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INTRODUCTION
Parkinson’s disease (PD), a progressive neuro­

degenerative disorder affecting the central nervous system, 
presents a significant burden both for individuals and society at 
large. This ailment, characterized by a multitude of motor and 
non-motor symptoms, ranks as the second most prevalent age-
related degenerative brain condition and stands as the primary 
motor-related brain disorder [1]. A hallmark of this disease is 
the gradual depletion of dopamine-producing cells situated 

in the substantianigra, a critical brain region responsible for 
motor control. Despite extensive research, the precise origin of 
PD remains elusive [2]. At present, it is widely acknowledged 
that a complex interplay of genetic and environmental factors 
contributes to the onset and progression of the ailment. The 
global impact of PD is profound, with millions of individuals 
grappling with its consequences [3]. According to various 
sources, the prevalence of this condition varies significantly, 
contingent on age and geographical location. Remarkably, the 
incidence of PD rises with advancing age, with the highest rates 
observed in individuals aged 60 and older [1,3].

The diagnosis of PD predominantly relies on clinical 
symptoms and neurological examinations, as definitive diagnostic 
tests do not exist. Imaging modalities, such as MRI and CT scans, 
are occasionally employed to rule out other conditions that may 
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ABSTRACT
Parkinson’s disease (PD) represents a profoundly enigmatic neurodegenerative ailment marked by the inexorable 
degradation of dopaminergic neurons. Recent scientific inquiry has brought to the forefront the renin-angiotensin 
system (RAS) as a central participant within the intricate terrain of PD etiology. The present review endeavors 
to provide an exhaustive examination of the intricate interrelationship between RAS and PD, elucidating the 
mechanisms that underlie the harmful progression of this condition. Oxidative stress assumes a central position 
in PD pathogenesis, and the brain’s RAS, with a focus on Angiotensin II (Ang II), emerges as a catalyst for this 
phenomenon. Ang II, through AT1 receptors, triggers the production of reactive oxygen species via NADPH 
oxidase (NOX) enzymes, posing a significant threat to dopaminergic neurons. Moreover, Ang II exerts influence 
on neuroinflammation, apoptosis, and neurotrophic factors, amplifying neuronal vulnerability. Clinical and pre-
clinical evidence underscores the potential of RAS modulators, including ACE inhibitors (ACEIs) and Angiotensin 
II receptor blockers (ARBs), in mitigating neurodegeneration in PD. These findings offer a promising avenue for 
novel treatments targeting RAS to protect dopaminergic neurons and alleviate PD symptoms. Natural compounds, 
specifically flavonoids, have attracted considerable scientific interest as prospective angiotensin-converting enzyme 
ACEIs. In the future, a deeper understanding of flavonoid metabolism and neuronal access will be instrumental in 
optimizing their therapeutic potential. Investigating the precise mechanisms by which flavonoids interact with the 
blood-brain barrier and neuronal tissues may yield innovative treatment strategies for PD. 
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Flavonoids, a category of polyphenolic compounds 
derived from plants, have exhibited notable neuroprotective 
properties in PD [10,11]. Experimental studies have revealed 
that the administration of flavonoids or foods rich in flavonoids 
safeguards dopamine neurons from oxidative damage and 
mitigates brain inflammation [11]. For example, quercetin, 
present in various fruits and vegetables, offers a multitude of 
health benefits, including antioxidative, anti-inflammatory, and 
neuroprotective effects [12]. Recent investigations propose 
that flavonoids may also diminish mortality risk in individuals 
with PD. The mechanism through which flavonoids act in PD 
involves the activation of endogenous antioxidant enzymes, 
the suppression of lipid peroxidation, and the inhibition of 
inflammatory processes [13]. Furthermore, flavonoids exhibit 
the capacity to enhance neuronal function and promote neurite 
outgrowth in human dopaminergic neurons [14]. Recent 
research has highlighted the therapeutic potential of flavonoids 
concerning the brain’s RAS and the MasR in the context of PD. 
It has become evident that the brain RAS and MasR contribute 
to the pathogenesis of PD, and emerging studies indicate that 
MasR may possess neuroprotective attributes in animal models 
of PD [14].

While the therapeutic potential of flavonoids in the 
context of the brain RAS and MasR in PD remains a subject 
of limited investigation, existing evidence underscores the 
plausible involvement of these plant-derived secondary 
metabolites in PD management. Given the paucity of effective 
therapies for PD, it is imperative to explore additional treatment 
avenues. Hence, this review aims to elucidate the mechanistic 
role of RAS and MasR in the pathogenesis of PD and strives 
to delineate the therapeutic efficacy of flavonoids based on 
available experimental data.

THE RAS SYSTEM IN PD
The cerebral RAS functions autonomously, 

encompassing a spectrum of physiological functions and 
disorders, with PD being a prominent example [15,16]. 
Comprising critical constituents, this system orchestrates 
the regulation of blood pressure, fluid homeostasis, and 
inflammatory processes. Delving into the intricate interactions 
among these elements in the context of PD assumes paramount 
significance, as it promises to yield invaluable insights into the 
underlying mechanisms governing the disease’s progression, 
thus fostering optimism for enhanced strategies in disease 
management and treatment [17,18].

