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A B S T R A C T

Parkinson’s Disease (PD) is primarily characterized by the accumulation of alpha-synuclein (αSyn) and the loss of 
dopaminergic neurons (DAn). The most evident repercussions of the disease include sympathetic and para
sympathetic dysfunction, decreased dopamine (DA) levels, and impaired voluntary movements. Given the 
multifactorial nature of PD, it is now recognized that several systemic diseases may predispose individuals to the 
onset and progression of PD as well as influence its therapeutic outcomes. Recent studies have highlighted that 
patients with cardiovascular disease (CVD) and chronic kidney disease (CKD) face an increased risk of developing 
PD, independent of the shared risk factors. Indeed, substantial evidence supports the connections between the 
brain, heart, and kidneys. Elements such as the dopaminergic system, blood pressure regulation, inflammation, 
autophagy, oxidative stress, and calcium (Ca2+) signaling are recognized as crucial for the functioning of each 
organ individually. However, these factors may also significantly impact the overall health of the triad. Un
derstanding the interconnection between the brain, heart, and kidneys would be groundbreaking in enhancing 
our knowledge about their interactions, enabling prompt interventions in the early stages of the disease. With 
this perspective, this review analyzes the current understanding of the brain-heart-kidney axis as a potential new 
paradigm for diagnosing and managing PD.

1. Introduction

Parkinson’s Disease (PD) is currently defined as a multifactorial 
neurodegenerative disorder affecting around 10 million people world
wide. Pathologically, PD is characterized by several key features, 
including the progressive loss of dopaminergic neurons (DAn) and 
alpha-synuclein (αSyn) deposition (Scorza et al., 2018; Jain and Gold
stein, 2012; Cuenca-Bermejo et al., 2021; Acharya et al., 2020; Sharabi 
et al., 2021; Ma et al., 2019). Besides the brain, αSyn accumulation can 
also occur in various peripheral organs, such as the gut, pancreas, heart, 
and olfactory mucosa (Jain and Goldstein, 2012; Acharya et al., 2020; 
Hong et al., 2019; Oka et al., 2010; Titova et al., 2017). In 2003, Braak 
and colleagues proposed a model regarding the spread of αSyn, 

assuming that it can accumulate and form Lewy Bodies (LB) in specific 
gastrointestinal tract neurons (Braak et al., 2003a, 2003b). In line with 
this, many authors have posteriorly suggested that this spreading may 
extend to the CNS via the vagus nerve (Braak et al., 2003a, 2003b; 
Wakabayashi, 2020). As such, Braak’s theory highlights a significant 
connection between the degeneration of the nigrostriatal system and 
parasympathetic nervous activity, given that the vagus nerve is pri
marily responsible for the parasympathetic innervation of nearly all 
organs (Sharabi et al., 2021; Braak et al., 2003b; Wakabayashi, 2020; 
Kitagawa et al., 2021). Nevertheless, the potential link between pe
ripheral injury and the development and progression of PD is not 
entirely a new idea. Epidemiologic studies reveal that certain chronic 
diseases, such as diabetes mellitus, hypertension, and depression, are 
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linked to an increased risk of developing neurodegenerative disorders, 
including PD (Nam et al., 2019). Additionally, patients with PD often 
exhibit dysfunction of the autonomic nervous system (ANS), and struc
tural, functional, and molecular changes in the sympathetic nervous 
system (SNS) and parasympathetic nervous system (PSNS), which 
generally work to maintain homeostasis and facilitate the communica
tion between the CNS and peripheral tissues (Jain and Goldstein, 2012; 
Cuenca-Bermejo et al., 2021; Titova et al., 2017). Given the heteroge
neous etiology of PD, different manifestations between patients, and 
involvement of multiple systems, several authors have argued for clas
sifying PD as a syndrome rather than a singular disease (Titova et al., 
2017). This perspective arises from the understanding that PD is not 
solely characterized by physical motor symptoms leading to movement 
impairments, but also includes cognitive and non-cognitive non-motor 
symptoms (Titova et al., 2017).

In addition to this multifactorial level, recent studies have shown 
that beyond common risk factors such as diabetes mellitus and hyper
tension, patients with chronic kidney disease (CKD) and cardiovascular 
disease (CVD) have increased risk of PD, and blood pressure (BP) stands 
at the crossroads of this relationship (Acharya et al., 2020; Meléndez-
Flores and Estrada-Bellmann, 2021; Ronco et al., 2008, 2018; Rangas
wami et al., 2019; Pliquett, 2022; Uduman, 2018; Minciunescu et al., 
2022; Quiroga et al., 2023; Junho et al., 2022; Gallo et al., 2023). 
Concerning the numbers, it is estimated that CKD accounts for approx
imately 1.2 million deaths globally, while CVDs are responsible for 17.7 
million deaths. Additionally, around 1.4 million deaths are attributed to 
complications involving both cardiac and renal health (Meléndez-Flores 
and Estrada-Bellmann, 2021; Perrone and Valente, 2021). Indeed, 
Sstudies indicate that the chronic, systemic, and inflammatory condi
tions underlying CKD serve as significant triggers for processes that lead 
to vascular and myocardial remodeling, contributing to the develop
ment of atherosclerotic lesions, vascular calcification, and senescence, 
myocardial fibrosis, and calcification of cardiac valves (Baek et al., 
2021; Alves et al., 2020). Consequently, a strong association has been 
established between CKD and increased risk of CVD – nearly 50% of 
deaths among CKD patients are due to cardiac events (Jankowski et al., 
2021). Therefore, the simultaneous dysfunction of both the heart and 
kidneys is a common issue, and a disorder in one organ often leads to 
dysfunction in the other (Ronco et al., 2008). Such a relationship has led 
to the development of a new nomenclature: cardiorenal syndrome (CRS) 
(Ronco et al., 2008, 2018; Rangaswami et al., 2019; Pliquett, 2022; 
Uduman, 2018; Minciunescu et al., 2022; Quiroga et al., 2023; Junho 
et al., 2022; Gallo et al., 2023). In 2008, Ronco and colleagues classified 
CRS into five subtypes (types 1, 2, 3, 4, and 5) based on which organ is 
primarily affected and the duration of the dysfunction (Ronco et al., 
2008). Despite the well-established classification of CRS, the cellular 
and molecular mechanisms underlying each subtype and the relation
ship between the heart and the kidneys remain largely unexplored.

Altogether, CKD and CVDs, along with PD, are among the leading 
causes of morbidity and mortality worldwide (Rai et al., 2023). Addi
tionally, the interactions among the brain, heart, and kidneys 
–collectively named the brain-heart-kidney axis – are also poorly un
derstood, especially regarding their interplay in disease states. In the 
present review, we aim to discuss the current understanding of PD, CKD, 
and CVD, addressing recent experimental data, exploring the 
brain-heart-kidney axis hypothesis, and examining potential mecha
nisms, signaling pathways, and key players involved in both normal and 
pathological conditions.

