
Redox Biology 47 (2021) 102136

Available online 15 September 2021
2213-2317/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Calcium channels and iron metabolism: A redox catastrophe in Parkinson’s 
disease and an innovative path to novel therapies? 

Matthew K. Boag a,c,d, Linlin Ma b,c, George D. Mellick b,c, Dean L. Pountney d, Yunjiang Feng b,c, 
Ronald J. Quinn c, Alan Wee-Chung Liew e, Mahendiran Dharmasivam a,b,c, 
Mahan Gholam Azad a,b,c, Rizwana Afroz a,b,c, Des R. Richardson a,b,c,* 

a Centre for Cancer Cell Biology and Drug Discovery, Griffith Institute for Drug Discovery, Griffith University, Nathan, Brisbane, Queensland, 4111, Australia 
b School of Environment and Science, Griffith University, Nathan, Brisbane, Queensland, 4111, Australia 
c Griffith Institute for Drug Discovery, Griffith University, Nathan, Brisbane, Queensland, 4111, Australia 
d School of Pharmacy and Medical Sciences, Griffith University, Gold Coast, Queensland, 4215, Australia 
e School of Information & Communication Technology, Griffith University, Gold Coast, 4215, Australia   

A R T I C L E  I N F O   

Keywords 
Iron 
Iron-loading 
Iron transport 
Iron redox cycling 
Iron dyshomeostasis 
Parkinson’s disease 

A B S T R A C T   

Autonomously spiking dopaminergic neurons of the substantia nigra pars compacta (SNpc) are exquisitely 
specialized and suffer toxic iron-loading in Parkinson’s disease (PD). However, the molecular mechanism 
involved remains unclear and critical to decipher for designing new PD therapeutics. The long-lasting (L-type) 
CaV1.3 voltage-gated calcium channel is expressed at high levels amongst nigral neurons of the SNpc, and due to 
its role in calcium and iron influx, could play a role in the pathogenesis of PD. Neuronal iron uptake via this route 
could be unregulated under the pathological setting of PD and potentiate cellular stress due to its redox activity. 
This Commentary will focus on the role of the CaV1.3 channels in calcium and iron uptake in the context of 
pharmacological targeting. Prospectively, the audacious use of artificial intelligence to design innovative CaV1.3 
channel inhibitors could lead to breakthrough pharmaceuticals that attenuate calcium and iron entry to 
ameliorate PD pathology.   

1. Parkinson’s disease pathophysiology and the failure of 
current therapeutics 

Regression of voluntary motor output is coupled with cognitive 
decline in Parkinson’s disease (PD), imprisoning patients within a body 
they can no longer control. The current state of pharmacotherapies for 
major neurodegenerative diseases, namely Alzheimer’s disease, Hun
tington’s disease, amyotrophic lateral sclerosis, and PD, remain at the 
level of masking symptoms rather than treating the disease process. 
Considering PD, levodopa (L-3,4-dihydroxyphenylalanine; L-DOPA) has 
been the gold-standard therapy since the 1960’s, acting as a dopamine 
precursor to replace the depleted endogenous dopamine at post-synaptic 
dopamine receptors [1]. Unless PD patients are concurrently treated 
with the DOPA decarboxylase inhibitor, carbidopa, 99% of L-DOPA will 
be metabolized peripherally to its active metabolite, dopamine [2]. As 
this metabolism occurs before reaching the blood–brain barrier, it leads 
to low efficacy of L-DOPA and results in accentuated resting tremor [2]. 

Commonly, patients respond positively to the initial doses, but become 
refractory in >75% of patients within five years of the first treatment. 
Similarly, an alternative class of agents, namely the dopamine receptor 
agonists, are subject to the same fate and yield significantly more 
adverse effects in patients [3]. 

Currently, a variety of pharmacotherapies are under investigation 
and include calcium channel inhibitors (e.g., isradipine [4]), protein 
phosphatase modulators [5], and iron chelation therapy (e.g., defer
iprone [6]). However, none of these pharmacological interventions have 
yet to become part of established clinical protocols. 

