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Abstract: Frailty and cardiovascular diseases are increasingly prevalent in aging populations, sharing
common pathological mechanisms, such as oxidative stress. The evidence shows that these factors
predispose frail individuals to cardiovascular diseases but also increase the risk of thrombosis.
Considering this background, this review aims to explore advances regarding the relationship
between oxidative stress, platelet alterations, and cardiovascular diseases in frailty, examining the
role of reactive oxygen species overproduction in platelet activation and thrombosis. The current
evidence shows a bidirectional relationship between frailty and cardiovascular diseases, emphasizing
how frailty not only predisposes individuals to cardiovascular diseases but also accelerates disease
progression through oxidative damage and increased platelet function. Thus, oxidative stress is
the central axis in the increase in platelet activation and secretion and the inadequate response to
acetylsalicylic acid observed in frail people by mitochondrial mechanisms. Also, key biomarkers
of oxidative stress, such as isoprostanes and derivate reactive oxygen metabolites, can be optimal
predictors of cardiovascular risk and potential targets for therapeutic intervention. The potential of
antioxidant therapies in mitigating oxidative stress and improving cardiovascular clinical outcomes
such as platelet function is promising in frailty, although further research is necessary to establish
the efficacy of these therapies. Understanding these mechanisms could prove essential in improving
the health and quality of life of an aging population faced with the dual burden of frailty and
cardiovascular diseases.
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1. Introduction

By 2050, the number of older adults worldwide will double (from 11% to 22%), which
could be accompanied by a significant increase in geriatric syndromes such as frailty
syndrome [1–3]. Frailty is a relevant geriatric syndrome in older adults associated with
unhealthy aging, present in 25–50% of individuals with cardiovascular diseases (CVDs),
reaching up to 70–80% in conditions such as heart failure or valvular aortic disease [4,5].
This syndrome has been acknowledged as a potential prognostic factor for coronary disease
and is associated with a 2.5–3.5-fold increased risk of mortality, even in patients with less
severe cardiovascular disease [4,6]. The evidence underscores a bidirectional relationship
between frailty and CVDs, elucidating intricate vascular, cardiac, and muscular alter-
ations [5]. Similarly, advanced age (75 years or older), a well-recognized non-modifiable
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risk factor for CVDs, is also associated with a higher risk of developing frailty [5]. Notably,
recent investigations at the molecular level have shown that both frailty and CVDs ex-
hibit shared alterations concomitant with procoagulant and pro-inflammatory states [6,7].
There are different definitions and scales associated with frailty, one of the standards
being the definition proposed by Fried et al. based on five physical criteria, (i) loss of
strength, (ii) increase in fatigue, (iii) decrease in walking speed, (iv) low physical activity,
and (v) involuntary weight loss, which have been associated with alterations in the redox
state and oxidative stress [8]. Thus, the accumulated evidence shows that frailty syndrome
has a robust oxidative stress component, both at the circulating and cellular level, affecting
different antioxidant defenses, such as inductors of reactive oxygen species (ROS) over-
production [9–13]. In addition to this, various studies have proposed that oxidative stress
biomarkers such as isoprostanes, carbonylated proteins, malondialdehyde, and lipoprotein-
associated phospholipase A2 (Lp-PLA2) could predict the progression or development of
frailty [11,12,14,15]. The heightened oxidative stress observed in frail patients has been
attributed to a depletion of enzymatic and non-enzymatic antioxidant defenses [12,16,17].
Nevertheless, the specific components primarily affected remain unclear [12]. It is yet to be
elucidated whether this decline in antioxidant defenses results from alterations in protein
expression levels or the inhibition of their activity [18,19].

One of the primary causes of mortality in frail older individuals is represented by
CVDs; oxidative stress is recognized as a pivotal factor in their development [6]. Within
the pathophysiological mechanisms of CVDs, alterations in platelet functionality, and their
interactions with other cells relevant to atherothrombotic processes, play a crucial role [20].
In these alterations, damage induced by oxidative stress and mitochondrial dysfunction
may potentially contribute to the formation of hyperactivated platelets and increased
platelet functionality, phenomena also reported in frail patients [14,21]. Thus, oxidative
stress seems to be a transversal axis between frailty syndrome and CVDs in the context of
aging. Considering this context, this review aims to describe the advances in the role of
oxidative stress in platelet alterations and CVDs associated with frailty. Through this, we
address the research question of how these factors contribute to the progression of CVDs in
frail older adults.

1.1. Platelet Alterations in Frailty Syndrome: Role of Oxidative Stress

During platelet activation, a significant shift occurs in both the redox balance and the
mitochondrial metabolism of platelets [22]. Various signaling pathways have been identi-
fied that lead to the production of ROS by Nicotinamide Adenine Dinucleotide Phosphate
(NADPH) oxidase (NOX) and mitochondria in full platelet activation; nevertheless, this
overproduction of ROS may not be indispensable for maintaining primary hemostasis
and could potentially contribute to the augmentation of platelet functionality [23]. The
overproduction of ROS in platelets and their release at the vascular level contribute to acti-
vating other platelets and processes of adhesion and recruitment, creating a self-amplifying
cycle [15]. This cyclic process ultimately results in a procoagulant platelet phenotype,
heightened reactivity, and increased apoptosis, thereby contributing to an elevated risk of
thrombosis in CVDs and unhealthy aging [14,15].

In the year 2015, Shi et al. analyzed the expression of glycoprotein (GP) IIb/IIIa on
the platelet surface (activation marker, PAC-1), the formation of platelet and monocyte
aggregates (PMAs), and the plasma level of the chemokine CCL5 (RANTES) against a
weak agonist stimulus (adenosine diphosphate, ADP, 1 µM). They observed that under
an unstimulated condition (control), there was no difference in activated GP IIb/IIIa
expression and RANTES levels between the groups studied; however, in the stimulus
condition with ADP 1 µM, the older frail group showed significantly higher increases in
GP IIb/IIIa activation compared to the control groups (healthy young and healthy older
adults) [24]. The interaction between fibrinogen and GP IIb/IIIa activation induces platelet
aggregation, showing that ROS can regulate the affinity and activation of this receptor
by interacting with the thiol groups in its protein structure [15,25,26]. Likewise, for GP
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IIb/IIIa activation, the activation of inositol tri-phosphate kinase (PI3K) and phospholipase
C is essential, as they are involved in collagen-induced ROS generation, NADPH oxidase
activation, superoxide production, and platelet aggregation [15,27]. It has been described
that the aging process and frailty could increase the plasma fibrinogen level, independent
of chronic diseases [28,29]. This context shows an increase in the ligand of the GP IIb/IIIa
(fibrinogen) in a context of high oxidative stress, which could be part of the mechanistic
explanation of the increase in GP IIb/IIIa activation in frail older people and of the increase
in thrombotic events in frail older adults [30,31].