2. Parkinson’s disease (PD)

PD is mainly characterized by the loss of DAn, in the nigrostriatal 
pathway (Scorza et al., 2018; Jain and Goldstein, 2012; Cuenca-Bermejo 
et al., 2021; Acharya et al., 2020; Sharabi et al., 2021; Ma et al., 2019; 
Kalia and Lang, 2015; Bloem et al., 2021). From the clinical set-point, 
such loss results in decreased dopamine (DA) levels, leading to motor 

impairment symptoms such as bradykinesia, resting tremors, muscular 
rigidity, and postural imbalance (Jain and Goldstein, 2012; Acharya 
et al., 2020; Hong et al., 2019; Oka et al., 2010; Kalia and Lang, 2015; 
Bloem et al., 2021; Reich and Savitt, 2019). Under physiological situa
tions, αSyn binds to tyrosine hydroxylase (TH), inhibiting its activity and 
regulating DA synthesis. In PD, αSyn loses this function due to the ag
gregation into fibrils, leading to a loss of regulation over DA synthesis 
(Fig. 1) (Venda et al., 2010). This results in uncontrolled and toxic DA 
production while inhibiting the DA uptake by vesicular monoamine 
transporter (VMAT) (Fig. 1). Moreover, αSyn accumulation occurs not 
only in the brain but also in the spinal cord, vagus nerve, sympathetic 
ganglia, cardiac plexus, salivary glands, sciatic nerve, and other pe
ripheral locations (Kalia and Lang, 2015). Additionally, protein accu
mulations, such as β-amyloid and tau, which are commonly associated 
with other neurodegenerative diseases such as Alzheimer’s Disease, are 
also found in PD (Kalia and Lang, 2015). While these common features 
characterize PD, not all patients exhibit the same symptoms, compli
cating their diagnosis. Nowadays, non-motor symptoms are significant 
features of PD and often appear before primary motor symptoms. These 
non-motor symptoms include depression, dementia, rapid eye move
ment, sleep behavior disorder, constipation, orthostatic hypotension, 
postprandial hypotension, pain, and fatigue (Cuenca-Bermejo et al., 
2021; Hong et al., 2019; Oka et al., 2010; Titova et al., 2017; Kalia and 
Lang, 2015; Bloem et al., 2021; Reich and Savitt, 2019). Despite their 
importance, the impact of non-motor dysregulations on the quality of 
life of PD patients is often underestimated, revealing new perspectives 
on this devastating disease.

Although the exact mechanism that triggers PD remains unclear, 
several factors are believed to increase an individual’s likelihood of 
developing the pathology (see Table 1) (Kalia and Lang, 2015; Bloem 
et al., 2021). Well-established risk factors for PD include gender, 
ethnicity, and primarily age, and with the rise in life expectancy, it is 
estimated that the incidence of PD will increase by about 50% over the 
next 10 years (Kalia and Lang, 2015; Bloem et al., 2021). Additionally, 
environmental factors, such as the use of pesticides and prior head in
juries, are also recognized as triggers for PD (Table 1) (Kalia and Lang, 
2015; Bloem et al., 2021).

Genetics also plays a significant role in the onset of PD (Fig. 1). For 
autosomal dominant forms of PD, mutations in the SNCA and LRRK2 
genes are among the most well-documented (Fig. 1). SNCA encodes the 
αSyn protein, and rare mutations in this gene are linked to the familial 
form of PD (Bloem et al., 2021). In contrast, LRRK2 encodes the 
leucine-rich repeat kinase 2, a GTPase and serine-threonine kinase that 
plays a role in neurite outgrowth, modulation of dopaminergic and 
glutamatergic synapses, membrane exchanges, autophagy, and protein 
synthesis (Bloem et al., 2021). This gene’s mutation is the most common 
cause of genetically induced PD onset (Kalia and Lang, 2015; Bloem 
et al., 2021; Kim et al., 2019). Furthermore, a mutation in LRRK2 leads 
to the overactivation of BAX, a pro-apoptotic protein, releaseing cyto
chrome c, thereby increasing oxidative stress and apoptosis (Fig. 1). On 
the other hand, autosomal recessive forms of PD are characterized by an 
earlier onset of the disease and involve mutations in PARK2, PINK1, and 
DJ-1 genes (Fig. 1). Among these, PARK2, which encodes Parkin protein, 
is the most frequent cause of recessive onset (Kalia and Lang, 2015; 
Bloem et al., 2021). Mutations in these genes disrupt the regulation of 
proteins involved in mitochondrial metabolism, mitophagy, and 
apoptosis (Kalia and Lang, 2015; Bloem et al., 2021; Kim et al., 2019). 
For instance, a mutation in PINK1 inhibits the mitochondrial complex I, 
which leads to a deficient electron transport chain (Vizziello et al., 
2021). Additionally, loss of function in the PINK1 gene results in Par
kin’s inactivation which is crucial for inhibiting apoptotic proteins 
(Fig. 1) (Vizziello et al., 2021). This mechanism is similar to the one 
associated with the loss of function of the DJ-1 protein (Fig. 1). In 
addition to their roles in mitophagy, PINK1 and Parkin have separate 
pro-survival mechanisms that help prevent neuronal cell death. Conse
quently, mutations in the genes encoding these proteins are linked to the 
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loss of DAn.
Diagnosing PD is subjective and depends on the clinician’s evalua

tion of the patient’s phenotype. Currently, the most reliable method for 
an accurate diagnosis is the identification of LB deposits in the 

brainstem, limbic, and neocortical cerebral regions, along with 
observing the loss of DAn in SNpc through post-mortem histological ex
aminations (Braak et al., 2003b; Wakabayashi, 2020; Kalia and Lang, 
2015; Bloem et al., 2021; Reich and Savitt, 2019). Nevertheless, the 

Fig. 1. Genetic alterations influencing (dopaminergic) neuron death. In a normal situation, αSyn is degraded through the ubiquitin-proteasome system, becoming 
soluble and allowing neuronal physiological functioning. αSyn binds to tyrosine hydroxylase (TH), inhibiting its activity and regulating DA synthesis. In PD, αSyn 
loses its function due to the aggregation into fibrils resulting in Lewy bodies accumulation and uncontrolled and toxic DA synthesis. Consequently, there is an in
hibition of DA uptake by the vesicular monoamine transporter (VMAT) and a consequent DA accumulation in the neuron. Additionally, the αSyn fibrils accumulation 
will inhibit the activity of anti-apoptotic protein processing in the endoplasmic reticulum (ER). In the mitochondrial pathway, mutations in several genes lead to the 
deregulation of proteins involved in mitochondrial metabolism, mitophagy, and apoptosis, for example, the inhibition of the mitochondrial complex I and apoptotic 
proteins by PINK1, and Parkin and DJ-1, respectively. Moreover, a mutation in LRRK2 results in the overactivation of BAX (pro-apoptotic protein), which conse
quently, releases cytochrome c, which causes an increase in oxidative stress and apoptosis.

Table 1 
Risk factors increasing the disease’s incidence and prevalence.

Highest risk groups per condition References

Parkinson’s Disease Chronic Kidney Disease Cardiovascular Diseases

Gender 3:2 male to female ratio of 
prevalence risk

More prevalent among women than men More prevalent in men, but increased rate 
of mortality in women

(Kalia and Lang, 2015; 
Lewandowski et al., 2023; 

Suman et al., 2023)
Age Older people and peak after 80 

years of age.
High prevalence in the elderly, such that 

after 40 of age, GFR decreases by 
approximately 10 mL/min every decade.

High incidence and prevalence in older 
adults, with an incidence of about 86% in 

people above 80 years old.

