossRef]

121. Nakata, M.; Yada, T.; Soejima, N.; Maruyama, I. Leptin promotes aggregation of human platelets via the long
form of its receptor. Diabetes 1999, 48, 426–429. [CrossRef]

122. Corsonello, A.; Perticone, F.; Malara, A.; De Domenico, D.; Loddo, S.; Buemi, M.; Ientile, R.; Corica, F.
Leptin-dependent platelet aggregation in healthy, overweight and obese subjects. Int. J. Obes. 2003, 27,
566–573. [CrossRef] [PubMed]

123. Ozata, M.; Avcu, F.; Durmus, O.; Yilmaz, I.; Ozdemir, I.C.; Yalcin, A. Leptin Does Not Play a Major Role in
Platelet Aggregation in Obesity and Leptin Deficiency. Obes. Res. 2001, 9, 627–630. [CrossRef] [PubMed]

124. Vilahur, G.; Ben-Aicha, S.; Badimon, L. New insights into the role of adipose tissue in thrombosis. Cardiovasc.
Res. 2017, 113, 1046–1054. [CrossRef] [PubMed]

125. Pischon, T.; Girman, C.; Hotamisligil, G.; Rifai, N.; Hu, F.; Rimm, E. Plasma adiponectin levels and risk of
myocardial infarction in men. ACC Curr. J. Rev. 2004, 13, 20. [CrossRef]

126. Maahs, D.M.; Ogden, L.G.; Kinney, G.L.; Wadwa, P.; Snell-Bergeon, J.K.; Dabelea, D.; Hokanson, J.E.;
Ehrlich, J.; Eckel, R.H.; Rewers, M.; et al. Low Plasma Adiponectin Levels Predict Progression of Coronary
Artery Calcification. Circulation 2005, 111, 747–753. [CrossRef]

127. Wolk, R.; Berger, P.; Lennon, R.J.; Brilakis, E.S.; Davison, D.E.; Somers, V.K. Association between plasma
adiponectin levels and unstable coronary syndromes. Eur. Hear. J. 2007, 28, 292–298. [CrossRef]

128. Adya, R.; Tan, B.K.; Randeva, H.S. Differential Effects of Leptin and Adiponectin in Endothelial Angiogenesis.
J. Diabetes Res. 2015, 2015, 1–12. [CrossRef]

129. Golia, E.; Limongelli, G.; Natale, F.; Fimiani, F.; Maddaloni, V.; Russo, P.E.; Riegler, L.; Bianchi, R.; Crisci, M.;
Di Palma, G.; et al. Adipose tissue and vascular inflammation in coronary artery disease. World J. Cardiol.
2014, 6, 539–554. [CrossRef]

130. Diniz, B.S.; Teixeira, A.L.; Campos, A.C.; Miranda, A.S.; Rocha, N.P.; Talib, L.L.; Gattaz, W.F.; Forlenza, O.V.
Reduced serum levels of adiponectin in elderly patients with major depression. J. Psychiatr. Res. 2012, 46,
1081–1085. [CrossRef]

131. Lehto, S.M.; Huotari, A.; Niskanen, L.; Tolmunen, T.; Koivumaa-Honkanen, H.; Honkalampi, K.;
Ruotsalainen, H.; Herzig, K.-H.; Viinamäki, H.; Hintikka, J. Serum adiponectin and resistin levels in
major depressive disorder. Acta Psychiatr. Scand. 2010, 121, 209–215. [CrossRef]

132. Leo, R.; Di Lorenzo, G.; Tesauro, M.; Cola, C.; Fortuna, E.; Zanasi, M.; Troisi, A.; Siracusano, A.; Lauro, R.;
Romeo, F. Decreased plasma adiponectin concentration in major depression. Neurosci. Lett. 2006, 407,
211–213. [CrossRef] [PubMed]