THE COMPONENTS OF THE RAS SYSTEM

Brain renin/Pro-renin
Renin, an enzyme tasked with the cleavage of AGT to 

generate Ang I, functioning as a precursor to various angiotensin 
peptides, has recently garnered attention for its presence within 
the brain, albeit in limited quantities. Intriguingly, there is 
notable co-expression of renin and AGT in diverse brain regions, 
implying their potential involvement in the pathophysiology of 
PD [19]. Additionally, it is noteworthy that renin can exist in the 
brain in its pro-renin form, exhibiting a heightened affinity for 
pro-renin receptors compared to renin itself. This binding event 

present with similar symptoms. Nonetheless, the diagnostic 
process can be intricate due to symptom overlap with other 
disorders necessitating distinct treatments [4]. While a cure for 
PD remains elusive, current therapeutic strategies concentrate 
on symptom management to enhance the quality of life for 
affected individuals [3]. Medications that augment dopamine 
levels in the brain provide relief from characteristic symptoms 
such as tremors, rigidity, and bradykinesia [5]. Complementary 
therapies, encompassing physical, occupational, and speech 
therapy, further contribute to symptom alleviation. However, 
the efficacy of existing therapies is constrained by noteworthy 
limitations. Medications designed to boost dopamine levels can 
induce undesirable side effects, including nausea, dizziness, and 
hallucinations. Over time, their effectiveness may diminish, 
and some patients may develop motor complications, such as 
dyskinesias and dystonia [5].

The molecular underpinnings of PD unveil a 
multifaceted landscape. While the exact causative factors 
remain uncertain, a convergence of genetic and environmental 
influences precipitates the disease [3]. Oxidative stress, 
mitochondrial dysfunction, and inflammation have emerged as 
pivotal contributors to its pathogenesis. On a molecular scale, the 
accumulation of misfolded proteins, notably alpha-synuclein, 
in the brain culminates in the demise of dopamine-producing 
neurons within the substantianigra. Recent investigations have 
illuminated a potentially pivotal player in the progression of 
PD—the brain renin-angiotensin system (RAS). Specifically, 
the Mas receptor (MasR), an integral component of the RAS, 
has exhibited neuroprotective attributes in animal models of 
PD. The RAS system plays a vital role in regulating bodily 
functions, including electrolyte balance, fluid volumes, and 
cardiovascular activity [6]. It begins with renin, an enzyme 
produced in the kidneys, which acts on angiotensinogen (AGT) 
from the liver to generate angiotensin I (Ang I). Angiotensin-
converting enzyme (ACE) is another crucial RAS component, 
converting Ang I into active angiotensin II (Ang II). While 
necessary for physiological balance, chronic RAS activation and 
elevated Ang II levels can have detrimental effects, including 
inflammation, vasoconstriction, fibrosis, and altered sodium 
absorption [7]. Beyond the well-established systemic RAS, 
recent research reveals localized RAS in various tissues, yet our 
understanding of brain RAS remains limited. Some studies have 
identified RAS components in the brain, including angiotensin 
receptors (AT1R and AT2R), but much remains unexplored. 
Emerging research suggests a role for dysregulated brain RAS 
in neurodegenerative diseases like PD [8]. Neuroinflammation, 
oxidative stress, and age-related changes in brain RAS have 
been linked to this condition. Activation of brain RAS can 
impact pathological processes, potentially harming neurons. 
Elevated Ang II levels correlate with cognitive decline, while 
ACE inhibitors (ACEIs) improve cognition independently of 
blood pressure. High Ang II levels contribute to oxidative stress 
and neuroinflammation, while angiotensin receptor blockers 
(ARBs) mitigate PD risk factors and protect neurons [9]. 
Nevertheless, the exact roles of the brain RAS and MasR in the 
disease remain enigmatic, necessitating further exploration and 
comprehension [6].
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can activate angiotensin receptors, potentially contributing to 
cognitive impairment observed in PD [20].

Brain angiotensin-converting enzymes (ACE/ACE2)
The ACE, a pivotal component of the cerebral RAS, 

exhibits its primary localization in the cerebral vasculature and 
specific brain regions, including the choroid plexus, organum 
vasculosum of the lamina terminalis, subfornical organ, and area 
postrema. Intriguingly, ACE activity has been discerned even 
within brain areas fortified by the blood-brain barrier (BBB), 
underscoring its critical role in neurological processes [21]. In 
PD pathogenesis, ACE has emerged as a factor implicated in 
cognitive dysfunction. Clinical investigations have furnished 
evidence that ACEIs possess the capacity to reduce the 
incidence of dementia in PD patients. Beyond their established 
antihypertensive effects, ACEIs may exert neuroprotective 
properties by ameliorating inflammatory processes [22].

ACE2, another indispensable enzyme within the 
cerebral RAS, boasts widespread expression throughout the 
brain, particularly in regions governing central blood pressure 
regulation. ACE2’s enzymatic action involves the conversion 
of Ang II into Angiotensin (1–7) [Ang (1–7)], which in turn 
activates the MASR. This axis has garnered attention for its 
potential neuroprotective effects, counterbalancing the actions 
of Ang II [23]. The prospect of ACE2 gene therapy has been 
posited as a promising antihypertensive strategy, holding 
potential benefits for individuals afflicted with PD.