(Kalia and Lang, 2015; 
Mallappallil et al., 2014; 

Rodgers et al., 2019)
Environmental 
factor

Individuals exposed to 
pesticide’s use and 

environmental pollution

Individuals exposed to nephrotoxicants 
as metals, air pollution, and other 

chemicals as phthalates

Ischemic heart disease and stroke are 
responsible for 80% of the deaths related to 

the environmental pollution

(Kalia and Lang, 2015; Bloem 
et al., 2021; Tsai et al., 2021; 

Cosselman et al., 2015)
Genetics 3–5% attributable to 

monogenic and 16–36% to non- 
monogenic genetic alteration

25–44% of CKD cases are due to 
heritability

Familial hypercholesterolemia is the most 
common monogenic cause of CVD, with a 

frequency of 1:200

(Bloem et al., 2021; Köttgen 
et al., 2022; Vrablik et al., 

2021)
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heterogeneity among patients poses a significant challenge for clini
cians. According to the Movement Disorder Society-Sponsored Revision 
of the Unified Parkinson’s Disease Rating Scale, many patients may 
exhibit similar symptoms, representing different forms of the disease 
and responding variably to treatments (Greenland et al., 2019; Berg 
et al., 2021). Consequently, searching for new and precise biomarkers is 
essential for achieving an earlier and more reliable diagnosis. The cur
rent treatment options for PD are limited, as available therapies only 
temporarily tackle and attenuate the symptoms without halting the 
progression of the disease. Such limitation may stem from the focus of 
PD research on replacing DA and stimulating its receptors, which may 
have overlooked critical pathophysiological concerns regarding the 
disease’s progression and its adverse effects (Kalia and Lang, 2015; 

Bloem et al., 2021; Reich and Savitt, 2019). In addition to improving the 
treatment pipeline for PD, it is crucial to focus on two key areas: 1) 
developing new treatments or repurposing available ones to prevent 
disease progression, and 2) deepening our understanding of the patho
physiology of PD, particularly regarding its prodromic phase and pe
ripheral connections. It is now widely accepted that PD is a complex and 
multifactorial condition, with other illnesses potentially influencing its 
onset and progression.

3. Cardiac dysfunction: a cause or a consequence of PD onset 
and progression?

Central anatomic network (CAN) areas are responsible for autonomic 

Fig. 2. Interactions between the brain and the heart in healthy and disease conditions. Key regions of the brain including the insular cortex, the hypothalamus, the 
nucleus of the solitary tract, and the ventral medulla are involved in the control of processes like heart rate and blood pressure as well as associated with cardiac 
complications such as arrhythmias in neurological disorders. The stimulation of the mesostriatal DAn modulates the information that reaches the nucleus accumbens, 
SNpc, and VTA regions, also leading to alterations in heart rate and BP. DA per se can enhance cardiac contractility and heart rate, and studies demonstrated that DA 
is capable of increasing cardiomyocyte activation, which can trigger HF-associated ventricular arrhythmia as well as promote Ca2+ overload, mitochondrial 
dysfunction, ROS, and left ventricular impairments. Additionally, PD is often associated with HF, probably due to related issues such as myocardial dysfunction, 
denervation and loss of contractility, left ventricular hypertrophy, and hypertrophic remodeling derived from impaired ventricular relaxation. Chronic inflammation 
is a significant hallmark associated with both PD and CVD. In normal conditions, the release of acetylcholine by the PSNS suppresses the secretion of pro- 
inflammatory cytokines such as TNF-α or IL-6 by macrophages. This process plays a role in the inflammatory responses seen in both conditions. Furthermore, 
prorenin, a component of the RAS, has been shown to trigger a reactive response in microglia, subsequently prompting astrocytes to increase the release of glio
transmitters. In chronic astrocytic reactivity, high levels of Ca2+ excitatory can occur, ending in the hyper-excitability of local neurons, which may contribute to 
sympathetic network dysfunction (overactivation), which could underlie the HF and hypertension triggering. DAn | Dopaminergic neurons; SNpc | Substantia Nigra 
pars compacta; VTA | Ventral Tegmental Area; BP | Blood pressure; DA | Dopamine; HF | Heart failure; ROS | Reactive Oxygen Species; PD | Parkinson’s Disease; CVD 
| Cardiovascular Diseases; PSNS | Parasympathetic Nervous System; TNF-α | Tumor necrosis factor-α; IL-6 | Interleukin 6; RAS | Renin-Angiotensin system;.
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and cardiovascular functions, including BP, the baroreflex mechanism, 
and heart rate (Benarroch, 1993). Key brain regions involved in these 
processes include the insular cortex, the hypothalamus, the nucleus of 
the solitary tract, and the ventral medulla (Fig. 2) (Cersosimo and 
Benarroch, 2013). These areas are particularly significant due to their 
involvement in the development of cardiac complications, such as ar
rhythmias and sudden death, in neurological diseases (Benarroch, 1993; 
Cersosimo and Benarroch, 2013; Iniguez et al., 2022). Research into the 
relationship between CVD and neurodegenerative disorders has been 
expanding (Song et al., 2021; Leszek et al., 2020), revealing shared 
characteristics. For instance, PD and CVD have common risk factors such 
as obesity, diabetes, oxidative stress, chronic inflammation, and hy
pertension (Cuenca-Bermejo et al., 2021; Acharya et al., 2020). As both 
PD and CVD have a rising incidence and prevalence, and knowing the 
high prevalence of CVD in PD patients, several studies have explored the 
potential association between these two conditions (Acharya et al., 
2020). Zhongzheng Zhou and colleagues recently examined the genetic 
basis of this relationship, demonstrating that PD may be a possible 
pathogenetic factor for coronary artery disease and stroke (Zhou et al., 
2023). In another large clinical study, a cohort study involving patients 
aged 40 and older, it was found that individuals with PD have a higher 
risk of CVD mortality compared to those without PD, and this associa
tion becomes even stronger with increasing age (Ke et al., 2024). From 
another point of view, studies conducted in spontaneous hypertensive 
rats (SHR), an animal model for hypertension, have shown impairments 
in the dopaminergic system, more specifically, a decrease in DA release 
and upregulation of D2 receptors in the striatum (Yeh et al., 2006; Van 
Den Buuse, 1997). Furthermore, Tzung-Lieh Yeh and colleagues found 
that the mesostriatal dopaminergic system plays a role in cardiovascular 
maintenance in healthy individuals (Yeh et al., 2006). For instance, it 
was suggested that the activation of the mesostriatal DAn modulates the 
information that reaches the nucleus accumbens, which is involved in 
regulating behavior, emotions, motivation, and ANS responses which 
are crucial for cardiovascular regulation (Fig. 2) (Yeh et al., 2006). 
Additionally, stimulating the mesotelencephalic dopaminergic pathway, 
particularly in the SNpc and ventral tegmental area regions, can lead to 
alterations in heart rate and BP (Fig. 2) (Yeh et al., 2006). Nevertheless, 
some authors argue that DA does not directly affect BP but modulates 
cardiovascular reflexes’ sensitivity (such as the heart rate reflex) (Yeh 
et al., 2006). While the PSNS may play a role in the relationship between 
the striatal DAn, concerning cardiovascular function and the BP, the 
precise mechanism behind this interaction is still unclear and requires 
further investigation. In the context of heart failure (HF), DA can be used 
to manage the condition by altering the force of myocardial contrac
tions, heart rate (HR), and constriction of the coronary arteries 
(Neumann et al., 2023). However, the effects of DA vary depending on 
the cardiac pathology involved. Of note, in moderate doses 
(4-10 μg⋅kg− 1⋅min− 1), DA per se can enhance cardiac contractility and 
heart rate due to its positive inotropic and chronotropic actions 
(Hiemstra et al., 2019; Doggrell, 2002). Notwithstanding, Yamaguchi 
and coworkers demonstrated in their recent preclinical study that 
administering higher doses of DA (20 mg/kg) to induce arrhythmia 
leads to D1 receptor overexpression and increased cardiomyocyte acti
vation, which can trigger HF-associated ventricular arrhythmia 
(Yamaguchi et al., 2020). Additionally, elevated plasma levels of DA in 
cases of Takotsubo cardiomyopathy can result in calcium (Ca2+) over
load, mitochondrial dysfunction, reactive oxygen species (ROS), left 
ventricular impairments, and high mortality rates (Fig. 2) (Nakagawa 
et al., 2016; Pelliccia et al., 2017; Bucolo et al., 2019; van Weperen et al., 
2023). These outcomes are likely due to excessive activation of dopa
minergic receptors (DR) activation affecting both myocardial and 
microcirculatory functions (Nakagawa et al., 2016; Pelliccia et al., 2017; 
Bucolo et al., 2019; van Weperen et al., 2023). Being so this relationship 
may be linked to DA’s ability to increase L-type Ca2+ currents (Bucolo 
et al., 2019). One potential molecular explanation for this effect involves 
the phosphorylation of L-type Ca2+ channels through the cyclic 