http://dx.doi.org/10.1210/jc.83.11.4140
http://dx.doi.org/10.1016/j.jad.2018.07.069
http://dx.doi.org/10.1186/s12944-020-01203-z
http://dx.doi.org/10.1111/j.1440-1819.2005.01445.x
http://dx.doi.org/10.1111/j.1538-7836.2005.01327.x
http://dx.doi.org/10.1172/JCI13143
http://dx.doi.org/10.1111/j.1749-6632.2001.tb03936.x
http://dx.doi.org/10.1152/ajpendo.00125.2005
http://dx.doi.org/10.1016/j.ejphar.2006.11.052
http://dx.doi.org/10.2337/diabetes.48.2.426
http://dx.doi.org/10.1038/sj.ijo.0802273
http://www.ncbi.nlm.nih.gov/pubmed/12704400
http://dx.doi.org/10.1038/oby.2001.82
http://www.ncbi.nlm.nih.gov/pubmed/11595779
http://dx.doi.org/10.1093/cvr/cvx086
http://www.ncbi.nlm.nih.gov/pubmed/28472252
http://dx.doi.org/10.1016/j.accreview.2004.06.063
http://dx.doi.org/10.1161/01.CIR.0000155251.03724.A5
http://dx.doi.org/10.1093/eurheartj/ehl361
http://dx.doi.org/10.1155/2015/648239
http://dx.doi.org/10.4330/wjc.v6.i7.539
http://dx.doi.org/10.1016/j.jpsychires.2012.04.028
http://dx.doi.org/10.1111/j.1600-0447.2009.01463.x
http://dx.doi.org/10.1016/j.neulet.2006.08.043
http://www.ncbi.nlm.nih.gov/pubmed/16973279


Int. J. Mol. Sci. 2020, 21, 7560 23 of 33

133. Su, S.-C.; Sun, M.-T.; Wen, M.-J.; Lin, C.-J.; Chen, Y.-C.; Hung, Y.-J. Brain-derived neurotrophic factor,
adiponectin, and proinflammatory markers in various subtypes of depression in young men. Int. J. Psychiatry
Med. 2011, 42, 211–226. [CrossRef] [PubMed]

134. Cao, B.; Chen, Y.; Brietzke, E.; Cha, D.; Shaukat, A.; Pan, Z.; Park, C.; Subramaniapillai, M.; Zuckerman, H.;
Grant, K.; et al. Leptin and adiponectin levels in major depressive disorder: A systematic review and
meta-analysis. J. Affect. Disord. 2018, 238, 101–110. [CrossRef] [PubMed]

135. Narita, K.; Murata, T.; Takahashi, T.; Kosaka, H.; Omata, N.; Wada, Y. Plasma levels of adiponectin and
tumor necrosis factor-alpha in patients with remitted major depression receiving long-term maintenance
antidepressant therapy. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2006, 30, 1159–1162. [CrossRef]
[PubMed]

136. Zeman, M.; Jirák, R.; Jachymova, M.; Vecka, M.; Tvrzicka, E.; Žák, A. Leptin, adiponectin, leptin to adiponectin
ratio and insulin resistance in depressive women. Neuro Endocrinol. Lett. 2009, 30, 387–395.

137. Cizza, G.; Nguyen, V.T.; Eskandari, F.; Duan, Z.; Wright, E.C.; Reynolds, J.C.; Ahima, R.S.; Blackman, M.R.
POWER Study Group Low 24-hour adiponectin and high nocturnal leptin concentrations in a case-control
study of community-dwelling premenopausal women with major depressive disorder: The Premenopausal,
Osteopenia/Osteoporosis, Women, Alendronate, Depression (POWER) study. J. Clin. Psychiatry 2010, 71,
1079–1087. [CrossRef]

138. Jeong, H.-G.; Min, B.J.; Lim, S.; Kim, T.H.; Lee, J.J.; Park, J.H.; Lee, S.B.; Han, J.W.; Choi, S.H.; Park, Y.J.; et al.
Plasma adiponectin elevation in elderly individuals with subsyndromal depression. Psychoneuroendocrinology
2012, 37, 948–955. [CrossRef]

139. Einvik, G.; Flyvbjerg, A.; Hrubos-Strøm, H.; Randby, A.; Frystyk, J.; Bjerre, M.; Namtvedt, S.K.;
Kristiansen, H.A.; Nordhus, I.H.; Somers, V.K.; et al. Novel cardiovascular risk markers in depression: No
association between depressive symptoms and osteoprotegerin or adiponectin in persons at high risk for
sleep apnea. J. Affect. Disord. 2013, 145, 400–404. [CrossRef]

140. Bai, Y.-M.; Chiou, W.-F.; Su, T.-P.; Li, C.-T.; Chen, M.-H. Pro-inflammatory cytokine associated with somatic
and pain symptoms in depression. J. Affect. Disord. 2014, 155, 28–34. [CrossRef]

141. Pan, A.; Ye, X.; Franco, O.H.; Li, H.; Yu, Z.; Wang, J.; Qi, Q.; Gu, W.; Pang, X.; Liu, H.; et al. The Association of
Depressive Symptoms with Inflammatory Factors and Adipokines in Middle-Aged and Older Chinese. PLoS
ONE 2008, 3, e1392. [CrossRef]