The increase in oxidative stress in patients with CVDs, both at the circulatory and
intracellular level, has been suggested as a possible cause of low response to acetylsalicylic
acid (ASA) [32]. In 2016, Nguyen et al. detected that frail older adults who consume aspirin
have higher adjusted arachidonic acid agonist test (ASPI) measures, suggesting a reduced
response to aspirin compared with non-frail older adults [33]. It has been reported that ASA
resistance in coronary artery disease, pulmonary disease, metabolic syndrome, cancer, and
other chronic diseases is associated with an increase [21,32]. It has been proposed that the
forming of isoprostanes could have a crucial role in ASA resistance mediated by oxidative
stress [34]; a similar situation could be observed in frail patients, where an increase in
8-isoprostane at the plasma level (a biomarker of oxidative stress) has been reported [35].

In 2019, Hernández et al. showed that frailty syndrome would be associated with an
increase in platelet activation (shown in an increase in P-selectin expression) compared
to non-frail older adults. An increased expression of P-selectin is associated with a more
significant mobilization of platelet α granules, depending on an increase in intracellular
calcium and ROS generation [15,36]. It has been reported that the rise in circulating
oxidative stress present in frail older adults could induce an increase in intracellular calcium
release from blood cells (including platelets); however, this has not been clarified [37]. So far,
it has been reported that platelets stored for transfusion have shown a positive correlation
between an increase in ROS and the expression of P-selectin, a situation that can occur in
the platelets of frail patients [38].

In the year 2022, Arauna et al. presented a noteworthy study revealing that frail
elderly patients, classified according to the Fried phenotype, exhibited heightened platelet
activation (evidenced by the exposure of PAC-1 and P-selectin) and aggregation in re-
sponse to both aggregating and sub-aggregating stimuli of ADP, a physiologically relevant
agonist [35]. The observed platelet hyperactivity was concomitant with an elevation in
plasma biomarkers associated with platelet activation (thromboxane B2), oxidative stress
(8-isoprostane), and mitochondrial dysfunction (Growth Differentiation Factor 15, GDF-
15) [35]. The coherence of this evidence underscores a potential state of platelet hyper-
reactivity in frail patients, with oxidative stress secondary to mitochondrial dysfunction
potentially playing a pivotal role in its origin and progression [35,39]. The main findings
about platelet alterations in frail individuals are summarized in Table 1.

Table 1. Main findings on platelet alterations in frail older adults.

Frailty Tool Methodology Results Reference

Fried phenotype Flow cytometry Frail individuals showed a higher GP IIb/IIIa
activation in platelets stimulated by ADP 1 µM [24]

Edmonton Frail Scale ASPI Frail individuals showed a reduced response to ASA
in platelets compared to non-frail individuals [33]

Fried phenotype Flow cytometry and
aggregometry

Frail individuals showed increased P-selectin
expression in platelets stimulated by TRAP-6 2.5 µM [39]

Fried phenotype Flow cytometry and
aggregometry

Frail individuals showed higher GP IIb/IIIa activation
and increased P-selectin expression in platelets

stimulated by ADP 0.5 µM
[35]
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On the other hand, in the year 2023, Arauna et al. reported that frail individuals
diagnosed using the Frail Trait Scale 5 (FTS-5) tool exhibited an increase in plasma levels of
procoagulant microvesicles derived from platelets [7]. This finding is associated with the
previously reported increase in platelet activation. It is known that extracellular vesicles,
including microvesicles, have a bidirectional relationship with the redox state and ROS
production, transporting both antioxidant and oxidant molecules and altering intracellular
ROS levels [40,41]. Additionally, an increase in microvesicle production is linked to redox
state alterations and ROS overproduction, acting as a response factor to cellular damage [42].
It is worth noting that circulating microvesicles have been proposed as biomarkers for
CVDs and are helpful in risk stratification and clinical decision-making [43,44].

At the vascular level, oxidative stress induces various dysregulations in endothelial
cells, leading to their activation and subsequent dysfunction [45,46]. Endothelial dysfunc-
tion, in turn, results in the exposure of platelet adhesion molecules and a reduction in
various regulatory molecules for platelet function, such as nitric oxide (NO) [47]. De-
spite the documented presence of endothelial dysfunction in frail elderly individuals, its
precise role in the observed platelet hyperactivity within this syndrome, the underlying
mechanisms, and how these alterations might impact the platelet–endothelium interac-
tion remain unclear. Further research is warranted to elucidate these intricate aspects of
pathophysiology in frailty-related platelet dysfunction and vascular complications [3,5].

Frailty has been associated with endothelial dysfunction, as evidenced by the fol-
lowing serum markers: intercellular adhesion molecule 1 (ICAM-1), endothelin 1 (ET-1),
von Willebrand factor (vWF), plasma thrombomodulin, and asymmetric dimethylarginine
(ADMA) [48–52]. ICAM-1 and vWF are proteins that facilitate the process of platelet adhe-
sion, whereas ET-1 could influence platelet functionality in patients with coronary artery
disease or myocardial infarction [53]. In frail older individuals, an elevation in some of
these markers is observed, such as the level of ADMA [52]. ADMA is an inhibitor of nitric
oxide synthase (NOS), associated with oxidative damage, and is an independent cardiovas-
cular risk factor. The decrease in its activity reduces NO production and diminishes the
capacity for vascular anti-aggregation [54,55].

1.2. Oxidative Stress: A “Bridge” between Frailty and Cardiovascular Diseases
1.2.1. Frailty and CVDs

It is well known that aging is a risk factor for CVDs, and this risk is even more pro-
nounced in an unhealthy aging process. The altered cellular processes behind aging, which
induce the increased risk of CVDs, are not fully elucidated yet. However, recent advances
indicate that it is a multifactorial process. Among the most notable processes, telomere
shortening, chronic low-grade inflammation, oxidative stress, mitochondrial dysfunction,
the accumulation of senescent cells, and reduced autophagy are highlighted [56]. Addi-
tionally, these alterations play a crucial role in components such as disability, decreased
physical activity, fatigue, and weight loss [56]. Also, it is well known that oxidative stress
can cause, or be a consequence of, various CVDs and metabolic diseases, making it essential
to clearly distinguish whether the condition is induced by oxidative stress or vice versa. In
this regard, frailty appears as a factor that could exacerbate ROS overproduction and the
depletion of antioxidant capacity in CVDs [13,35,57].