2. Substantia nigra dopaminergic neurons could be susceptible 
to iron-loading and cytotoxic redox stress 

Considering the anatomical area of the midbrain affected in PD, the 
substantia nigra pars compacta (SNpc) is the most densely populated 
area of the brain in terms of dopaminergic neurons (nigral neurons) [7]. 
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In fact, the SNpc consists of 250,000–400,000 dopaminergic nuclei, as 
demonstrated by tyrosine hydroxylase staining that identifies dopami
nergic neurons (Fig. 1A, B) [7]. The SNpc relays synaptic inputs toward a 
multitude of structures, including the putamen, the GABAergic sub
stantia nigra pars reticulata (SNpr), and external globus pallidus, to 
exert regulation over motor outputs and behavioral learning (Fig. 1C). 
However, the pathology of PD is hallmarked by a severe and specific loss 
of dopaminergic neurons in the SNpc. Dark pigmentation characterizes 
the SNpc, correlating with the expression of neuromelanin in dopami
nergic neurons [8]. Neuromelanin is a neuroprotective pigment derived 
from dopamine oxidation [9]. This pigment binds iron and is thought to 
play a role in preventing iron’s cytotoxicity mediated by redox cycling 
between the iron(II) and iron(III) states [10,11]. However, the iron 
storage protein, ferritin, probably also plays a key role in preventing 
iron-induced redox stress in neurons [12]. The SNpc demonstrates sig
nificant iron-loading relative to the adjacent SNpr [12], and this could 
be related to differences in calcium channel expression and function, 
which is discussed further below. 

The role of iron accumulation in PD pathogenesis has been a “hot” 
topic for some time, being demonstrated as a prospective disease 
biomarker through functional magnetic resonance imaging scans [13]. 
Iron overload is detrimental since Fenton and Haber-Weiss redox 
chemistry can spawn cytotoxic reactive oxygen species, such as the 
hydroxyl radical [14]. Neurons of the SNpc exhibit a unique form of 
autonomous pacemaking/spiking to maintain critical striatal dopamine 
levels, meaning that these neurons spontaneously fire without synaptic 
input [15]. Pacemaking is made robust via multiple channels working 
together, including high-voltage activated, long-lasting (L-type) calcium 
channels and hyper-polarization-activated cyclic nucleotide-gated (HCN 
channels), where inhibition of either has no effect, while inhibiting both 
suppresses pacemaking [16]. The “high-voltage activated” term means 
these channels are activated after strong depolarizing events, while 

“long-lasting” refers to the length of activation that enables substantial 
cation influx [17]. 

The structure of these channels consists of a primary pore-forming α1 
subunit coupled with three auxiliary subunits, namely α2/δ, β, and γ 
(Fig. 2A) [18]. The pore-forming α1 subunit consists of four homologous 
domains (I-IV), each containing six transmembrane α-helices (S1–S6) 
[19]. In contrast, the α2/δ subunit is extracellular [20] and tethered to 
the plasma membrane via a glycosylphosphatidylinositol anchor [21] 
(Fig. 2B). Interestingly, the β subunit is the only cytoplasmic subunit, 
and modulates channel gating and trafficking from the endoplasmic 
reticulum via direct association with the α1 subunit between domains I 
and II [22] (Fig. 2B). The γ subunit is a transmembrane domain that 
modulates the activation and inactivation properties of the channel 
[23]. 