142. Wulan, S.; Westerterp, K.; Plasqui, G. Ethnic differences in body composition and the associated metabolic
profile: A comparative study between Asians and Caucasians. Maturitas 2010, 65, 315–319. [CrossRef]
[PubMed]

143. Cnop, M.; Havel, P.J.; Utzschneider, K.M.; Carr, D.B.; Sinha, M.K.; Boyko, E.J.; Retzlaff, B.M.; Knopp, R.H.;
Brunzell, J.D.; Kahn, S.E. Relationship of adiponectin to body fat distribution, insulin sensitivity and plasma
lipoproteins: Evidence for independent roles of age and sex. Diabetologia 2003, 46, 459–469. [CrossRef]
[PubMed]

144. Zeugmann, S.; Quante, A.; Heuser, I.; Schwarzer, R.; Anghelescu, I. Inflammatory Biomarkers in 70 Depressed
Inpatients with and Without the Metabolic Syndrome. J. Clin. Psychiatry 2010, 71, 1007–1016. [CrossRef]
[PubMed]

145. Hung, Y.-J.; Hsieh, C.-H.; Chen, Y.-J.; Pei, D.; Kuo, S.-W.; Shen, D.-C.; Sheu, W.H.-H.; Chen, Y.-C. Insulin
sensitivity, proinflammatory markers and adiponectin in young males with different subtypes of depressive
disorder. Clin. Endocrinol. 2007, 67, 784–789. [CrossRef]

146. Platzer, M.; Fellendorf, F.T.; Bengesser, S.A.; Birner, A.; Dalkner, N.; Hamm, C.; Hartleb, R.; Queissner, R.;
Pilz, R.; Rieger, A.; et al. Adiponectin is decreased in bipolar depression. World J. Biol. Psychiatry 2018, 20,
813–820. [CrossRef]

147. Lamers, F.; Bot, M.; Jansen, R.; Chan, M.K.; Cooper, J.D.; Bahn, S.; Penninx, B.W.J.H. Serum proteomic profiles
of depressive subtypes. Transl. Psychiatry 2016, 6, e851. [CrossRef]

148. Kato, H.; Kashiwagi, H.; Shiraga, M.; Tadokoro, S.; Kamae, T.; Ujiie, H.; Honda, S.; Miyata, S.; Ijiri, Y.;
Yamamoto, J.; et al. Adiponectin Acts as an Endogenous Antithrombotic Factor. Arter. Thromb. Vasc. Biol.
2006, 26, 224–230. [CrossRef]

149. Shoji, T.; Koyama, H.; Fukumoto, S.; Maeno, T.; Yokoyama, H.; Shinohara, K.; Emoto, M.; Shoji, T.; Yamane, T.;
Hino, M.; et al. Platelet activation is associated with hypoadiponectinemia and carotid atherosclerosis.
Atherosclerosis 2006, 188, 190–195. [CrossRef]

http://dx.doi.org/10.2190/PM.42.3.a
http://www.ncbi.nlm.nih.gov/pubmed/22439294
http://dx.doi.org/10.1016/j.jad.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/29870819
http://dx.doi.org/10.1016/j.pnpbp.2006.03.030
http://www.ncbi.nlm.nih.gov/pubmed/16678955
http://dx.doi.org/10.4088/JCP.09m05314blu
http://dx.doi.org/10.1016/j.psyneuen.2011.11.002
http://dx.doi.org/10.1016/j.jad.2012.05.065
http://dx.doi.org/10.1016/j.jad.2013.10.019
http://dx.doi.org/10.1371/journal.pone.0001392
http://dx.doi.org/10.1016/j.maturitas.2009.12.012
http://www.ncbi.nlm.nih.gov/pubmed/20079586
http://dx.doi.org/10.1007/s00125-003-1074-z
http://www.ncbi.nlm.nih.gov/pubmed/12687327
http://dx.doi.org/10.4088/JCP.08m04767blu
http://www.ncbi.nlm.nih.gov/pubmed/20156411
http://dx.doi.org/10.1111/j.1365-2265.2007.02963.x
http://dx.doi.org/10.1080/15622975.2018.1500033
http://dx.doi.org/10.1038/tp.2016.115
http://dx.doi.org/10.1161/01.ATV.0000194076.84568.81
http://dx.doi.org/10.1016/j.atherosclerosis.2005.10.034


Int. J. Mol. Sci. 2020, 21, 7560 24 of 33

150. Okamoto, Y.; Ishii, S.; Croce, K.; Katsumata, H.; Fukushima, M.; Kihara, S.; Libby, P.; Minami, S.
Adiponectin inhibits macrophage tissue factor, a key trigger of thrombosis in disrupted atherosclerotic
plaques. Atherosclerosis 2013, 226, 373–377. [CrossRef]