Recent studies indicate that frailty syndrome and CVDs have a bidirectional relation-
ship, which is not fully elucidated. Older individuals with cardiovascular risk factors, a
subclinical CVD, or a diagnosed CVD have a higher risk and prevalence of frailty or pre-
frailty [4,58–61]. Veronese et al., in a study that incorporates extensive frailty measurement
in a cohort comprising 4211 older individuals and with an average follow-up of 8 years,
found that frailty syndrome increased the risk of CVDs, reinforcing the notion of the pre-
dictive capacity of this syndrome [62]. Also, frailty has a significant social component,
with social isolation, depression, and a decline in the support network of family or friends
increasing the risk of developing this syndrome [3]. Likewise, it has been observed that
these social aspects are also associated with a higher risk of developing CVDs [3].



Biomedicines 2024, 12, 2004 5 of 14

1.2.2. Oxidative Stress in CVDs and Frailty

As described earlier, the central common pathways between frailty syndrome and CVDs
are endothelial dysfunction, inflammation, and high levels of oxidative stress [13,52,63]. It
has been reported that frail older adults present high levels of oxidative stress, which is
associated with a high risk of CVDs [13,64]. The relationship between frailty, oxidative
stress, and CVDs is not limited to vascular damage but also involves alterations at the
muscular, adipose tissue, and bone tissue levels [59]. A cardiac-level frailty is present in
70–80% of conditions, such as heart failure or valvular aortic disease [4,5]. In this relation-
ship, oxidative stress plays a central role due to its involvement in molecular modifications
that disrupt the homeostasis of cardiac tissue and associated blood vessels, such as the
oxidation of lipoproteins, reduction in nitric oxide (NO) bioavailability, activation of pro-
inflammatory signaling pathways like NF-κB, upregulation of adhesion molecules (e.g.,
VCAM-1, ICAM-1), release of cytokines (e.g., TNF-α, IL-6), and fibrosis [65]. Also, frail
older adults present left ventricular hypertrophy, diastolic dysfunction, reduced left ven-
tricular ejection fraction, and increased arterial stiffness [66,67]. In this context, oxidative
stress can contribute to developing these cardiac changes and induce a higher risk of heart
failure and other cardiovascular complications in this population [68].

At the muscular level, frailty and CVDs share the development of sarcopenia, which
is understood as a process involving the loss of quantity and quality of muscle fibers,
impacting physical activity and various indicators of cardiovascular disease risk. Some
reports suggest that dietary supplementation with antioxidants such as vitamin E, vitamin
C, carotenoids, and resveratrol may be a potential therapeutic intervention in sarcope-
nia [69]. However, the current evidence is not clear about the therapeutic efficiency [70]. At
the bone level, frailty and increased oxidative stress are associated with a higher risk of
fractures and falls, which has also been linked to an increased risk of developing CVDs and
thrombosis. At the adipose tissue level, frailty is associated with obesity, a well-recognized
cardiovascular risk factor, indicating an increased accumulation of this tissue. On the other
hand, recent advances suggest that oxidative stress also plays a crucial role in hearing loss
and the development of cognitive diseases such as Alzheimer’s in frail individuals. This
evidence suggests a cross-cutting impact of oxidative stress in the development of frailty
and its associated factors [71].

A study by Saum et al. in older adults in Germany (ESTHER cohort) tested different
markers of oxidative stress, such as the biological antioxidant potential (BAP), derivate
reactive oxygen metabolites (d-ROM), and the total thiol level (TTL). The results corrobo-
rated high levels of circulating d-ROM (2-fold compared to the non-frail group) and the
loss of about 50% of BAP and TTL capacity [19]. High levels of d-ROM are associated with
thrombotic events in patients with CVDs [72].

In a recent literature review by Sepulveda et al., evidence on oxidative stress biomark-
ers evaluated in frail older individuals was compiled [73]. In this context, various studies
indicate that frailty syndrome is primarily associated with the generation of isoprostanes,
Lp-PLA2, and homocysteine levels. In contrast, other biomarkers, such as osteoprotegerin,
are associated with decreased walking speed, a criterion for frailty, and an indicator of CVD
risk [73]. Additionally, the association of the 8-hydroxy-2-deoxyguanosine is highlighted,
one of the most widely recognized biomarkers of oxidative DNA damage [73]. All the
factors above are also associated with CVDs, disability, and a high risk of death [74].

Among the elements that regulate ROS production, the prominent organelle in this
function is the mitochondria through oxidative phosphorylation and its complexes I and
III [75,76]. A lower mitochondrial DNA (mtDNA) copy number was associated with
frailty [77]; however, this has not been corroborated by studies of mitochondrial functional-
ity in frail, pre-frail, and robust groups. High levels of ROS produce alterations in calcium
metabolism and mitochondrial dysfunction [78], which are essential components in the
pathophysiology of CVDs [79]. In this respect, the following alterations have been observed
in frail older adults: (i) mitochondrial dysfunction in muscle tissue [80], which is related
to the sarcopenia present in frail patients; (ii) an increase in malondialdehyde (MDA)
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levels and oxidized glutathione, which are related to thrombotic events (40 times higher
in patients 24 h post thrombosis) [16,81]; and (iii) reduction in non-enzymatic antioxidant
parameters [18,19], which is a protector factor against CVDs and thrombosis [82]. All these
related changes cause a greater predisposition to thrombotic events [83,84], in which it
has been described that platelets play an essential role in thrombus formation—both its
development and progression [14,85].

The exact causes of the overproduction of ROS observed in frail individuals are not
yet fully clarified. Current evidence suggests that an increase in ROS generation from
mitochondria and NADPH oxidase and a decrease in antioxidant defense mechanisms
could act simultaneously [9,12,17,86,87]. In this regard, a reduction in the levels of natural
dietary antioxidants such as lycopene, lutein/zeaxanthin, and β-cryptoxanthin, as well as
ophthalmic acid, has been observed in frail individuals [88]. However, given the variability
in the diagnostic tools used, it is still unclear which enzymatic and non-enzymatic antioxi-
dant systems might be associated with frailty [12,13,89]. On the other hand, inflammaging,
defined as a low-grade inflammation aging-associated condition, is considered one of the
main risk factors related to the development of CVDs [90]. This process causes NLRP3
inflammasome activation, leading to decreased antioxidant response and mitochondrial
dysfunction, which are also altered in CVDs [90].