adenosine monophosphate (cAMP) – protein kinase A (PKA) signaling 
pathway (Bucolo et al., 2019). This process is primarily mediated by the 
Gs subunit of G protein, which couples with to adenylyl cyclase 
following D1R stimulation by DA or other agonists (Bucolo et al., 2019). 
Given the dual role of DA in HF, there is ongoing debate regarding 
whether this drug produces beneficial or harmful effects (Hiemstra et al., 
2019; Yamaguchi et al., 2020; Hampton et al., 1997; Massel et al., 1997). 
From a different perspective, levodopa is considered the gold standard 
for symptomatic treatment of PD, as it aims to restore the levels of DA. 
Some preclinical and clinical studies have examined the effects of this 
therapy in the cardiovascular context (Silva et al., 2015; Günaydın et al., 
2016; Noack et al., 2014). Nevertheless, no significant cardiac alter
ations were observed when comparing the PD groups with and without 
this therapy.

Independently of the CVD risk factors, PD patients have twice the 
prevalence of HF compared to the general population, with retrospective 
cohort studies revealing that HF is associated with an increased risk of 
idiopathic PD (Brokowski, 2019). Additionally, HF is one of the leading 
causes of mortality among PD patients (Piqueras-Flores et al., 2018; 
Mukherjee et al., 2015). This increased prevalence may be linked to 
several complications associated with PD, including myocardial 
dysfunction, denervation and loss of contractility, left ventricular hy
pertrophy, and consequent concentric hypertrophic remodeling 
(Cuenca-Bermejo et al., 2021; Piqueras-Flores et al., 2018; Byku and 
Mann, 2016). This remodeling is characterized by increased left ven
tricular relative wall thickness while maintaining normal ventricular 
dimensions, accompanied by diastolic dysfunction due to impaired 
ventricular relaxation (Fig. 2). Most PD patients also experience cardiac 
autonomic dysfunction (CAD) and cardiac denervation (CD), caused by 
the loss of sympathetic (noradrenergic nerves) and parasympathetic 
supply, as well as extra-cardiac noradrenergic denervation and arterial 
baroreflex failure (Fig. 2) (Scorza et al., 2018; Jain and Goldstein, 2012; 
Cuenca-Bermejo et al., 2021; Hong et al., 2019). CAD and CD are typi
cally accessed by heart-rate variability (HRV), which measures the 
fluctuation in the time intervals between successive heartbeats. The loss 
of sympathetic and parasympathetic innervation leads to postprandial 
hypotension, decreased HRV, and orthostatic hypotension, facts 
currently known to contribute to CAN dysfunctions (Benarroch, 1993; 
Cersosimo and Benarroch, 2013; Iniguez et al., 2022; Piqueras-Flores 
et al., 2018; Ding et al., 2020). Interestingly, a recent study by Iniguez 
and colleagues revealed that idiopathic PD patients exhibit a functional 
disconnection between heart function and CAN activity (Iniguez et al., 
2022). This disconnection occurs even after excluding confounding 
factors such as diabetes mellitus, hemodynamic alterations, or other 
neurologic complications. The study suggests a desynchronization be
tween HRV and blood oxygenation levels in several brain areas 
belonging to the CAN, including the cerebellum, brainstem, lateral 
parietal-temporal cortex, medial prefrontal cortex, insula, hypothala
mus, and anterior cingulate cortex.

Chronic inflammation is a main hallmark associated not only with 
CVD but also with PD. Clinical studies have shown that by modulating 
the inflammatory response, the occurrence of stroke and CAD can be 
reduced (Henein et al., 2022; Kelly et al., 2021). The release of acetyl
choline by the PSNS, which usually suppresses the secretion of 
pro-inflammatory cytokines such as Tumor necrosis factor - α (TNF-α) or 
Interleukine-6 (IL-6) by macrophages, has been enrolled in this process 
(Fig. 2) (Henein et al., 2022; Andersson, 2005). Interestingly, prorenin, a 
renin-angiotensin system (RAS) component, has been found to trigger a 
reactive response in microglia, which are the primary immune cells in 
the CNS (Fig. 2). This will prompt astrocytes to increase the release of 
gliotransmitters – compounds released by glial cells in response to 
stimuli -, such as ATP, glutamate, and gamma-aminobutyric acid 
(GABA), among others (Fig. 2). In chronic astrocytic reactivity, elevated 
levels of Ca2+ excitation waves are released, resulting in the 
hyper-excitability of local neurons (Fig. 2) (Marina et al., 2016). 
Through these mechanisms, glial cells can contribute to sympathetic 
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network overactivation, which is on the basis of HF and hypertension 
(Fig. 2). In fact, the term “Parkinsonian heart” arose as a consequence of 
the prevalence of features such as HF, CAD, CD, and chronic inflam
mation among PD patients. In the last few years, this term has gained 
significant attention, with additional hemodynamic and cardiovascular 
changes supporting the potential existence of a brain-heart axis in PD. 
One of the most frequent cardiac-related alterations in PD patients is 
orthostatic hypotension, characterized by a decrease in blood pressure 
after rising from a supine position to a head-up position, which is 
strongly associated with cardiac denervation (Piqueras-Flores et al., 
2018). Research indicates that orthostatic hypotension is associated 
with dysfunction in both sympathetic and parasympathetic systems, 
likely resulting from insufficient levels of noradrenaline (NA) (Fig. 2). 
This catecholamine neurotransmitter is critical in the sympathetic ner
vous system (SNS) (Jain and Goldstein, 2012; Titova et al., 2017; Kalia 
and Lang, 2015). NA also innervates the vascular system and the heart, 
and stimulates adrenergic receptors (Jain and Goldstein, 2012; Titova 
et al., 2017; Kalia and Lang, 2015). Along with DA, a loss of NA has been 
associated with the early stages and progression of PD (Cuenca-Bermejo 
et al., 2021). The connection may stem from both neurotransmitters 
sharing the same biosynthetic pathway (Cuenca-Bermejo et al., 2021). 
Nevertheless, the exact mechanism through which SNS deteriorates re
mains unclear. It is still uncertain whether this deterioration is due to the 
degeneration of CNS neurons or the loss of peripheral sympathetic fibers 
(Cuenca-Bermejo et al., 2021; Titova et al., 2017; Fornai et al., 2007).