Brain angiotensinogen
The cerebral RAS stands as an autonomous and 

multifaceted regulatory system, assuming a pivotal role in the 
orchestration of diverse brain functions and disorders, most 
notably PD. Comprising several pivotal constituents, this 
intricate system meticulously governs parameters such as blood 
pressure, fluid equilibrium, and the inflammatory response 
within the cerebral domain [24]. Acquiring a comprehensive 
comprehension of the intricate interactions among these 

components within the PD context is of paramount importance. 
Such comprehension furnishes a unique perspective into the 
fundamental mechanisms steering the progression of this 
disease [21]. By scrutinizing the interplay of these elements, 
researchers endeavor to unearth innovative insights that hold the 
potential to pave the path towards more efficacious strategies 
for managing and treating PD, with the prospect of enhancing 
the quality of life for those grappling with this formidable 
neurodegenerative ailment [25]. The components of the brain 
RAS system and their relevance in PD are listed in Table 1. 

Angiotensin peptides and receptors in PD
Angiotensin peptides, encompassing Ang I and Ang 

II, have been unequivocally identified within the cerebral 
milieu, alongside their corresponding receptors, notably AT1R 
and AT2R, which also find residence in the brain [20]. AT1R 
manifests abundant presence in the brain and is associated 
with the detrimental effects attributed to Ang II, whereas AT2R 
counteracts these actions. The equilibrium between these 
receptors assumes paramount significance in the preservation of 
cerebral well-being. In PD, Ang II signaling through AT1R has 
been implicated in neurotoxicity and damage to the BBB [26]. 
Conversely, Ang II’s interaction with the AT2R axis has been 
linked to cerebral growth and the sprouting of neurons, hinting 
at potential neuroprotective benefits [27]. It is noteworthy that 
Ang II can undergo conversion to Angiotensin III (Ang III), 
a significant player in blood pressure regulation. Ang III, in 
turn, can give rise to Angiotensin IV (Ang IV), which exerts 
its influence through angiotensin receptor type-4 and holds the 
promise of conferring protection against neurodegenerative 
conditions such as PD [28].

The role of angiotensin components in the PD pathogenesis
The RAS revolves around AGT, a precursor protein 

that gives rise to essential angiotensin peptides. Among these 
peptides, Ang-II holds prominence, predominantly binding to 
the AT1 receptor [38]. This interaction has been associated with 

Table 1. Components of the brain RAS system and their implications in PD.

Component Function Expression in brain Role in PD Relevant studies

Brain renin/Pro-renin Cleaves angiotensinogen to Ang I Low levels; 
Co-expressed with AGT

Potential cognitive impairment; [21,29,30]

Neurogenic hypertension 
Altered metabolism.

[19,20]

Brain ACE/ACE2 Converts Ang I to Ang II; Widely expressed Localized in specific brain Cognitive dysfunction; [22,31,32]

Cleaves Ang II to Ang (1–7); regions including BBB areas; Neuroprotection; Hypertension; [24,25,29,]

ACE2 gene therapy potential. Expression in BP control 
areas.

Anti-inflammatory effects. [33,23]

Brain angiotensinogen 
(AGT)

Precursor for angiotensin peptides Produced primarily in 
Astrocytes; Partially in 
neurons and glial cells

Potential role in regulating [34,35]

Cellular sources: Astrocytes, neurons, glial 
cells

blood pressure and fluid [25,34]

Angiotensin peptides 
(AngI, Ang II, Ang III, 

Ang IV)

The existence of Ang I, Ang II, Ang III, and 
Ang IV 

in the brain was confirmed.

Abundant AT1R 
Lower AT2R expression in 

the brain.

Neurotoxicity; Blood-brain [20]

barrier damage; 
Neuroprotection;

[34,36]

AT1R, AT2R, and non-AT receptors 
interaction.

Lower AT2R expression in 
the brain.

Potential involvement in AD. [35,37]
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cognitive dysfunction and neuroinflammation, significant factors 
in PD. Activation of the AT1 receptor leads to sustained blood 
pressure elevation, oxidative stress, and neuroinflammation, 
thereby exacerbating neurodegeneration in PD [39,40]. Within 
the RAS framework, the AT2 receptor subtype assumes a 
strikingly different role compared to AT1 in terms of its 
actions. While AT1 is implicated in neurodegeneration, AT2 
appears to possess neuroprotective properties [18,41]. AT2 
receptors oversee critical processes such as cell proliferation, 
differentiation, apoptosis, and regeneration. The intricate 
interplay between AT1 and AT2 receptors may have implications 
for neuroprotection in PD, though further research is necessary 
to elucidate these intricate interactions [42]. Another intriguing 
aspect of the RAS involves Angiotensin IV (AngIV) and its 
association with the insulin-regulated aminopeptidase (IRAP) 
enzyme. AngIV has displayed the potential to enhance memory 
and cognitive functions, primarily by enhancing various pro-
cognitive endogenous peptides. Inhibitors of IRAP, such as 
LVV-haemorphin7, have shown promise in improving memory 
and cognitive function in preclinical models [43,44]. These 
findings suggest that targeting the AngIV /IRAP system could 
hold therapeutic promise in PD by ameliorating cognitive 
impairments, which constitute a significant burden in this 
disease [45]. The Angiotensin (1–7)/ MasR system presents 
a counterbalancing mechanism to the actions of AngII. 
This system can counteract inflammation and fibrosis while 
enhancing glucose utilization and insulin sensitivity. The 
presence of MasRs in brain regions associated with memory 
and cognition underscores its relevance to neurodegenerative 
diseases like PD. Ang (1–7) has been demonstrated to facilitate 
long-term potentiation in the hippocampus, a crucial process in 
memory formation. Additionally, this peptide may play a role 
in protecting against thrombosis, which can impact cerebral 
perfusion and potentially offer neuroprotection in PD [46].