It is essential to highlight that frailty intervention has been evaluated as a potential
therapy for preventing and treating CVDs [3]. The evidence suggests that multi-component
interventions would represent the most beneficial strategy for frail older individuals with
CVDs [3]. However, it is still unclear which specific therapies or domains of frailty would be
the most effective to address [3]. At the clinical level, melatonin, proprotein convertase sub-
tilisin/kexin type 9 inhibitors, carvedilol, and metformin have been the main therapeutic
drugs with antioxidant effects showing therapeutic or preventive effects in CVDs, particu-
larly in heart failure [91]. In this regard, recent reports have indicated that supplementation
with the antioxidant vitamin E through dietary enrichment represents a promising strategy
for reducing cardiovascular risk [92]. On the other hand, oxidative stress biomarkers such
as NADPH oxidases, advanced glycation end-products, and myeloperoxidase are currently
considered promising in the diagnosis and risk stratification of cardiovascular diseases,
including heart failure [93,94]. Furthermore, incorporating proteomic studies, endothelial
function assessments, and vascular functional studies represents an innovative strategy for
evaluating the risk and prognosis of CVDs [94].

1.3. Mitochondrial Dysfunction as a Link between Frailty and Thrombosis

Dysregulated mitochondrial metabolism is described as a potential root cause of
age-related frailty, with observed alterations in mitochondrial processes associated with
the metabolism of vitamin E and carnitine [87]. Mitochondrial dysfunction is generally
defined as a decrease in energy production through adenosine triphosphate (ATP) and
an increase in ROS production [95,96]. Additionally, it is characterized by alterations in
the synthesis and degradation of proteins and lipids, as well as playing a critical role in
apoptosis, being relevant in different CVDs, such as heart disease [97,98]. On the other
hand, mitochondrial dysfunction plays a crucial role in calcium homeostasis as a critical ion
in platelet and cardiovascular functions [96,99,100]. Thus, mitochondrial dysfunction has
been closely associated with atherothrombotic processes, heart disease, hypertension, and
acute myocardial infarction, among others, recently emerging as a potential therapeutic
target in these pathologies [97]. Frailty syndrome has been associated with an increased
risk of thrombosis and has been detected more in patients with CVDs [101]. As described
earlier, frailty syndrome is present in 25–50% of patients with a high prevalence of classic
cardiovascular risk factors (CVRFs), such as hypertension, obesity, dyslipidemia, and
diabetes, which individually or collectively create a prothrombotic environment [102,103].
Considering this evidence and that previously mentioned, it is clear that thrombosis is a
CVD that occurs more often in frail elderly people [31,104].
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This pathology is a chronic inflammatory process of the arterial wall started by endothe-
lial dysfunction, which potentiates the activation and migration of different immune cells and
platelets [20,105–107]. In the initial stage, the platelets adhere to the damaged endothelium,
secreting and exposing molecules that amplify the inflammatory process [20,108], while in the
final stage, after the plaque breaks, the platelets adhere and form a thrombus [20,109].

Throughout this process, mitochondrial dysfunction and the increase in oxidative
stress represent cellular mechanisms of great relevance, both at the endothelial and platelet
levels [96,99]. It has been reported that various agents regulating mitochondrial function
exert antiplatelet effects, reducing the risk of thrombosis in murine models [110]. Platelets
contain 2 to 5 mitochondria [111]; therefore, integrity is crucial to platelet functionality [112].
It has been described that platelet mitochondrial dysfunction increases intramitochondrial
ROS, leading to platelet hyperactivation [110,113]. This platelet mitochondrial dysfunc-
tion has been described in CVDs and CVRF, such as pulmonary hypertension [114], dia-
betes [115], and aging [110]. In one of these studies, a murine aging model was used, and it
was found that the platelet mitochondria present increased ROS levels, the depolarization
of the mitochondrial inner membrane, the generation of mitochondrial permeability transi-
tion pore, and cytochrome c release [110]. These mitochondrial changes were associated
with increased hydrogen H2O2, fibrinogen binding, and GP IIb/IIIa activation, which were
also evidenced in frail persons [24].

On the other hand, Fuentes et al. indicate that mitochondrial dysfunction in platelets
has been correlated with hyper-reactivity and apoptosis [99,116]. This condition has been
identified as one of the therapeutic targets for the prevention and treatment of CVDs in
frail older individuals. [99]. Likewise, it is emphasized that developing pharmacological or
nutraceutical tools that regulate oxidative stress and prevent mitochondrial dysfunction in
the platelets of frail individuals could be a valuable tool in thrombosis prevention in these
patients [99]. The platelet abnormalities described in frail patients regarding the response
to ASA and increased platelet aggregation and activation are believed to be primarily
associated with the elevation of circulating oxidative stress and the impact of oxidative
stress on the vascular endothelium. However, the underlying cellular mechanisms altered
in platelets are still unclear [33]. In this regard, a study has identified the metabolic
signature associated with resistance to ASA in platelets, revealing an overproduction of
ROS and alterations in mitochondrial function [32]. These phenomena could also occur
in frailty syndrome [117]. In addition to the above, different studies have shown that a
high level of procoagulant platelets may cause a low response to antiplatelet therapy [118].
This aspect has not been fully clarified in frail older individuals and could be part of
the pathophysiological mechanism underlying the low response to ASA [33]. Current
evidence suggests that the generation of procoagulant platelets is a process dependent on
the production of ROS, mitochondrial dysfunction, and apoptosis. In this process, there
is an increase in the exposure of phosphatidylserine in platelets and the release of other
procoagulant factors [118]. Likewise, it has been reported that the platelet mitochondrial
dysfunction and protein kinase C signaling pathway could participate in the mechanisms
associated with low therapeutic response to antiplatelets, altering intracellular Ca2+ levels,
ROS production, and ATP production [99,119,120].