Recent research from Acharya and colleagues, using body fluid 
samples such as cerebrospinal fluid, serum, and plasma of PD patients, 
has shown that specific non-coding RNAs are altered in PD and CVD 
(Acharya et al., 2020). Specifically, miR-133b regulates the develop
ment of midbrain DAn and reduces the production of ROS after 
myocardial infarction. Furthermore, several other microRNAs are 
noteworthy: miR-124, downregulated in PD; miR-124–5p, unstable; and 
miR-124–3p upregulated in PD. These microRNAs protect against car
diac injury and neuroinflammation, exhibiting antioxidant properties 
(Acharya et al., 2020). Specifically, miR-124 can inhibit neuro
inflammation through the MEKK3/NF-κB signaling pathway or enhance 
superoxide dismutase activity, thereby providing protective effects 
against neuroinflammation and oxidative stress (Yao et al., 2018). 
MALAT1 (Metastasis Associated Lung Adenocarcinoma Transcript 1) is 
found to be upregulated in PD and also acts as a critical promotor of 
cardiomyocyte and DAn apoptosis, as well as contributing to cardiac 
fibrosis and αSyn expression (Acharya et al., 2020). This makes MALAT1 
a potential target for modulating apoptosis. Overall, understanding the 
pathophysiological roles of non-coding RNAs is essential, as this 
knowledge could lead to their use as potential biomarkers and thera
peutic targets in the context of illness onset and progression.

While considerable evidence suggests a potential cause-effect rela
tionship between the brain and the heart, as well as associated diseases, 
the underlying mechanisms facilitating communication between these 
two organs are still largely unknown. Critical questions regarding the 
prognosis and molecular characteristics such as DAn degeneration and 
neuroinflammation - of CVD patients with PD remain unsolved. There
fore, gaining a better understanding of this interaction and how we can 
influence it may ultimately lead to the discovery of new (bio)markers or 
targets for synergistic treatment of various disease conditions.

4. What about renal dysfunction and Parkinson’s disease?

Chronic kidney disease (CKD) is expected to become the 5th leading 
cause of death by 2040 and the most frequent chronic condition among 
older patients. CKD is frequently linked with several co-occurring health 
conditions. Diagnosis typically relies on assessing the reduced estimated 
glomerular filtration rate (eGFR) and albuminuria (i-e., the presence of 
albumin in the urine) (Meléndez-Flores and Estrada-Bellmann, 2021; 
Safarpour et al., 2021; Baba et al., 2011). In patients with CKD, specif
ically those with end-stage renal disease (ESRD), there are usually 

dysfunctions affecting the CNS, PSNS, and ANS (Hamed, 2019). These 
complications include cognitive impairment, encephalopathy, cerebro
vascular stroke, restless leg syndrome, and parkinsonism. Many studies 
suggest that chronic renal dysfunction is directly associated with PD, 
constituting an independent risk factor for this disease (Nam et al., 2019; 
Hamed, 2019). Notably, a recent clinical study involving a cohort of 
patients diagnosed with CKD found that CKD in middle-aged and older 
patients is associated with an increased risk of developing PD (Kim, 
2024). Another prospective cohort study revealed that reduced eGFR is 
significantly associated with a heightened risk of PD, particularly with 
brain volume atrophy in areas linked to the disease (Peng et al., 2024). 
Therefore, monitoring key markers of renal function, such as proteinuria 
and eGFR, is recommended for the early detection of PD (Nam et al., 
2019; Qu et al., 2023). In addition, it should be highlighted that DAn are 
not the only source of DA. Although DA does not cross the blood-brain 
barrier (BBB), the proximal tubule cells also synthesize it peripherally 
in the kidneys (Qaddumi and Jose, 2021). Additionally, the kidney ex
presses DR, including all the subtypes of DR expressed in the proximal 
tubule, distal convoluted tubule, and cortical collecting duct (Qaddumi 
and Jose, 2021). Specifically, D1R and D3R were found in macula densa 
and juxtaglomerular cells (Qaddumi and Jose, 2021). In the medullary 
thick ascending limb, D1R, D3R, D4R, and D5R are expressed, while 
D3R is found in the cortical thick ascending limb (Qaddumi and Jose, 
2021). Functionally, studies have pointed out that the renal dopami
nergic system plays a crucial role in regulating BP and its activity in
creases in response to salt overload from dietary intake (Doggrell, 2002; 
Qaddumi and Jose, 2021; Choi, 2015). Nevertheless, dopaminergic 
control has reduced activity in salt-sensitive hypertensive patients and 
rats, with evidence suggesting the involvement of D3R (Doggrell, 2002; 
Qaddumi and Jose, 2021). Dysfunction within the renal dopaminergic 
system has been associated with impaired kidney function. Specifically, 
a compromised renal dopaminergic system is associated with increased 
expression of tubular sodium transporters, oxidative stress, inflamma
tion, elevated levels of renin, and an increase in Angiotensin II (Ang II) 
Type I Receptor (AT1R) expression (Qaddumi and Jose, 2021). The 
situation leads to renal injury and a reduction in Ang II Type II Receptor 
(AT2R) and Mas Receptor (MasR) expressions, ultimately influencing 
natriuresis (sodium excretion in the urine) and diuresis, which are 
suggested to be associated with hypertension pathology (Qaddumi and 
Jose, 2021). In CKD, RAS becomes overactivated due to SNS stimulation, 
causing an increase in Ang II and its binding to AT1R (Meléndez-Flores 
and Estrada-Bellmann, 2021). Additionally, the kidneys are supplied 
with an extensive network of sympathetic (efferent) neurons that relay 
signals from the sympathetic ganglia to the kidneys (Osborn and Foss, 
2017). Remarkably, Osborn and colleagues have explained that 
heightened efferent renal nerve activity stimulates inflammatory cas
cades, which can lead to renal impairment and hypertension (Osborn 
and Foss, 2017). This highlights a close and intriguing relationship be
tween the nervous and immune systems and the development of hy
pertension (Osborn and Foss, 2017).