151. Chao, M.V.; Rajagopal, R.; Lee, F.S. Neurotrophin signalling in health and disease. Clin. Sci. 2006, 110,
167–173. [CrossRef]

152. Tabakman, R.; Lecht, S.; Sephanova, S.; Arien-Zakay, H.; Lazarovici, P. Interactions between the cells of
the immune and nervous system: Neurotrophins as neuroprotection mediators in CNS injury. Prog. Brain
Res. 2004, 146, 387–401. [CrossRef] [PubMed]

153. Fiore, M.; Chaldakov, G.N.; Aloe, L. Nerve Growth Factor as a Signaling Molecule for Nerve Cells and also
for the Neuroendocrine-Immune Systems. Rev. Neurosci. 2009, 20, 133–145. [CrossRef]

154. Amadio, P.; Baldassarre, D.; Sandrini, L.; Weksler, B.B.; Tremoli, E.; Barbieri, S.S. Effect of cigarette smoke
on monocyte procoagulant activity: Focus on platelet-derived brain-derived neurotrophic factor (BDNF).
Platelets 2016, 28, 60–65. [CrossRef] [PubMed]

155. Lazarovici, P.; Marcinkiewicz, C.; Lelkes, P. Cross Talk between the Cardiovascular and Nervous Systems:
Neurotrophic Effects of Vascular Endothelial Growth Factor (VEGF) and Angiogenic Effects of Nerve Growth
Factor (NGF)-Implications in Drug Development. Curr. Pharm. Des. 2006, 12, 2609–2622. [CrossRef]
[PubMed]

156. Raab, S.; Plate, K.H. Different networks, common growth factors: Shared growth factors and receptors of
the vascular and the nervous system. Acta Neuropathol. 2007, 113, 607–626. [CrossRef]

157. Aloe, L.; Tirassa, P.; Lambiase, A. The topical application of nerve growth factor as a pharmacological tool
for human corneal and skin ulcers. Pharmacol. Res. 2008, 57, 253–258. [CrossRef]

158. Chaldakov, G.N.; Tonchev, A.B.; Aloe, L. NGF and BDNF: From nerves to adipose tissue, from neurokines to
metabokines. Riv. Psichiatr. 2010, 44, 79–87.

159. Gomez-Pinilla, F.; Vaynman, S.; Ying, Z. Brain-derived neurotrophic factor functions as a metabotrophin to
mediate the effects of exercise on cognition. Eur. J. Neurosci. 2008, 28, 2278–2287. [CrossRef]

160. Apparao, A. Views and opinion on BDNF as a target for diabetic cognitive dysfunction. Bioinformation 2013,
9, 551–554. [CrossRef]

161. Meek, T.H.; Wisse, B.E.; Thaler, J.P.; Guyenet, S.J.; Matsen, M.E.; Fischer, J.D.; Taborsky, G.J.; Schwartz, M.W.;
Morton, G.J. BDNF Action in the Brain Attenuates Diabetic Hyperglycemia via Insulin-Independent Inhibition
of Hepatic Glucose Production. Diabetes 2013, 62, 1512–1518. [CrossRef]

162. Yanev, S.; Yanev, L.A.S. Neurotrophic and metabotrophic potential of nerve growth factor and brain-derived
neurotrophic factor: Linking cardiometabolic and neuropsychiatric diseases. World J. Pharmacol. 2013, 2, 92.
[CrossRef]

163. Alhusban, A.; Kozak, A.; Pillai, B.; Ahmed, H.; Sayed, M.A.; Johnson, M.H.; Ishrat, T.; Ergul, A.;
Fagan, S.C. Mechanisms of acute neurovascular protection with AT1 blockade after stroke: Effect of
prestroke hypertension. PLoS ONE 2017, 12, e0178867. [CrossRef]

164. Amadio, P.; Porro, B.; Sandrini, L.; Fiorelli, S.; Bonomi, A.; Cavalca, V.; Brambilla, M.; Camera, M.; Veglia, F.;
Tremoli, E.; et al. Patho- physiological role of BDNF in fibrin clotting. Sci. Rep. 2019, 9, 389. [CrossRef]

165. Emanueli, C.; Meloni, M.; Hasan, W.; Habecker, B.A. The Biology of Neurotrophins: Cardiovascular
Function. In Neurotrophic Factors. Handbook of Experimental Pharmacology; Lewin, G., Carter, B., Eds.; Springer:
Heidelberg/Berlin, Germany, 2014; Volume 220, pp. 309–328.
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