Evidence for Ras in PD
Excessive oxidative stress is increasingly 

recognized as a pivotal factor in the pathogenesis of various 
neurodegenerative disorders, and PD is no exception. The 
intricate neurobiology has brought the RAS within the brain 
into focus, revealing its significant role in exacerbating 
oxidative stress and contributing to the relentless progression of 
PD. As we investigate the multifaceted mechanisms governing 
RAS in PD, we acquire valuable insights into oxidative stress, 
neuroinflammation, apoptosis, neurotrophic factors (NFs), 
and clinical observations, all contributing to a comprehensive 
understanding of this intricate interplay in the context of PD.

Oxidative stress
Oxidative stress occupies a central position in the 

realm of neurodegeneration, and its involvement in PD is 
particularly notable [47,48]. Within this context, the brain’s 
RAS with a specific focus on AngII, emerges as a pivotal player 
in the initiation of oxidative stress. Ang II, through the activation 
of AT1 receptors, serves as a catalyst for the production of 
reactive oxygen species (ROS) by NADPH oxidase (NOX) 
enzymes, widely distributed throughout the brain [47]. This 
cascade results in an elevated generation of superoxide radicals, 

which pose a significant threat to dopaminergic neurons [16]. 
In addition to this, Ang II instigates the NF-kB signaling 
pathway, further intensifying neuronal vulnerability. Moreover, 
Ang II exerts an influence on neuronal N-methyl-D-aspartate 
currents, amplifying ROS production through NOX-2 [49]. The 
superoxide generated by NOX initiates cascades involving p38 
mitogen-activated protein kinase (MAPK) in microglial cells, 
thereby fostering a state of neuroinflammation. Furthermore, 
Ang II’s impact extends to nitric oxide (NO) production 
through AT2 receptor subtypes [16]. This intricate interplay 
between Ang II and oxidative stress collectively contributes to 
neuronal damage and cell death, marking a crucial aspect of PD 
pathogenesis.

Neuroinflammation
Neuroinflammation stands as a pivotal facet of PD 

pathogenesis, and its dynamics are significantly influenced by 
the RAS. In the context of disease states, the integrity of the BBB 
may be compromised, permitting circulatory RAS components 
to infiltrate the brain [50]. Once within the brain, the local RAS 
becomes a driver of chronic inflammation, initiating the release 
of ROS and inflammatory mediators of particular significance is 
the role of glial cells, which, when activated by RAS, propagate 
these inflammatory processes, thereby fostering cognitive 
dysfunction and contributing to neurodegeneration [51,52]. 
Research has established links between astrocyte-derived Ang 
II and neuroinflammation, along with neuronal dysfunction. 
Notably, treatments involving Ang II have been demonstrated 
to activate microglial pathways, leading to heightened release 
of proinflammatory cytokines, a phenomenon that significantly 
contributes to dopaminergic neurodegenerations [53]. Emerging 
evidence suggests that inhibitors of the RAS, such as ACEIs 
and ARBs, possess inherent anti-inflammatory properties [54]. 
These properties translate into a reduction in neurodegenerative 
processes and an improvement in cognitive function within PD 
models. Such findings shed light on the potential therapeutic 
value of targeting the RAS to mitigate neuroinflammation and 
its detrimental consequences in the context of PD.

Apoptosis
Apoptosis, a meticulously orchestrated process of 

programmed cell death, emerges as a significant player in the 
pathophysiology of PD [55,56]. Within this framework, Ang 
II, acting primarily via AT1 receptors, takes on a central role as 
a major contributor to this process. Ang II’s involvement in PD 
pathogenesis is multifaceted. It initiates oxidative stress and 
induces the generation of mitochondrial ROS, consequently 
upregulating pro-apoptotic pathways. Research studies have 
unveiled that Ang II stimulation leads to the activation of 
caspase-3, a pivotal step in the cascade of events culminating 
in dopaminergic neuronal death. [56–58] Furthermore, Ang II 
exerts influence over autophagy and mitochondrial-mediated 
cell death pathways, exacerbating the loss of neurons. It is 
worth noting that the activation of the Ang II/AT1 receptor 
axis has also been associated with apoptotic signaling cascades 
involving MAPKs, adding yet another layer of complexity to 
Ang II’s role in promoting neuronal demise in PD [58,59]. 
These multifaceted apoptotic mechanisms underscore the 
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significance of Ang II in the context of neuronal cell loss 
observed in PD.

Neurotrophic factors
NFs play a pivotal role in central nervous system 

functions, and their dysregulated regulation is closely associated 
with neurodegenerative diseases, including PD [60,61]. The 
RAS interfaces with NFs, opening up a promising avenue for 
the modulation of brain function. Of particular significance is 
the role of Ang II in regulating the neurotrophin-3 and brain-
derived neurotrophic factor cascades, exerting a direct influence 
on neuronal health [62–65]. A deeper comprehension of this 
intricate interaction has the potential to unveil novel strategies 
for enhancing cognitive functions, thereby offering fresh 
insights into the management of neurodegenerative disorders 
like PD.