Upon electrophysiological recording, the SNpc neurons exhibit 
robust, slow, broad spikes (i.e., action potentials; Fig. 2Ci) that indicates: 
(1) consistent, low-frequency firing; and (2) that they remain open for 
long periods to enable considerable calcium influx (Fig. 2Cii) [4]. 
Furthermore, neurons within the ventral compartment of the SNpc 
demonstrate low expression of the calcium-binding protein, 
calbindin-D-28k, which safely sequesters calcium [24]. Unfortunately, 
these low levels of calbindin-D-28k increase susceptibility of nigral 
neurons to calcium-induced stress. In contrast, dopaminergic neurons of 
the proximally located ventral tegmental area (VTA; Fig. 1B, C), which 
are far less susceptible to PD neurodegeneration, also demonstrate a 
similar slow pacemaking phenotype of nigral neurons [25]. However, 
these neurons in the VTA demonstrate lower CaV1.3 channel density 
(Fig. 3A), less calcium uptake, and maintain calbindin-D-28k expression, 
all of which appear to result in a neuroprotective phenotype [24]. 
Indeed, comparing the expression profile of CaV1.3 in the midbrain, the 
SNpc demonstrates markedly greater levels relative to either the VTA or 
SNpr (Fig. 3A–C) [25]. 

Fig. 1. (A, B) Expression map of murine tyrosine hy
droxylase (TH) in the rodent midbrain, illustrating the 
dense dopaminergic population of the substantia nigra 
pars compacta (SNpc). Image A and B are light-sheet 
fluorescence images using an antibody against TH, 
with (B) being at 5x magnification. The scale bar in 
(A), (B), and (C) represents 1 mm. (C) A cross-sectional 
image of the midbrain demonstrating the anatomical 
relationship between the SNpc, substantia nigra pars 
reticulata (SNpr) and ventral tegmental area (VTA). 
Images are from [7] with permission.   
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The autonomous pacemaking process is extremely energy-depleting, 
in part because of sizeable calcium influx and subsequently, efflux to 
pump out excess calcium [26]. The metabolic depletion of ATP in nigral 
neurons and coupling of high calcium levels is a critical event in 
accentuating mitochondrial dysfunction and cellular stress indicative of 
PD pathogenesis. In fact, dopaminergic neurons in the SNpc are unique, 
especially in terms of the tremendous length of their axons (⁓470,000 
μm) and massive axonal field [27], with each axon supporting ⁓370, 
000 synapses [28]. This characteristic potentiates cellular stress due to 
the marked axonal trafficking and mitochondrial activity necessary to 
maintain this massive axonal field [15,29]. Considering this, age is the 
primary risk factor in the pathogenesis of PD, and as dopaminergic 
neurons are non-mitotic entities, the effects of stress are cumulative and 
more apparent in the older population [30]. The progressive neuronal 
degeneration is an early event that precedes clinical symptoms, yet 
dysfunction continues and spreads across the cortex until death of the 
PD patient [30]. 

The calcium influx observed during autonomous spiking (Fig. 2Cii) 
does not appear to be essential for the pacemaking process (Fig. 2Ci) 
[15]. This conclusion has been derived from studies with L-type calcium 
channel inhibitors, such as the dihydropyridine, isradipine, that spares 
autonomous pacemaking, but diminishes “calcium transients” (Fig. 2Cii) 
[15]. This latter term refers to the oscillation in cytoplasmic calcium 
observed due to calcium influx via these channels, followed by calcium 

being pumped out of the neuron. The efflux of calcium is achieved by the 
calcium ATPase pump and the sodium/calcium exchanger, which 
expend large amounts of energy to function [31]. Of interest, the ability 
of isradipine to maintain autonomous pacemaking while depressing 
cytosolic calcium oscillation has been mimicked by selectively silencing 
CaV1.3 channel subunit expression [15]. 

The results in Fig. 2C suggested that dihydropyridines could be po
tential therapeutics for PD [32]. However, calcium uptake resulting 
from CaV1.3 activity is used for multiple critical physiological processes, 
such as promotion of mitochondrial respiration and activation of syn
aptic proteins involved in dopamine release [33]. Considering the 
essential functions of calcium influx, it could be suggested that CaV1.3 
inhibitors that attenuate this function could lead to detrimental side 
effects. However, treatment of mice with isradipine had the beneficial 
effects of suppressing mitochondrial oxidative stress, decreasing 
mitophagy, and normalizing mitochondrial mass [4]. These results 
suggest that the CaV1 channels drive mitochondrial oxidant stress and 
turnover in vivo and that isradipine decreases the vulnerability of SNpc 
neurons to mitochondrial challenges and cytopathic stress [15]. 