Finally, in frail patients with diabetes and hypertension, it has been demonstrated that
the use of empagliflozin, a sodium-glucose cotransporter 2 inhibitor, improves parameters as-
sociated with frailty, both at cognitive and physical levels, through a mitochondria-dependent
mechanism [121]. Furthermore, recent advances in murine models indicate that mtDNA alter-
ation is sufficient to generate various components of frailty, such as sarcopenia and oxidative
stress, simultaneously leading to the development of CVDs, such as pulmonary hypertension
and heart failure [122]. However, it is necessary to confirm the decline in mitochondrial
functionality in frail individuals, along with the increase in cardiovascular risk and the dete-
rioration of cardiac function, as well as the molecular mechanisms involved in identifying
therapeutic targets. A summary of the relationship between oxidative stress, cardiovascular
diseases, and frailty syndrome can be observed in Figure 1.
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Figure 1. Relation between oxidative stress, cardiovascular diseases, and frailty syndrome. CVRFs,
cardiovascular risk factors; Cyt, cytochrome C; ROS, reactive oxygen species; ASA, acetylsalicylic
acid; αII-β3, GP IIb/IIIa.

2. Conclusions

CVDs and frailty have a close bidirectional relationship, producing a systemic increase
in ROS production and adverse effects on antioxidant systems, leading to increased circulat-
ing and cellular oxidative stress, as evidenced by different biomarkers. The pro-oxidative
state reported in frail persons is generated by an overproduction of ROS and the deple-
tion/downregulation of antioxidant enzymes, a situation that can occur in frail people
and is part of the mechanism behind increased platelet function, low response to ASA,
and increased risk of thrombosis associated with frailty. Thus, the current evidence shows
that oxidative stress, with a possible mitochondrial dysfunction mechanism, could be the
central axis in the increase in platelet activation and secretion observed in frail people and
the low response to ASA. However, more studies are needed to confirm these possible
mechanisms in platelets from frail people and in CVDs. Finally, this review elucidates the
pivotal role of oxidative stress in the interplay between frailty and CVDs, highlighting its
impact on platelet dysfunction and the potential for targeted therapeutic strategies. Also, it
underscores the need for further research to validate the molecular and cellular mechanism
implicated, identifying new potential therapeutic targets in frail individuals with CVDs.

Author Contributions: Conceptualization, C.A., I.P. and E.F.; methodology, D.A., S.N., S.W. and
C.A.; formal analysis, D.A., S.N. and R.P.-M.; writing—original draft preparation, D.A., S.N. and
S.W.; writing—review and editing, D.A., E.F., R.P.-M. and I.P. All authors have read and agreed to the
published version of the manuscript.

Funding: Interuniversity Center for Healthy Aging, Code RED211993.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: We also thank ANID-FONDECYT 1211136 and ANID-FONDECYT 3230783.

Conflicts of Interest: The authors have no conflicts of interest to disclose.



Biomedicines 2024, 12, 2004 9 of 14

Abbreviations

CVD Cardiovascular diseases
ROS Reactive oxygen species
Lp-PLA2 Lipoprotein-associated phospholipase A2
NAPDH Nicotinamide adenine dinucleotide phosphate
NOX Nicotinamide adenine dinucleotide phosphate oxidase
RANTES Chemokine CCL5
GP Glycoprotein
ADP Adenosine diphosphate
PI3K Inositol tri-phosphate kinase
ASA Acetylsalicylic acid
ASPI Arachidonic acid agonist test
GDF-15 Growth differentiation factor 15
FTS-5 Frail trait scale 5
NO Nitric oxide
ICAM-1 Intercellular adhesion molecule 1
ET-1 Endothelin 1
vWF von Willebrand factor
ADMA Asymmetric dimethylarginine
NOS Nitric oxide synthase
BAP Biological antioxidant potential
d-ROM Derivate reactive oxygen metabolites
TTL Total thiol level
mtDNA Mitochondrial DNA
MDA Malondialdehyde
ATP Adenosine triphosphate
CVRF Cardiovascular risk factors
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67. Piotrowicz, K.; Gryglewska, B.; Grodzicki, T.; Gąsowski, J. Arterial stiffness and frailty—A systematic review and metaanalysis.
Exp. Gerontol. 2021, 153, 111480. [CrossRef]

68. Mensah, E.; Ali, K.; Banya, W.; Kirkham, F.A.; Mengozzi, M.; Ghezzi, P.; Rajkumar, C. FRailty and Arterial stiffness—The role of
oXidative stress and Inflammation (FRAXI study). Biomark. Insights 2022, 17, 11772719221130719. [CrossRef] [PubMed]

69. Sasaki, K.-I.; Fukumoto, Y. Sarcopenia as a comorbidity of cardiovascular disease. J. Cardiol. 2021, 79, 596–604. [CrossRef]
[PubMed]

70. Myung, S.-K.; Ju, W.; Cho, B.; Oh, S.-W.; Park, S.M.; Koo, B.-K.; Park, B.-J.; for the Korean Meta-Analysis (KORMA) Study Group.
Efficacy of vitamin and antioxidant supplements in prevention of cardiovascular disease: Systematic review and meta-analysis of
randomised controlled trials. BMJ 2013, 346, f10. [CrossRef]

71. Alvarado, J.C.; Fuentes-Santamaría, V.; Juiz, J.M. Frailty Syndrome and Oxidative Stress as Possible Links Between Age-Related
Hearing Loss and Alzheimer’s Disease. Front. Neurosci. 2022, 15, 816300. [CrossRef]

72. Vassalle, C.; Bianchi, S.; Battaglia, D.; Landi, P.; Bianchi, F.; Carpeggiani, C. Elevated Levels of Oxidative Stress as a Prognostic
Predictor of Major Adverse Cardiovascular Events in Patients with Coronary Artery Disease. J. Atheroscler. Thromb. 2012, 19,
712–717. [CrossRef] [PubMed]

73. Sepúlveda, M.; Arauna, D.; García, F.; Albala, C.; Palomo, I.; Fuentes, E. Frailty in Aging and the Search for the Optimal Biomarker:
A Review. Biomedicines 2022, 10, 1426. [CrossRef]

74. Álvarez-Sánchez, N.; Álvarez-Ríos, A.I.; Guerrero, J.M.; García-García, F.J.; Rodríguez-Mañas, L.; Cruz-Chamorro, I.; Lardone, P.J.;
Carrillo-Vico, A. Homocysteine and C-Reactive Protein Levels Are Associated with Frailty in Older Spaniards: The Toledo Study
for Healthy Aging. J. Gerontol. Ser. A 2019, 75, 1488–1494. [CrossRef] [PubMed]