Clinical and pre-clinical insights into ras involvement in PD
In the context of PD, the degeneration of dopaminergic 

neurons is a prominent feature, often accompanied by oxidative 
stress, neuroinflammation, and mitochondrial dysfunction. 
Recent findings have shed light on the involvement of the 
brain’s RAS in these intricate processes (Table 2). Elevated 
levels of Ang II have been detected in the cerebrospinal fluid 
and brain tissues of both PD patients and animal models 
[66,67]. Notably, glial cells, encompassing microglia and 
astrocytes, are the primary source of Ang II within the brain. 
The over-activation of Ang II through its interaction with the 
AT1 receptor significantly contributes to the progression of PD 
[9]. The influence of Ang II extends beyond neuroinflammation, 
impacting mitochondrial function and elevating oxidative 
stress levels within the brain. The multifaceted interplay of 
Ang II, mediated by its receptors, presents a promising arena 
for potential therapeutic intervention aimed at mitigating the 
loss of dopaminergic neurons and ameliorating the symptoms 
of PD [57]. Research studies indicate that the blockade of Ang 
II receptors, particularly AT1, holds the potential to confer 
neuroprotective effects, thereby reducing the risk of PD. This 
growing body of evidence underscores the pivotal role of the 
RAS in the pathogenesis of PD, opening up innovative avenues 
for the development of treatments targeting this system.

Natural compounds as aceis
Natural compounds have become a focal point of 

scientific investigation due to their potential as effective 
ACEIs [76–80]. This interest is particularly pertinent in PD, 
as ACEIs have demonstrated promise in managing various 
aspects of the condition. ACEIs are renowned for their role in 
regulating the RAS, a complex cascade of enzymatic reactions 
crucial for controlling blood pressure and fluid balance [81]. 
These inhibitors comprise peptides, phenolic compounds, and 
terpenoids found in various biometabolites and plant extracts. 
The mechanism by which peptides interact with ACE closely 
resembles that of established ACEIs, rendering them potential 
candidates for managing conditions like PD [81].

Plant-derived phenolic compounds have emerged as 
prominent subjects of study in the realm of ACE inhibition 
[82]. These compounds naturally occur in various plant-based 
foods, rendering them accessible and potentially beneficial for 
individuals with PD. Phenolic compounds and terpenoids, on the 
other hand, exert their ACEIs effects through intricate processes 
[83]. Specifically, compounds like o-carboxyl cinnamic acids 
form ionic interactions with divalent zinc ions within the ACE 
enzyme and establish hydrogen bonds with specific residues. 
These interactions collectively contribute to ACE inhibition, 
a focal point of attention in the context of neurodegenerative 
diseases such as PD [84]. In the pathogenesis of PD, where 
neuroinflammation and oxidative stress are prevalent, the 
potential neuroprotective effects of terpenoids hold particular 
interest [85].

Beyond terrestrial sources, marine organisms have 
also been explored as potential sources of ACEIs. These 
marine-derived ACEIs exhibit a mixed-type binding with 
both the active and non-active sites of the ACE enzyme. This 
unique mode of interaction induces conformational changes in 
ACE, resulting in decreased enzymatic activity [86]. However, 
much research is still needed to fully elucidate the mechanisms 
behind these marine-derived ACEIs. ACE assumes a pivotal 
role in the RAS by converting angiotensin I into angiotensin II. 
The equilibrium of this system carries significant implications 
for neural function and neuroinflammation. ACEIs, by reducing 
the production of angiotensin II, have the potential to favorably 
this balance, thereby contributing to neuroprotection in PD. 

Table 2. The protective effects of RAS modulators in PD. 

Mechanism Pathway Substance References

Vascular protection Activation of ACE2/MasR axis Captopril [23]

Protection of cerebral vasculature Candesartan and losartan [9]

Inhibition of neuroinflammation Inhibition of gliosis Ang IV/AT4R antagonists Divalinal-Ang IV; norleual-
Ang IV

[68]

Inhibition of oxidative damage NOX inhibition Irbesartan 
Telmisartan 
Olmesartan

[69–71]

Reduces neuronal loss Azilsartan [67]

Inhibition of apoptosis Inhibition of NF-κB-induced neuronal death Perindopril [72,73]

Reduction of dopaminergic neuron loss Captopril 
Losartan

[74,75]
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B ring is attached [89]. Structural diversity among flavonoids 
arises from various substitutions, including glycosylation, 
hydrogenation, hydroxylation, malonylation, methylation, and 
sulfation. These substitutions, in conjunction with conjugate 
on patterns, glycosylation, or methylation, contribute to the 
diverse biological properties and hydrophilicity of flavonoids 
[90] (Table 3).

Significantly, flavonoids have drawn attention for 
their potential health benefits in humans, including reducing 
the risk of cardiovascular disease, various cancers, and 
neurodegenerative conditions [90]. For example, quercetin-3-
O-glucoside, a ubiquitous flavonoid compound found in fruits, 
has demonstrated neuroprotective effects by up-regulating 
genes involved in lipid and cholesterol synthesis, offering 
protection against oxidative stress [115]. Furthermore, research 
has explored the potential of flavonoids as ACEIs to regulate 
blood pressure, with many flavonoids proving effective in 
suppressing ACE activity, while specific sub-groups exhibit 
varying degrees of efficacy in inhibiting ACE.