The extended opening of L-type calcium channels (e.g., the CaV1.3 
channel) induced by pacemaking leads to a sizeable calcium influx. 
However, channel opening also appears to facilitate low molecular 
weight iron uptake into SNpc DA neurons after incubation with various 
forms of non-transferrin-bound, low molecular weight (Mr) iron [34–36] 

Fig. 2. (A) The general structure of voltage-gated 
calcium channels, such as CaV1.3, which includes 
the pore-forming α1-subunit and auxiliary β, γ, and 
α2/δ subunits. (B) The α1-subunit is the primary 
component that facilitates calcium influx and is 
composed of four transmembrane domains (I, II, III, 
& IV). Commonly, these channels possess a long 
cytoplasmic C-terminal tail that is involved in 
regulating its activity (long isoform). The alterna
tive spliced CaV1.3-short isoform lacks this region. 
(C) (i) Autonomous spiking is observed through 
whole-cell, patch-clamping recordings at the cell 
body (soma), where each spike indicates a neuronal 
action potential [4]. (ii) At distal dendritic sites, 
calcium concentrations spike synchronously with 
somatic firing. This elevated intracellular calcium 
concentration, but not the autonomous spiking, is 
blocked by the calcium channel inhibitor, isradi
pine, and is then restored after the washout of this 
agent. Fig. 2(C) sourced from [4] with permission.   
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(Fig. 4). Due to the inherent redox activity of iron, its unregulated up
take by the CaV1.3 channel activity could facilitate cytopathic events by 
accentuating stress in already overstressed neurons. The transport of 
iron by these calcium channels is possible in the brain due to a signifi
cant fraction of extracellular low Mr iron that is not transferrin-bound 
[37]. The high concentration of ascorbate in the mammalian brain, 
which is 4–8 times (200–400 μM) that in the blood (50 μM), suggests 
non-transferrin-bound iron will be in the iron(II) state [38]. 

This iron(II) has the potential to be transported by the CaV1.3 
channel, as its atomic radius (ionic radius: 0.92 Å) is significantly less 
than that of calcium(II) (ionic radius: 1.14 Å) [39]. Of interest, 
non-transferrin-bound iron(II) has been demonstrated to permeate the 
CaV3.1 calcium channel, which is a homolog of the CaV1.3 channel [40]. 
Currently, the precise molecular mechanism of how the CaV1.3 channel 
mediates iron influx remains unclear, as the X-ray crystal structure of 
this protein has yet to be elucidated. It is also unknown what precise 
molecular form of Fe(II) can be transported in terms of its hydration 
shell and coordination state with endogenous ligands. Furthermore, a 
lack of in-depth electrophysiological studies specifically examining 
CaV1.3 channels and iron uptake have impaired interpretation, with a 
major aim of this article being to stimulate further research. 

Not only iron, but other metal ions, including redox-active copper as 
copper (II) (ionic radius: 0.87 Å) [39], may potentially be transported by 
calcium channels, which could aggravate redox stress that is known to 
exist in nigral neurons [4]. Furthermore, it is established that copper 
ions ligate with α-synuclein fibrils and remain redox-active [41]. This 
factor is significant, as α-synuclein aggregation is a major triad hallmark 
of PD, along with mitochondrial dysfunction and iron accumulation [12, 
42]. 