Finally, oxidative stress and mitochondrial impairment are signifi
cant players in the pathophysiology of both CKD and PD. These condi
tions cause lipid peroxidation-associated membrane damage, protein 
oxidation, structure, function alterations, and structural DNA damage, 
hallmarks commonly seen in neurodegenerative diseases and renal 
damage (Adesso et al., 2017). Research shows that increased expression 
and activation of AT1R in the striatum and substantia nigra, along with 
increased ROS and oxidative stress, contribute to (DAn) neuronal 
damage (Meléndez-Flores and Estrada-Bellmann, 2021). In fact, it has 
been described that ROS interacts with nitric oxide, leading to the 
production of toxic substances such as uremic toxins (UTs), which 
significantly affect kidney function (Meléndez-Flores and 
Estrada-Bellmann, 2021; Safarpour et al., 2021; Hamed, 2019; Liabeuf 
et al., 2021). Indeed, it is hypothesized that during renal impairment, 
the receptors for UT in the BBB and blood-cerebrospinal fluid barrier 
increase, resulting in the accumulation of UT in the brain (Assem et al., 
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2018). This accumulation is thought to be a leading cause of cognitive 
impairment associated with CKD (Adesso et al., 2017), with symptoms 
ranging from mild issues, such as poor concentration, short attention 
span, recent memory dysfunction, apathy, and depression, to more se
vere conditions, including significant memory loss, executive function 
deficits, and dementia (Hamed, 2019; Bossola and Picconi, 2024).

Additionally, UT in the brain is associated with DNA and protein 
damage (Fornai et al., 2007), and with activation of neuroinflammatory 
and oxidative pathways (Safarpour et al., 2021), which are common 
mechanisms in PD. These conditions also inhibit the antioxidant and 
cytoprotective systems, cause apoptosis, and disrupt the BBB (Safarpour 
et al., 2021; Hamed, 2019; Adesso et al., 2017).

5. The brain-heart-kidney axis: is there a link between CVD, 
CKD, and PD?

As previously discussed, BP and water balance are controlled by the 
kidneys, the heart, and the brain which work in tight coordination 
attained to ANS-regulated hormonal and neuronal mechanisms. Hy
pertension is a common risk factor linked to the development of PD, 
CVD, and CKD (Meléndez-Flores and Estrada-Bellmann, 2021; Rangas
wami et al., 2019). However, the mechanisms engaged in these re
lationships still need to be explored. Some authors argue that high BP 
decreases resting cerebral blood flow, which in turn reduces the delivery 
of oxygen (Hou et al., 2018). This is particularly important in regions 
that are sensitive to ischemia, such as the substantia nigra, resulting in 
DAn loss (Hou et al., 2018).

The RAS is critical in regulating BP, water, electrolyte balance, and 
overall cardiovascular homeostasis (Cosarderelioglu et al., 2020; Abio
dun and Ola, 2020; Jackson et al., 2018). Under physiological condi
tions, the kidneys produce renin, which cleaves the angiotensinogen to 
release angiotensin I (Ames et al., 2019). The angiotensin-converting 
enzyme (ACE) converts this angiotensin I into Ang II (Ames et al., 
2019). Ang II can bind to two receptors: the AT1R or AT2R (Ames et al., 
2019). For instance, when Ang II binds to AT1R, it triggers various 
pathophysiological processes, including pro-oxidative, pro-in
flammatory, and pro-fibrotic responses. In contrast, binding to AT2R, 
which has a higher expression in the brain - particularly in areas con
trolling BP – may trigger opposite effects (Cosarderelioglu et al., 2020; 
Abiodun and Ola, 2020; Jackson et al., 2018). Subsequently, the 
angiotensin-converting enzyme 2 (ACE 2) converts Ang II into angio
tensin (1− 7), which finally interacts with MasR, resulting in vasodila
tation and prompting anti-inflammatory and anti-oxidative effects. 
Interestingly, in addition to the peripheral RAS, a local brain RAS has 
also been identified (Meléndez-Flores and Estrada-Bellmann, 2021; 
Cosarderelioglu et al., 2020; Abiodun and Ola, 2020; Jackson et al., 
2018; Loera-Valencia et al., 2021). This local RAS is involved in 
oxidative stress, polarization of microglia cells, neuroinflammation, and 
brain homeostasis (Meléndez-Flores and Estrada-Bellmann, 2021; 
Cosarderelioglu et al., 2020; Abiodun and Ola, 2020; Jackson et al., 
2018; Loera-Valencia et al., 2021). Due to the BBB, the brain possesses 
active RAS genes and the capability for de novo proteins production to 
support its RAS needs (Cosarderelioglu et al., 2020; Abiodun and Ola, 
2020; Jackson et al., 2018). Additionally, increased RAS activity has 
been linked to DAn degeneration in PD conditions involving oxidative 
stress and neuroinflammation. However, the precise mechanisms un
derlying this specific relationship need to be elucidated (Song and Kim, 
2016).

Likewise, autophagy is a crucial mechanism for the degradation and 
recycling of misfolding proteins, dysfunctional organelles, and cytosolic 
components (Nechushtai et al., 2023). This process can occur through 
macroautophagy, microautophagy, or chaperon-mediated autophagy 
(Nechushtai et al., 2023), playing a significant role in maintaining renal, 
cardiac, and cerebral function and homeostasis; nonetheless, it is also 
involved in various pathological conditions (Nechushtai et al., 2023; 
Bhatia and Choi, 2020; Lavandero et al., 2015). Meanwhile, defective 

autophagy has been associated with neurodegenerative disorders, 
including PD, where it leads to neurotoxic accumulation and aggrega
tion of proteins, such as αSyn (Fig. 3) (Nechushtai et al., 2023; Zhu et al., 
2022). Besides being involved in neuroinflammation, microglia play a 
crucial role in the autophagic process, carrying αSyn aggregates into 
lysosomes and forming autophagosomes as part of phagocytosis (Fig. 3) 
(Zhu et al., 2022). Furthermore, autophagy has also been associated 
with CKD, particularly renal fibrosis, playing a double-edged sword role 
by exerting profibrotic and anti-fibrotic functions (Bhatia and Choi, 
2020). Increased expression of autophagic markers in well-established 
models of renal fibrosis has shown protective features (Bhatia and 
Choi, 2020). However, persistent activation of autophagy can also result 
in the accumulation of extracellular matrix components (Fig. 3). 
Transforming growth factor β1 (TGF-β1), known to trigger inflamma
tory, fibrotic, and cell cycle regulatory pathways, was described to play 
an ambiguous role, acting either as an inducer or an autophagy inhibitor 
(Bhatia and Choi, 2020; Ruby et al., 2023). For instance, TGF- β1 acti
vates autophagy-related genes (such as Atg5, Atg7, LC3, and Beclin 1) 
while also acting through the PI3K/AKT pathway, negatively regulating 
autophagy. Therefore, the factors determining whether it promotes or 
inhibits autophagy require further elucidation (Bhatia and Choi, 2020; 
Ruby et al., 2023). This intricate relationship between autophagy, renal 
fibrosis, and the role of TGF-β1 indicates potential therapeutic targets 
worth exploring. Similarly, Lavandero and colleagues explained how 
autophagy can be protective or detrimental in CVD (Lavandero et al., 
2015). While autophagy regulates the structure and function of car
diomyocytes under normal conditions, excessive activation can lead to 
HF in pathological scenarios (Fig. 3) (Lavandero et al., 2015). Auto
phagy helps to clear damaged mitochondria, which are abundant in 
cardiomyocytes, thereby preventing the activation of apoptosis (Nishida 
et al., 2009). However, in severe circumstances, such as cardiac ische
mia/reperfusion, excessive autophagy activationcan cause organelles’ 
degradation and release pro-apoptotic factors, ultimately leading to cell 
death (Fig. 3) (Nishida et al., 2009). As such, given the significance of 
autophagy in these three organs, whether in healthy or diseased states, it 
may play a role in overall axis function. Nevertheless, this possibly re
quires further investigation.