Anthocyanins
Anthocyanins, a class of plant compounds, are 

increasingly intriguing in the realm of health and nutrition, 

Research into the bioactive compounds found in these foods 
and their ACE inhibitory properties holds the potential to yield 
valuable insights, contributing to the development of natural 
remedies for managing hypertension, oxidative stress, and 
neuroinflammation in the context of PD research.

The role of flavonoids in modulatingras system
Flavonoids, a class of polyphenolic compounds, have 

garnered significant attention due to their potential as ACEIs. 
These compounds are characterized by a 2-phenyl benzopyrone 
configuration, typically forming a cyclized oxygen bridge 
[87,88]. In plants, flavonoids serve multiple functions, acting 
as protective agents against external factors like UV radiation, 
parasites, and viruses. Additionally, they regulate enzymes 
involved in cell metabolism and possess antioxidant properties 
[88]. The fundamental structure of flavonoids comprises two 
phenyl rings (A and B rings) linked by a three-carbon chain, 
which forms a heterocyclic ring (C ring) that closes with benzene 
ring A. Flavonoids can be categorized into different classes 
based on the oxidation level of the C ring, including flavanols 
and anthocyanins (if the C ring is a pyran), or flavonols, flavones, 
and flavanones (if it is a pyrone). These subclasses can further 
be distinguished based on the carbon of the C ring to which the 

Table 3. The Neuroprotective properties and natural sources of flavonoids. 

Subgroup Plant source Examples Neuroprotective properties References

Common name Scientific name

Anthocyanins Blueberries Vacciniumcyanococcus Delphinidin

Cyanidin

May chelate to metal ions 
Anti-inflammatory and 
antioxidant properties 

Promotes the growth and survival 
of neurons

[91,92]

Blackberries Rubusfruticosus

Red cabbage Brassica oleracea

Black currants Ribesnigrum

Purple sweet potatoes Ipomoea batatas

Flavanols Cocoa beans Theobroma cacao Epicatechins 
Catechins 

Epigallocatechin 
Epigallocatechingallate 

Pycnogenol

Improved cerebral blood flow 
Stimulates the release of nitric 

oxide 
Improves synaptic plasticity 

Anti-inflammatory properties

[93–97]

Green tea Camellia sinensis

Apples Malusdomestica

Red wine grapes Vitisvinifera

Flavanols Apples Malusdomestica Quercetin 
Kaempferol 
Myricetin

Inhibits neuroinflammation 
pathways Protects against 

Ischemic stroke 
Improved microglial activation 

and synaptic transmission 
Reduced amyloid plague 

formation

[98–103]

Onions Allium cepa

Green tea Camellia sinensis

Broccoli Brassica oleracea var. italica

Isoflavones Soybeans Glycine max Genistein 
Daidzein 
Glycetin

Exerts estrogenic effects 
Protects against excitotoxicity 

Modulates Tau proteins 
Mitochondrial protection 

Improved synaptic plasticity

[104–109]

Tofu Soybean curd

Chickpeas Cicerarietinum

Red Clover Trifoliumpratense

Lentils Lens culinaris

Flavones Parsley Petroselinumcrispum Luteolin Inhibits beta-amyloid aggregation 
Anti-inflammatory and anti-

oxidant properties 
Protects against neurotoxins 

Reduces oxidative DNA damage

[110–114]

Celery Apiumgraveolens

Chamomile Matricariachamomilla

Ginkgo Ginkgo biloba

Hawthron Crataegus spp.
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molecules, commonly referred to as catechins, and as polymers 
known as procyanidins. Exploration into the relationship 
between flavanols and ACE inhibition has revealed intriguing 
connections [89]. Notably, when ACE encountered flavanol-rich 
sources like chocolate, tea, and wine, a conspicuous correlation 
emerged between ACE inhibition and the concentrations 
of procyanidin and epicatechin [94,96,96,97]. This finding 
suggests that ACE inhibition attributed to epicatechins, 
prominently present in cocoa, may elucidate the reported 
association between dark chocolate consumption and reduced 
blood pressure. Additionally, major catechins within tea, such as 
(-)-epicatechin, (-)-epigallocatechin, (-)-epicatechin gallate, and 
(-)-epigallocatechin gallate, have showcased dose-dependent 
ACE inhibition within human umbilical vein endothelial cell 
(HUVEC) culture models [90,94,94,96].

Procyanidins, including tetrameric variants like 
Pycnogenol isolated from French maritime pine, have also 
emerged as potential regulators of blood pressure, potentially 
acting through ACE inhibition. Research suggests that flavanols 
and procyanidins harbor the capability to serve as potent ACEIs 
in in-vitro settings. Investigations into the structural aspects of 
flavanols and their interplay with ACE inhibitory properties 
in vitro. Notably, the number of epicatechin units within 
procyanidins appears to exert influence over enzyme inhibition, 
with increased units correlating with heightened inhibition. 
Interestingly, while monomeric flavanols find absorption in 
the small intestine, the absorption patterns of higher molecular 
weight procyanidins remain less transparent [119]. In biological 
systems, dimers have proven more efficacious when juxtaposed 
with both tetramers and hexamers.