3. Voltage-gated calcium channels are culprits in neuronal iron- 
loading 

Contrary to their long-lasting opening to mediate marked calcium 
uptake, L-type channels do inactivate after calcium ion influx, a process 
known as calcium-dependent inactivation. This regulatory mechanism is 
thought to be mediated by the binding of calcium to calmodulin, which 
is bound to L-type calcium channels [43]. This latter homeostatic pro
cess is not mimicked by other divalent ions such as barium [44]. As such, 
since the cerebrospinal fluid contains significant ferrous iron, 

Fig. 3. (A) Immunohistochemistry staining for CaV1.3 (α1D) amongst midbrain 
structures. CaV1.3 positive staining is abundant across the substantia nigra pars 
compacta (SNpc; (B)). In contrast, the expression of this channel is sparse 
amongst other surrounding cortical structures, namely the substantia nigra pars 
reticulata (SNpr); (C)) and the ventral tegmental area (VTA). (A) Scale bar 
represents 250 μm. (B, C) Represents a 5x magnification of the SNpc and SNpr 
shown in (A). The scale bar in (B, C) represents 50 μm. Sourced from [25]. 

Fig. 4. Voltage-gated calcium channels such as CaV1.3 facilitate iron-loading in nigral neurons to exacerbate cytopathic iron redox-cycling. Neurons burdened with 
high intracellular iron and calcium concentrations exhibit significant mitochondrial dysfunction and α-synuclein aggregation, propagating their demise. Developing 
novel inhibitors that supersede the activity of current agents, such as isradipine and cp-PYT, is now essential. 
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particularly in PD patients [45], non-specific iron influx could poten
tially aberrate the inactivation kinetics of these L-type channels. It is 
well known that iron enters nigral neurons through L-type channels, 
with channel inhibitors (e.g., dihydropyridines) being capable of 
restoring cellular viability [46,47], potentially by blocking iron uptake, 
and thus, oxidative stress [47]. Hence, calcium channel inhibitors 
potentially provide a unique pharmacological strategy of preventing 
calcium uptake, but also redox-active, iron-loading, which is thought to 
be detrimental in PD [12,35]. The paramount issue is to develop novel 
CaV1.3 inhibitors that demonstrate high-affinity and selectivity towards 
this channel relative to other related channels (e.g., CaV1.2), which are 
vital for other critical processes such as heart function. 

As described above, L-type Cav channels associate with calmodulin, 
which inhibits their activity upon rising intracellular calcium concen
trations [48]. It is also of interest that increasing cellular calcium results 
in the binding of calmodulin to neuronal nitric oxide synthase, leading 
to increased nitric oxide (NO) production [49]. There is evidence that 
glutaminergic, serotonergic, and dopaminergic signaling occur more 
frequently in response to elevated NO [50–52]. As NO is known to 
directly bind to iron [53,54] and considering the increased iron-loading 
observed in SNpc dopaminergic neurons [11,12,55], the complex 
interplay between all these molecules is likely to be disturbed under PD, 
which could further aggravate the pathology. 

4. The potential benefits of effective and selective CaV1.3 
channel inhibitors – the failure of dihydropyridines 

Dihydropyridines that antagonize CaV1.3 calcium channels (Fig. 4) 
can rescue cell culture and murine PD models to attenuate oxidative 
stress [4,56]. The National Institutes of Health has registered three 
clinical trials examining the clinical effectiveness of isradipine against 
early-onset PD (ClinicalTrials.gov Identifier: NCT00753636, NCT0090 
9545, NCT02168842). Results from these investigations have been 
eagerly anticipated for over a decade, with the STEADY-PD III trial 
published in 2020 reporting that isradipine demonstrated no significant 
benefit against PD progression [57]. The low specificity of dihydropyr
idines towards Cav1.3 channels, their inability to precisely target the 
SNpc, and an insufficient isradipine dose, probably contributed to their 
clinical failure [57,58]. This lack of response was not due to the inability 
of isradipine to permeate the blood-brain barrier, as it is well known to 
cross this barrier and have anticonvulsant activity [59]. Moreover, 
during the clinical trials of early PD patients, isradipine was adminis
tered intravenously for maximal blood-brain barrier permeation and 
resulted in neurological alterations demonstrating its effective entry into 
the brain [57]. The development of more effective CaV1.3 channel in
hibitors remains an area of active research. 