75. Hermes-Lima, M. Oxygen in biology and biochemistry: Role of free radicals. Funct. Metab. Regul. Adapt. 2004, 1, 319–366.
[CrossRef]

76. Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1–13. [CrossRef] [PubMed]
77. Ashar, F.N.; Moes, A.; Moore, A.Z.; Grove, M.L.; Chaves, P.H.M.; Coresh, J.; Newman, A.B.; Matteini, A.M.; Bandeen-Roche, K.;

Boerwinkle, E.; et al. Association of mitochondrial DNA levels with frailty and all-cause mortality. J. Mol. Med. 2014, 93, 177–186.
[CrossRef]

78. Choo, H.-J.; Saafir, T.B.; Mkumba, L.; Wagner, M.B.; Jobe, S.M. Mitochondrial Calcium and Reactive Oxygen Species Regulate
Agonist-Initiated Platelet Phosphatidylserine Exposure. Arter. Thromb. Vasc. Biol. 2012, 32, 2946–2955. [CrossRef]

79. Dhalla, N.S.; Temsah, R.M.; Netticadan, T. Role of oxidative stress in cardiovascular diseases. J. Hypertens. 2000, 18, 655–673.
[CrossRef]

80. Gamboa, J.L.; Billings, F.T., 4th; Bojanowski, M.T.; Gilliam, L.A.; Yu, C.; Roshanravan, B.; Roberts, L.J., 2nd; Himmelfarb, J.; Ikizler,
T.A.; Brown, N.J. Mitochondrial dysfunction and oxidative stress in patients with chronic kidney disease. Physiol. Rep. 2016, 4,
e12780. [CrossRef]

81. Cano, C.P.; Bermúdez, V.P.; E Atencio, H.; Medina, M.T.; Anilsa, A.; Souki, A.; Molina, O.M.; Restrepo, H.; E Vargas, M.; Núñez,
M.; et al. Increased Serum Malondialdehyde and Decreased Nitric Oxide Within 24 Hours of Thrombotic Stroke Onset. Am. J.
Ther. 2003, 10, 473–476. [CrossRef]

82. Hantikainen, E.; Grotta, A.; Serafini, M.; Trolle Lagerros, Y.; Nyren, O.; Ye, W.; Colarusso, L.; Bellocco, R. Dietary non enzymatic
antioxidant capacity and the risk of myocardial infarction in the Swedish women’s lifestyle and health cohort. Eur. J. Epidemiol.
2018, 33, 213–221. [CrossRef]

83. Madamanchi, N.R.; Hakim, Z.S.; Runge, M.S. Oxidative stress in atherogenesis and arterial thrombosis: The disconnect between
cellular studies and clinical outcomes. J. Thromb. Haemost. 2005, 3, 254–267. [CrossRef]

84. Santhakumar, A.B.; Bulmer, A.C.; Singh, I. A review of the mechanisms and effectiveness of dietary polyphenols in reducing
oxidative stress and thrombotic risk. J. Hum. Nutr. Diet. 2013, 27, 1–21. [CrossRef]

85. Sepúlveda, C.; Palomo, I.; Fuentes, E. Mechanisms of endothelial dysfunction during aging: Predisposition to thrombosis. Mech.
Ageing Dev. 2017, 164, 91–99. [CrossRef]

86. Baptista, G.; Dupuy, A.-M.; Jaussent, A.; Durant, R.; Ventura, E.; Sauguet, P.; Picot, M.-C.; Jeandel, C.; Cristol, J.P. Low-grade
chronic inflammation and superoxide anion production by NADPH oxidase are the main determinants of physical frailty in older
adults. Free. Radic. Res. 2012, 46, 1108–1114. [CrossRef] [PubMed]

87. Ferrucci, L.; Zampino, M. A mitochondrial root to accelerated ageing and frailty. Nat. Rev. Endocrinol. 2020, 16, 133–134.
[CrossRef] [PubMed]

https://doi.org/10.1038/s43587-021-00082-y
https://doi.org/10.1111/ggi.12804
https://doi.org/10.1016/j.jacc.2017.05.035
https://doi.org/10.1007/s40520-023-02363-5
https://www.ncbi.nlm.nih.gov/pubmed/36871112
https://doi.org/10.1016/j.exger.2021.111480
https://doi.org/10.1177/11772719221130719
https://www.ncbi.nlm.nih.gov/pubmed/36275839
https://doi.org/10.1016/j.jjcc.2021.10.013
https://www.ncbi.nlm.nih.gov/pubmed/34906433
https://doi.org/10.1136/bmj.f10
https://doi.org/10.3389/fnins.2021.816300
https://doi.org/10.5551/jat.12740
https://www.ncbi.nlm.nih.gov/pubmed/22785135
https://doi.org/10.3390/biomedicines10061426
https://doi.org/10.1093/gerona/glz168
https://www.ncbi.nlm.nih.gov/pubmed/31304964
https://doi.org/10.1002/047167558X.ch12
https://doi.org/10.1042/BJ20081386
https://www.ncbi.nlm.nih.gov/pubmed/19061483
https://doi.org/10.1007/s00109-014-1233-3
https://doi.org/10.1161/ATVBAHA.112.300433
https://doi.org/10.1097/00004872-200018060-00002
https://doi.org/10.14814/phy2.12780
https://doi.org/10.1097/00045391-200311000-00018
https://doi.org/10.1007/s10654-018-0361-4
https://doi.org/10.1111/j.1538-7836.2004.01085.x
https://doi.org/10.1111/jhn.12177
https://doi.org/10.1016/j.mad.2017.04.011
https://doi.org/10.3109/10715762.2012.692784
https://www.ncbi.nlm.nih.gov/pubmed/22640231
https://doi.org/10.1038/s41574-020-0319-y
https://www.ncbi.nlm.nih.gov/pubmed/31992872


Biomedicines 2024, 12, 2004 13 of 14

88. Zupo, R.; Castellana, F.; De Nucci, S.; Sila, A.; Aresta, S.; Buscemi, C.; Randazzo, C.; Buscemi, S.; Triggiani, V.; De Pergola, G.; et al.
Role of Dietary Carotenoids in Frailty Syndrome: A Systematic Review. Biomedicines 2022, 10, 632. [CrossRef]