Flavonols
Flavonols, a specialized subgroup within the realm of 

flavonoids, boast distinct attributes that render them pertinent 
in the context of PD [89]. Characterized by a hydroxyl group 
at position 3 of the C ring, these compounds may also undergo 
glycosylation, with variations in their properties stemming 
from disparities in hydroxylation and methylation. Among 
flavonols, quercetin, kaempferol, and myricetin emerge as the 
most prevalent constituents in our dietary intake [98–103].

Quercetin, generously distributed across fruits and 
vegetables, including capers, has garnered attention owing to its 
antioxidant prowess. Extensive research underscores its capacity 
to reestablish mitochondrial complex activities and curtail pro-
inflammatory markers within the framework of PD [100]. It has 
displayed remarkable efficacy in ameliorating both the motor 
and non-motor symptoms associated with PD. Kaempferol, 
abundant in the stem bark extracts of Cluster Fig, demonstrates 
in vitro ACE inhibition properties that are contingent upon 
dosage. Investigations utilizing rat aortic tissues suggest its 
competence as an ACE inhibitor [120]. An intriguing facet of 
kaempferol’s ACE inhibitory activity lies in its differentiation 
from resveratrol, a polyphenol abundantly found in red wine. 
This disparity may be attributed to the presence of a carbonyl 
group in kaempferol’s pyran ring. Significantly, the ACE 
inhibitory potential of flavonols can exhibit substantial variance 
among distinct plant extracts.

particularly concerning PD. These compounds stem from 
anthocyanidins, their aglycone form, and transform into 
anthocyanins upon conjugation with sugars [91]. Recognized 
for their vibrant pigments, which bestow red, blue, and purple 
hues upon a variety of fruits and vegetables, anthocyanins 
have drawn attention to their potential in inhibiting ACE [92]. 
Studies have illuminated specific anthocyanins possessing ACE 
inhibitory properties. Notably, delphinidin-3-O-sambubiosides 
and cyanidin-3-O-sambubiosides, derived from Hibiscus 
extracts, exhibit dose-dependent ACE inhibition, with IC50 
values ranging between 100 and 150 µM. Similarly, cyanidin-
3-O-β-glucoside, extracted from rose species, demonstrates in 
vitro ACE inhibition, while other flavanols from rose extract do 
not exhibit the same efficacy [116]. Several researchers have 
explored the potential advantages of anthocyanin-rich extracts 
from sources such as bilberries, purple corn, purple sweet 
potatoes, and red radishes. These extracts have undergone 
investigation for their impact on ACE, and the results 
indicate that the dietary inclusion of anthocyanin-rich foods 
may contribute to lower systolic and mean blood pressure, a 
potentially favorable outcome for individuals dealing with 
conditions like PD [117].

The mechanisms underlying the blood pressure-
lowering effects of anthocyanins are multifaceted, involving 
antioxidant activity, endothelial NO preservation, and serum 
lipid oxidation prevention [116,118]. However, it is imperative 
to acknowledge that while in vitro ACE inhibition is evident, 
the correlation between this inhibition and its effects in 
animal models remains intricate and not yet comprehensively 
elucidated. One hypothesis posits that the metal-chelating 
ability of flavonoids, particularly those featuring hydroxyl 
groups at specific positions, contributes to ACE inhibition. 
Additionally, the planar structure of anthocyanin molecules 
appears to hold significance in metallopeptidase inhibition. 
Significantly, anthocyanins have been associated with the 
downregulation of renin mRNA expression, a pivotal factor 
in blood pressure regulation. This downregulation may be 
attributed to their metal-chelating capabilities and their 
rigid, planar structure, which potentially plays a role in ACE 
inhibition.

Flavanols
Flavanols, often known as flavan-3-ols or catechins, 

represent a distinct subgroup within flavonoids. Their hallmark 
feature is the hydroxyl group positioned at the third carbon of 
the C ring, distinct from other flavonoids due to the absence 
of a double bond between the second and third carbons and 
the presence of a ketone group at the fourth position [88]. This 
unique chemical arrangement results in flavanols possessing 
two chiral centers at positions 2 and 3, yielding four potential 
diastereoisomers. Among these, catechin embodies the trans 
isomer, while epicatechin takes on the cis configuration. 
Further differentiations branch into two stereoisomers for 
each configuration, namely, (+)-catechin, (-)-catechin, 
(+)-epicatechin, and (-)-epicatechin [89].

Flavanols feature a saturated C-ring bearing a 
hydroxyl group at the C-3 position and are not typically 
found in glycosylated forms. They manifest both as individual 
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inhibition in vitro, with an IC50 value of 16 µg/ml. This effect is 
likely due to a synergistic interaction among various compounds 
present in the extract [127]. Similarly, a hydroalcoholic extract 
from H. sabdariffa, which was enriched in flavones, exhibited 
significant ACE inhibition. However, it is noteworthy that 
this extract did not affect enzymes like elastase, trypsin, and 
alpha-chymotrypsin [128]. It is important to recognize that 
these studies primarily investigated the effects of plant extracts 
containing flavones, leaving open the possibility that other 
constituents within these extracts contributed to the observed 
inhibitory effects.