Finally, Ca2+ plays a crucial role in regulating various cellular and 
molecular biological processes, connecting renal, cardiac, and (PD) 
brain functions, including cell proliferation, motility and signaling, 
neuronal regulation, and mechanisms related to autophagy and 
apoptosis. This regulation is attained because Ca2+ regulates action 
potentials, enzymatic activity, signal transduction, and gene transcrip
tion (Zhou and Greka, 2016; Clapham, 2007). In the brain, astrocytes 
release gliotransmitters, such as ATP, glutamate, or GABA, in response 
to G-protein-coupled receptors. When these proteins are activated, they 
trigger intracellular Ca2+ responses (Araque et al., 2014). As an astro
cytic gliotransmitter, ATP, enhances Ca2+ excitation waves propagating 
through adjacent astrocytes (Araque et al., 2014). The modulation of 
Ca2+ signals affects the excitability of local neuronal circuits, synaptic 
transmission and plasticity (Marina et al., 2016; Tedoldi et al., 2021; 
Chandran et al., 2019). In addition to neurons and astrocytes, ATP in
teracts with purinergic receptors on endothelial and blood cells (Tedoldi 
et al., 2021). This interaction alters the intracellular Ca2+ concentration 
and can lead to vasodilation or vasoconstriction of blood vessels 
(Tedoldi et al., 2021). In fact, in the heart, an action potential allows the 
opening of the L-type channels leading to the entrance of Ca2+ in the 
cells. This influx leads to the release of additional Ca2+ from the 
sarcoplasmic reticulum (SR) through a process known as “calcium-in
duced calcium release”, which is essential for heart contraction (Eisner 
et al., 2020; Eisner, 2014; Endo, 1977). Conversely, the concentration of 
Ca2+ decreases due to the action of SR Ca2+-ATPase, which transports 
Ca2+ back into the SR (Eisner et al., 2020; Eisner, 2014). Additionally, a 
cooperative mechanism involving Na+-Ca2+ exchanger and plasma 
membrane Ca2+-ATPase also helps remove Ca2+ from the cell (Eisner 
et al., 2020; Eisner, 2014). This process utilizes the energy generated 
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from entering of three Na+ ions into the cell, simultaneously pumping 
out the Ca2+ through an electric impulse (Eisner et al., 2020; Eisner, 
2014). This balance is critical for the heart to relax properly. Never
theless, it is essential to highlight that the amount of Ca2+ entering the 
cells must equal the amount leaving in order to maintain homeostasis. 
The increase in intracellular Ca2+ concentration arises from both the 
heightened current through L-type channels and the amount of Ca2+

stored in SR (Eisner et al., 2020; Eisner, 2014). Therefore, Ca2+ signaling 
and homeostasis are critical for the heart’s and the entire organism’s 
structural and physiological function as they are crucial for effective 
blood pumping.

Concomitantly, Ca2+ in the blood and extracellular fluids are filtered 
and reabsorbed in the kidneys, the gut, and the bones, where Ca2+ can 
also be deposited) (Zhou and Greka, 2016). In the kidneys, Ca2+ filtra
tion is achieved through two tightly regulated pathways, namely: par
acellular and the transcellular. When the filtrate enters the nephron and 
moves through the tight junctions of epithelial cells (the paracellular 
route), Ca2+ is reabsorbed, decreasing its concentration in the fluid until 
it reaches the proximal tubule. Once in the loop of Henle, both 
descending and ascending limbs are impermeable to Ca2+, which acti
vates the transcellular route in the distal convoluted tubule (Zhou and 
Greka, 2016; Hanna et al., 2022). Here, Ca2+ enters the apical mem
brane through ion channels, diffuses to the basolateral membrane by 
binding to proteins and buffers, and then exits through the basolateral 
membrane’s pumps or exchangers (Zhou and Greka, 2016; Hanna et al., 
2022). The paracellular route is more efficient, allowing for a greater 
quantity of filtrate, while the transcellular pathway offers precise 
regulation of Ca2+ concentration (Zhou and Greka, 2016). In the end, 
any excess of Ca2+ that exceeds the body’s homeostatic needs is excreted 

through urine.
Ca2+ specific channels, transporters and pumps attain intracellular 

concentration. Different types of Ca2+ channels differ in their voltage 
dependence, location, and kinetics. For instance, L-type channels are 
found in cardiac myocytes and are characterized by slower voltage- 
dependent inactivation. These channels are associated with the Cav1 
calcium channel subtype and can be blocked by dihydropyridine drugs. 
In contrast, T-type channels are transient and are present in both the 
sinoatrial node’s cardiac myocytes and thalamic neurons. These chan
nels are associated with the Cav3 calcium channel subtype. Additionally, 
various types of calcium channels related to the Cav2 calcium channel 
subtype have been identified in neurons (Matsubara et al., 2010; Huang 
et al., 2022; Marras et al., 2012)–159].

Remarkably, the dysregulation of Ca2+ is a well-recognized hallmark 
of PD. In a healthy condition, DAn enhances the activation of L-type 
calcium channels through DA-associated stimulation. In contrast, these 
channels activate spontaneously under PD, significantly increasing 
intracellular Ca2+ (Ludtmann and Abramov, 2018; Augustine et al., 
2003; Vaarmann et al., 2010; Surmeier and Schumacker, 2013). The 
DAn in substantia nigra pars compacta (SNpc) exhibits physiological and 
spontaneous pacemaking activity, which is involved in Ca2+ influx 
through L-type channels. Slight increases in this Ca2+ influx have been 
shown to promote mitochondrial oxidative stress, making DAn more 
vulnerable to degeneration (Pchitskaya et al., 2018; Guzman et al., 
2009; Puopolo et al., 2007; Chan et al., 2007; James Surmeier et al., 
2012; Surmeier et al., 2017). Additionally, αSyn, whether in a mono
meric or oligomeric form, promotes the formation of pores in the plasma 
membrane by binding to vesicle membranes and forming porous struc
tures. This contributes to the transport of Ca2+ from extracellular space 