89. Checa-López, M.; on behalf of FRAILTOOLS consortium; Oviedo-Briones, M.; Pardo-Gómez, A.; Gonzales-Turín, J.; Guevara-
Guevara, T.; Carnicero, J.A.; Alamo-Ascencio, S.; Landi, F.; Cesari, M.; et al. FRAILTOOLS study protocol: A comprehensive
validation of frailty assessment tools to screen and diagnose frailty in different clinical and social settings and to provide
instruments for integrated care in older adults. BMC Geriatr. 2019, 19, 86. [CrossRef] [PubMed]

90. Ferrucci, L.; Fabbri, E. Inflammageing: Chronic inflammation in ageing, cardiovascular disease, and frailty. Nat. Rev. Cardiol.
2018, 15, 505–522. [CrossRef]

91. Wang, W.; Kang, P.M. Oxidative Stress and Antioxidant Treatments in Cardiovascular Diseases. Antioxidants 2020, 9, 1292.
[CrossRef]

92. Mirmiran, P.; Hosseini-Esfahani, F.; Esfandiar, Z.; Hosseinpour-Niazi, S.; Azizi, F. Associations between dietary antioxidant
intakes and cardiovascular disease. Sci. Rep. 2022, 12, 1504. [CrossRef]

93. Ng, M.L.; Ang, X.; Yap, K.Y.; Ng, J.J.; Goh, E.C.H.; Khoo, B.B.J.; Richards, A.M.; Drum, C.L. Novel Oxidative Stress Biomarkers
with Risk Prognosis Values in Heart Failure. Biomedicines 2023, 11, 917. [CrossRef]

94. Daiber, A.; Hahad, O.; Andreadou, I.; Steven, S.; Daub, S.; Münzel, T. Redox-related biomarkers in human cardiovascular
disease—Classical footprints and beyond. Redox Biol. 2021, 42, 101875. [CrossRef] [PubMed]

95. Ballinger, S.W. Mitochondrial dysfunction in cardiovascular disease. Free. Radic. Biol. Med. 2005, 38, 1278–1295. [CrossRef]
[PubMed]

96. Wang, L.; Wu, Q.; Fan, Z.; Xie, R.; Wang, Z.; Lu, Y. Platelet mitochondrial dysfunction and the correlation with human diseases.
Biochem. Soc. Trans. 2017, 45, 1213–1223. [CrossRef]

97. Manolis, A.A.; Manolis, T.A.; Apostolaki, N.E.; Apostolopoulos, E.J.; Melita, H.; Katsiki, N. Mitochondrial dysfunction in
cardiovascular disease: Current status of translational research/clinical and therapeutic implications. Med. Res. Rev. 2020, 41,
275–313. [CrossRef] [PubMed]

98. Peoples, J.N.; Saraf, A.; Ghazal, N.; Pham, T.T.; Kwong, J.Q. Mitochondrial dysfunction and oxidative stress in heart disease. Exp.
Mol. Med. 2019, 51, 1–13. [CrossRef]

99. Fuentes, E.; Araya-Maturana, R.; Urra, F.A. Regulation of mitochondrial function as a promising target in platelet activation-
related diseases. Free. Radic. Biol. Med. 2019, 136, 172–182. [CrossRef]

100. Zharikov, S.; Shiva, S. Platelet mitochondrial function: From regulation of thrombosis to biomarker of disease. Biochem. Soc. Trans.
2013, 41, 118–123. [CrossRef] [PubMed]

101. Folsom, A.R.; Boland, L.L.; Cushman, M.; Heckbert, S.R.; Rosamond, W.D.; Walston, J.D. Frailty and Risk of Venous Thromboem-
bolism in Older Adults. J. Gerontol. Ser. A 2007, 62, 79–82. [CrossRef]

102. Ricci, N.A.; Pessoa, G.S.; Ferriolli, E.; Dias, R.C.; Perracini, M.R. Frailty and cardiovascular risk in community-dwelling elderly: A
population-based study. Clin. Interv. Aging 2014, 9, 1677–1685. [CrossRef]

103. E Ramsay, S.; Arianayagam, D.S.; Whincup, P.H.; Lennon, L.T.; Cryer, J.; O Papacosta, A.; Iliffe, S.; Wannamethee, S.G. Car-
diovascular risk profile and frailty in a population-based study of older British men. Heart 2014, 101, 616–622. [CrossRef]
[PubMed]

104. Silverstein, R.L.; Bauer, K.A.; Cushman, M.; Esmon, C.T.; Ershler, W.B.; Tracy, R.P. Venous thrombosis in the elderly: More
questions than answers. Blood 2007, 110, 3097–3101. [CrossRef] [PubMed]

105. Singh, R.B.; A Mengi, S.; Xu, Y.-J.; Arneja, A.S.; Dhalla, N.S. Pathogenesis of atherosclerosis: A multifactorial process. Exp. Clin.
Cardiol. 2002, 7, 40–53. [PubMed]

106. Badimon, L.; Padró, T.; Vilahur, G. Atherosclerosis, platelets and thrombosis in acute ischaemic heart disease. Eur. Hearth J. Acute
Cardiovasc. Care 2012, 1, 60–74. [CrossRef] [PubMed]

107. Storey, R.; Vilahur, G.; Badimon, L. Update on lipids, inflammation and atherothrombosis. Thromb. Haemost. 2011, 105, S34–S42.
[CrossRef] [PubMed]

108. Spencer, F.A.; Becker, R.C. Platelets: Structure, function, and their fundamental contribution to hemostasis and pathologic
thrombosis. In Textbook of Coronary Thrombosis and Thrombolysis; Springer: Berlin/Heidelberg, Germany, 1997; pp. 31–49.
[CrossRef]

109. Fuentes, Q.E.; Fuentes, Q.F.; Andrés, V.; Pello, O.M.; de Mora, J.F.; Palomo, G.I. Role of platelets as mediators that link inflammation
and thrombosis in atherosclerosis. Platelets 2013, 24, 255–262. [CrossRef]

110. Dayal, S.; Wilson, K.M.; Motto, D.G.; Miller, F.J.; Chauhan, A.K.; Lentz, S.R. Hydrogen Peroxide Promotes Aging-Related Platelet
Hyperactivation and Thrombosis. Circulation 2013, 127, 1308–1316. [CrossRef]

111. Lee, S.H.; Du, J.; Stitham, J.; Atteya, G.; Lee, S.; Xiang, Y.; Wang, D.; Jin, Y.; Leslie, K.L.; Spollett, G.; et al. Inducing mitophagy in
diabetic platelets protects against severe oxidative stress. EMBO Mol. Med. 2016, 8, 779–795. [CrossRef]

112. Reuter, H.; Gross, R. Platelet metabolism. Suppl. Ad Thromb. Haemost. 1978, 63, 87–95.
113. Wu, F.; Liu, Y.; Luo, L.; Lu, Y.; Yew, D.T.; Xu, J.; Guo, K. Platelet mitochondrial dysfunction of DM rats and DM patients. Int. J.