Pharmacological attributes of flavonoid compounds

Metabolism of flavonoids
A comprehensive understanding of flavonoid 

metabolism is essential when contemplating their potential 
therapeutic applications, especially concerning diseases such as 
PD. Flavonoids, commonly present in dietary sources, typically 
exist as glycosides. Upon ingestion, these glycosidic flavonoids 
undergo a vital process called deglycosylation in both the small 
and large intestines [129].

This initial step hinges on the action of an enzyme 
known as lactase-phlorizin hydrolase (LPH). LPH is responsible 
for catalyzing the hydrolysis of flavonoid glycosides, such as 
quercetin 3-O-glucoside and quercetin 4’-O-glucoside, thereby 
converting them into their respective aglycon forms [130]. 
Subsequently, these aglycons are absorbed into the intestinal 
cells through a sodium-glucose co-transporter called SGLT1. 
Once within the intestinal cells, the aglycons undergo further 
metabolic transformations facilitated by phase II enzymes 
[129]. These enzymes encompass uridine-5’-diphosphate-
glucuronosyltransferases, sulfotransferases, and catechol-
O-methyltransferases. Their role is to convert the aglycons 
into diverse conjugated metabolites. Following intestinal 
conjugation, additional conjugation processes, including 
sulfation and methylation, transpire in the liver. These processes 
yield various chemical forms of flavonoids that circulate in the 
bloodstream and eventually get excreted in the urine [131]. It 
is worth noting that the gut microbiota also participates in the 
deconjugation of these metabolites, potentially allowing for 
their reabsorption. The transport of these absorbed flavonoids 
throughout the body primarily occurs via the lymphatic system. 
In the bloodstream and various tissues, flavonoids are often 
encountered in the form of conjugated metabolites, which have 
been reported to exhibit lower activity compared to their aglycon 
counterparts [130]. The equilibrium between conjugation and 
deconjugation processes substantially influences the functional 
properties of flavonoid metabolites.

Neuronal access of flavonoids
The accessibility of flavonoids to neuronal tissues, 

particularly in the context of neurodegenerative disorders like 
PD, is a subject of active investigation. Current understanding 
is limited, and this knowledge gap poses challenges for the 
development of flavonoid-based therapies. Epidemiological 
studies suggest that a daily intake of dietary flavonoids can 
offer benefits for individuals with neurodegenerative disorders. 

Isoflavones
Isoflavones, a distinct subgroup within the flavonoid 

family, exhibit a structural similarity to mammalian estrogen 
hormones, particularly estradiol, and are therefore classified 
as phytoestrogens [106,107]. These compounds possess the 
remarkable ability to bind effectively to estrogen receptors, 
earning them the moniker “phytoestrogens.” Among the prevalent 
isoflavones found in plants, genistein, daidzein, and glycetin 
hold prominence. Notably, genistein, the primary isoflavone 
in soybeans, has garnered significant attention for its potential 
health benefits. Scientific inquiry has demonstrated the influence 
of genistein on blood pressure regulation, a pivotal consideration 
in conditions like PD [104,107]. Experimental evidence, 
primarily in animal models, has indicated that genistein holds 
promise in blood pressure reduction. Proposed mechanisms have 
suggested that genistein’s effects are mediated through estrogen 
receptors, involving the activation of the ERK1/2 signaling 
pathway. Rigorous in vitro experimentation has consistently 
showcased concentration-dependent ACE inhibition by genistein. 
Interestingly, when isoflavones coexisted with ACE-inhibitory 
soybean peptide fractions, they did not amplify the inhibitory 
effect on the enzyme compared to peptide fractions devoid of 
isoflavones [121]. In hypertensive Wistar rats, pretreatment 
with a single intravenous injection of genistein at a dose of 25 
mg/kg yielded reduced hypertensive responses, accompanied 
by a significant reduction in ACE activity within rat plasma 
[122]. While genistein has been the focus of extensive research, 
exploration of the ACE inhibitory effects of two other soybean 
isoflavones, daidzein, and glycetin, remains relatively limited.

Flavones
Flavones represent a subgroup within the broader 

category of flavonoids, and they possess distinct structural 
features [110]. Notably, they feature a double bond between 
positions 2 and 3 of their chemical structure and a ketone group 
at position 4 of the C ring. Additionally, a hydroxyl group 
resides at position 5 of the A ring. Variations within flavones 
primarily occur at positions 7 of the A ring and positions 3’ and 
4’ of the B ring. The glycosylation of flavones tends to occur 
at positions 5 and 7, while methylation and acylation typically 
affect the hydroxyl groups within the B ring [111].

While the available information regarding the ACE 
inhibitory properties of flavones is relatively limited compared 
to other flavonoid subclasses, some studies have presented 
promising findings [110,112,112,113]. For example, extracts 
derived from plants such as Roxb (Ailanthus excelsa) [123], 
Japanese cedar (Cryptomeria japonica) [124], Hibiscus 
sabdariffa, [125] and Senecio species [126], which contain 
flavones, have demonstrated ACE inhibitory properties. 
Notably, Roxb, recognized for its two major flavones, apigenin, 
and luteolin, exhibited a dose-dependent inhibition of the 
ACE enzyme. Interestingly, luteolin-7-O-glucoside exhibited 
reduced enzyme activity in comparison to luteolin aglycone, 
potentially attributed to the absence of the hydroxyl group at 
the 7th position [123].

Japanese cedar, particularly its outer bark ethanol 
extract rich in flavan-3-ols and flavones, displayed ACE 
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