Fig. 3. The role of autophagy in the brain-heart-kidney axis. Autophagy is an essential mechanism for removing misfolding proteins, dysfunctional organelles, and 
cytosolic components, thereby maintaining proper function and homeostasis in the kidneys, heart, and brain. Nonetheless, this process can also be associated with 
pathological features in these systems. Defective autophagy has been associated with PD, leading to neurotoxic accumulation and aggregation of proteins, such as 
αSyn. Microglia plays a significant role in both neuroinflammatory and the autophagic process, where αSyn aggregates into lysosomes and forms autophagosomes as 
part of phagocytosis. Regarding CVD, precisely regulating the extent of autophagy is crucial for the homeostasis and proper function of cardiomyocytes. Under 
normal conditions, the autophagic process serves a protective role by clearing damaged mitochondria, which helps prevent apoptosis. However, in severe conditions 
like cardiac ischemia/reperfusion, excessive activation of the autophagy demand results in significant degradation of organelles and the release of pro-apoptotic 
factors, ultimately resulting in cell death. Autophagy is also implicated in CKD, particularly in renal fibrosis, where its role is more complex. It plays a double- 
edged sword role by exerting profibrotic and anti-fibrotic functions. Persistent activation of autophagy, characterized by increased expression of LC3 protein (a 
component of the autophagosome’s membranes), can lead to the accumulation of extracellular matrix. In this context, TGF-β1 has been observed to have an 
ambiguous role, acting either as an inducer or as an autophagy inhibitor. TGF-β1 | transforming growth factor β1; LC3 | Microtubule-associated protein 1 A/1B-light 
chain 3; PD | Parkinson’s Disease; αSyn | alpha-synuclein; CVD | Cardiovascular Disease; CKD | Chronic kidney disease.
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into the cell (Ludtmann and Abramov, 2018; Angelova et al., 2016; 
Kayed et al., 2004; Zakharov et al., 2007). Conversely, the role of Ca2+ in 
the development and progression of CKD and CVD is not fully under
stood, and the available studies often present contradictory findings. 
Some authors argue that Ca2+ levels and disease progression or stage are 
independent variables in CKD and ESRD patients. On the other hand, 
some studies have shown that lower calcium levels are associated with 
poorer kidney function and higher mortality rates (Block and Port, 2003; 
Foley et al., 1996; Janmaat et al., 2018; Schwarz et al., 2006; Lim et al., 
2014). Despite these inconsistencies, certain features regarding 
Ca2+-associated kidney impairments are generally accepted when 
describing CKD patients. These include: i) a prevalence of mineral 
metabolism disturbances characterized by decreased calcium serum, 
urinary, and absorption levels, which contributes to the deterioration of 
kidney function; and ii) vascular and soft tissue calcification, which can 
lead to cardiovascular events (Janmaat et al., 2018; Palmer et al., 2011; 
O’Neill, 2016; Moorthi and Moe, 2011; Hill Gallant and Spiegel, 2017; 
Shanahan et al., 2011).

Consequently, drugs targeting these channels, known as calcium 
channel blockers (CCB), have garnered significant attention in recent 
years for the treatment of hypertension and arrhythmias. CCBs prevent 
Ca2+ influx through L-type channels, resulting in vasodilation and 
decreased BP (Shah et al., 2022; Frishman, 2007; Elliott and Ram, 2011; 
Ohno et al., 2022). There are two main types of CCB: i) dihydropyridine 
CCB, which acts predominantly in vasodilation, such as amlodipine, 
nifedipine, nicardipine, and felodipine, and ii) non-dihydropyridine, 
which act predominantly in heart functioning, including verapamil 
and diltiazem (Frishman, 2007; Elliott and Ram, 2011; Ohno et al., 
2022). Recently, numerous studies have focused on the possible repur
posing effects of these drugs, such as their potential to prevent inflam
mation, necrosis, fibrosis, and protein aggregation by enhancing 
autophagy (Matsubara et al., 2010; Huang et al., 2022; Siddiqi et al., 
2019). The term "drug repurposing" has recently sparked interest in the 
scientific community, presumably due to the potential benefits of using 
existing pharmaceuticals for new therapeutic purposes, especially, 
mainly for diseases affecting a vast range of the worldwide aged popu
lation, such as PD, CVD, and CKD. Actually, basic and clinical research 
has indicated that some anti-hypertensive drugs, including CCBs, exhibit 
neuroprotective properties, making them beneficial for neurodegener
ative disorders (Huang et al., 2022; Siddiqi et al., 2019; Marras et al., 
2012). For instance, Siddiqi and colleagues demonstrated that Felodi
pine, an L-type CCB, at doses like those found in human plasma, 
significantly influences neuroinflammation and glial activity. Further
more, it can effectively clear mutant αSyn in mouse brains through an 
autophagy-dependent mechanism, providing neuroprotection and 
emerging as a promising therapeutic option for PD (Siddiqi et al., 2019). 
Similarly, Amlodipine, another dihydropyridine, and L-type CCB has 
shown comparable benefits to Felodipine, including the upregulation of 
autophagy (Huang et al., 2022). However, despite its longer plasma 
half-life, amlodipine does not cross the BBB, creating the challenge of its 
local effects on the brain (Siddiqi et al., 2019). Therefore, understanding 
the role of autophagy in PD, CVD, and CKD is critical, particularly 
regarding the modulation of autophagy by CCBs and its potential impact 
on the overall function of these conditions. Given the involvement of 
Ca2+ in PD, CKD, and CVD, along with the promising strategies 
involving CCBs, it is essential to deepen our understanding of the 
mechanisms of Ca2+ dysregulation hypothetically linking these 
pathologies.

Altogether, considering the various physiological mechanisms 
shared by these three organs, either in healthy or pathological contexts, 
it is reasonable to assume that the deregulation of one mechanism could 
affect the proper functioning of more than one organ. Therefore, it be
comes critical to determine whether alterations in just one mechanism in 
one organ are sufficient to cause dysfunction in another organ within 
this axis or whether several alterations are required for dysfunction to 
occur. By doing so, new avenues for early (disease) detection or 

treatment through new biomarkers or therapeutic targets could be 
established.

6. Conclusion and future perspectives

Several clinical and biochemical pieces of evidence support the ex
istence of complex brain-heart-kidney interactions that are critical for 
maintaining overall homeostasis. Key factors such as the dopaminergic 
system, BP, RAS, chronic inflammation, autophagy, oxidative stress, and 
Ca2+ signaling play significant roles in each organ’s (patho)physiology. 
However, these factors may also be important game changers when 
considering the brain-heart-kidney axis as a whole. Dysfunction in any 
part of this axis could lead to a broad spectrum of significant health 
problems affecting the other two organs. In current clinical practice, the 
connections between peripheral illnesses and central nervous system 
problems are gaining notable consideration, and researchers are inves
tigating these relationships across several conditions. With precision 
medicine technological advancement, the one-disease-one-target concept 
is no longer a reality, and nowadays, a multifactorial and multiorgan 
connection is a more probable possibility. Nevertheless, further studies 
are necessary to fully understand how diseases in one organ may in
fluence the health of others, as well as to clarify the causal relationships 
between diseases in this axis. To the best of our knowledge, currently, 
there are no available models to study PD, CVD, and CKD simulta
neously. However, there is an opportunity to leverage existing models to 
investigate how one disease may influence the others and trigger their 
onset. For example, there are numerous animal models of PD in which 
the kidney and heart functions could be effectively assessed. On the 
other hand, examining, for instance, brain dopaminergic innervation 
integrity in models of CRS could yield valuable insights. Moreover, 
creating a model that disrupts the function of all organs within this 
interconnected axis—by combining PD and CRS animal models—would 
significantly enhance our understanding of their interactions. Addi
tionally, in vitro models, particularly those using microfluidics can un
cover essential cellular and molecular mechanisms that underline these 
complex interconnections. Pursuing this can pave the way for ground
breaking discoveries about these diseases’ relationships. Insights gained 
from this research could help identify novel biomarkers for detecting 
diseases at early stages, potentially delaying disease progression or 
clinical manifestation in high-risk patients. Additionally, repurposing 
existing medications, such as CCB for new therapeutic uses could offer 
new perspectives for modulating the intricate systems with the brain- 
hear-kidney axis.
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