Clin. Exp. Med. 2015, 8, 6937–6946. [PubMed]
114. Nguyen, Q.L.; Corey, C.; White, P.; Watson, A.; Gladwin, M.T.; Simon, M.A.; Shiva, S. Platelets from pulmonary hypertension

patients show increased mitochondrial reserve capacity. J. Clin. Investig. 2017, 2, e91415. [CrossRef] [PubMed]

https://doi.org/10.3390/biomedicines10030632
https://doi.org/10.1186/s12877-019-1042-1
https://www.ncbi.nlm.nih.gov/pubmed/30885132
https://doi.org/10.1038/s41569-018-0064-2
https://doi.org/10.3390/antiox9121292
https://doi.org/10.1038/s41598-022-05632-x
https://doi.org/10.3390/biomedicines11030917
https://doi.org/10.1016/j.redox.2021.101875
https://www.ncbi.nlm.nih.gov/pubmed/33541847
https://doi.org/10.1016/j.freeradbiomed.2005.02.014
https://www.ncbi.nlm.nih.gov/pubmed/15855047
https://doi.org/10.1042/BST20170291
https://doi.org/10.1002/med.21732
https://www.ncbi.nlm.nih.gov/pubmed/32959403
https://doi.org/10.1038/s12276-019-0355-7
https://doi.org/10.1016/j.freeradbiomed.2019.01.007
https://doi.org/10.1042/BST20120327
https://www.ncbi.nlm.nih.gov/pubmed/23356269
https://doi.org/10.1093/gerona/62.1.79
https://doi.org/10.2147/CIA.S68642
https://doi.org/10.1136/heartjnl-2014-306472
https://www.ncbi.nlm.nih.gov/pubmed/25480883
https://doi.org/10.1182/blood-2007-06-096545
https://www.ncbi.nlm.nih.gov/pubmed/17684155
https://www.ncbi.nlm.nih.gov/pubmed/19644578
https://doi.org/10.1177/2048872612441582
https://www.ncbi.nlm.nih.gov/pubmed/24062891
https://doi.org/10.1160/THS10-11-0717
https://www.ncbi.nlm.nih.gov/pubmed/21479344
https://doi.org/10.1007/978-0-585-33754-8_3
https://doi.org/10.3109/09537104.2012.690113
https://doi.org/10.1161/CIRCULATIONAHA.112.000966
https://doi.org/10.15252/emmm.201506046
https://www.ncbi.nlm.nih.gov/pubmed/26221230
https://doi.org/10.1172/jci.insight.91415
https://www.ncbi.nlm.nih.gov/pubmed/28289721


Biomedicines 2024, 12, 2004 14 of 14

115. Yamagishi, S.-I.; Edelstein, D.; Du, X.-L.; Brownlee, M. Hyperglycemia Potentiates Collagen-Induced Platelet Activation Through
Mitochondrial Superoxide Overproduction. Diabetes 2001, 50, 1491–1494. [CrossRef] [PubMed]

116. Fuentes, E.; Arauna, D.; Araya-Maturana, R. Regulation of mitochondrial function by hydroquinone derivatives as prevention of
platelet activation. Thromb. Res. 2023, 230, 55–63. [CrossRef] [PubMed]

117. Thomas, A.; Rahmanian, S.; Bordbar, A.; Palsson, B.; Jamshidi, N. Network reconstruction of platelet metabolism identifies
metabolic signature for aspirin resistance. Sci. Rep. 2014, 4, 3925. [CrossRef]

118. Agbani, E.O.; Poole, A.W. Procoagulant platelets: Generation, function, and therapeutic targeting in thrombosis. Blood 2017, 130,
2171–2179. [CrossRef]

119. Obydennyy, S.I.; Sveshnikova, A.N.; Ataullakhanov, F.I.; Panteleev, M.A. Dynamics of calcium spiking, mitochondrial collapse
and phosphatidylserine exposure in platelet subpopulations during activation. J. Thromb. Haemost. 2016, 14, 1867–1881. [CrossRef]

120. Millington-Burgess, S.L.; Harper, M. Cytosolic and mitochondrial Ca2+ signaling in procoagulant platelets. Platelets 2021.
[CrossRef]

121. Mone, P.; Varzideh, F.; Jankauskas, S.S.; Pansini, A.; Lombardi, A.; Frullone, S.; Santulli, G. SGLT2 Inhibition via Empagliflozin
Improves Endothelial Function and Reduces Mitochondrial Oxidative Stress: Insights From Frail Hypertensive and Diabetic
Patients. Hypertension 2022, 79, 1633–1643. [CrossRef]

122. Lechuga-Vieco, A.V.; Latorre-Pellicer, A.; Calvo, E.; Torroja, C.; Pellico, J.; Acín-Pérez, R.; García-Gil, M.L.; Santos, A.; Bagwan, N.;
Bonzon-Kulichenko, E.; et al. Heteroplasmy of Wild-Type Mitochondrial DNA Variants in Mice Causes Metabolic Heart Disease
With Pulmonary Hypertension and Frailty. Circulation 2022, 145, 1084–1101. [CrossRef]

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

https://doi.org/10.2337/diabetes.50.6.1491
https://www.ncbi.nlm.nih.gov/pubmed/11375352
https://doi.org/10.1016/j.thromres.2023.08.013
https://www.ncbi.nlm.nih.gov/pubmed/37639783
https://doi.org/10.1038/srep03925
https://doi.org/10.1182/blood-2017-05-787259
https://doi.org/10.1111/jth.13395
https://doi.org/10.1080/09537104.2021.1881951
https://doi.org/10.1161/HYPERTENSIONAHA.122.19586
https://doi.org/10.1161/CIRCULATIONAHA.121.056286

	Introduction 
	Platelet Alterations in Frailty Syndrome: Role of Oxidative Stress 
	Oxidative Stress: A “Bridge” between Frailty and Cardiovascular Diseases 
	Frailty and CVDs 
	Oxidative Stress in CVDs and Frailty 

	Mitochondrial Dysfunction as a Link between Frailty and Thrombosis 

	Conclusions 
	References