Silverman’s team [32] has attempted to develop novel, specific in
hibitors against CaV1.3 and has synthesized the pyrimidine-2,4,6-trione 
class of agents (cp-PYT; Fig. 4) that target the same binding pocket on 
the calcium channel as the dihydropyridines [60]. The lead compound 
(1-(3-chlorophenethyl)-3-cyclopentylpyrimidine-2,4,6-(1H,3H, 5H)-tri
one) demonstrated a ~612-fold greater specificity against CaV1.3 than 
CaV1.2 channels. However, patch clamping of CaV1.3 transfected 
HEK293T cells illustrated that cp-PYT demonstrates a relatively low 
affinity for CaV1.3 (IC50: 24.3 ± 0.7 μM), which is markedly lower than 
isradipine (IC50: 5.8–19.9 nM). 

The pertinent issue with isradipine is the lack of selectivity and high- 
affinity for CaV1.2 (IC50: 2.2–3.9 nM) [61]. To be clinically relevant, a 
significantly lower IC50 value may be necessary to preclude the failure 
observed with isradipine in clinical trials. Breakthroughs in the phar
macological inhibition of CaV1.3 are now critical to investigate and 
could be facilitated through the extensive processing offered by artificial 
intelligence (AI). The pinnacle discovery would be an innovative, 
high-affinity CaV1.3 channel inhibitor that effectively and selectively 
inhibits cellular stress induced by calcium and iron to ameliorate PD 
pathology. 

5. Innovative pharmacotherapies for treating iron-loading: The 
new world order of implementing AI in drug design and 
development 

AI has progressively been implemented into the laborious process of 
drug design and discovery over the last decade, recently being used to 
identify novel therapies for the human immune-deficiency virus [62]. 
The advantage of AI approaches such as deep learning neural networks, 
is that they comprehend very complex patterns amongst data for almost 
an unlimited number of variables. Such AI networks include the use of 
supervised learning models, where algorithms have been specifically 
designed to predict unknown pharmacophores based upon large quan
tities of input data that constitute the “training sets”. These training data 
sets can be pharmacological properties, such as 2- and 3- dimensional 
structures of candidate compounds, IC50 values, hydrogen-bond 
acceptor/donor coefficients, Log P values, and many others [63]. When 
these parameters are combined and analysed by AI, this can result in 
valuable predictions that aid drug design and discovery. 

Incorporating specific deep learning strategies into the complex field 
of neuropharmacology may unlock the therapeutic potential for other
wise difficult to treat diseases such as PD. With no pharmaco- 
intervention superseding L-DOPA in its sixty-year reign as the gold 
standard therapeutic for PD, drug design strategies for this condition 
now require a novel strategy to break new ground. AI has already aided 
the clinical diagnosis of PD and assisted in monitoring disease progres
sion. In fact, AI can diagnose early PD with greater than 95% accuracy 
[64]. However, unfortunately, the promise of AI has yet to be fully 
implemented in the design of drugs for PD treatment. 

The Renslow group is amongst the few to have already incorporated 
AI into neurodegenerative drug discovery [65]. These investigators 
described twelve unique compounds that possibly antagonize the 
phencyclidine (PCP)-binding domain of the N-methyl-D-aspartate 
(NMDA) receptor. The agent, PCP, is a drug of abuse that causes psy
chosis resembling the positive and negative signs of schizophrenia [66, 
67]. The goal of the investigation by Renslow et al. was to develop a 
PCP-site antagonizing agent that does not induce dissociative effects, 
therefore bypassing illicit misuse. The agents generated were unique and 
chemically distinct from the training dataset. 

Considering the design of new CaV1.3 inhibitors for PD, the argu
ment detailed above indicates that dihydropyridines are suboptimal, 
with all analogues of this class targeting the same allosteric binding 
pocket [32,60]. Despite numerous modification attempts, no current 
dihydropyridine demonstrates high selectivity for the CaV1.3 channel 
without inhibiting CaV1.2. Similarly, as described above, although the 
more recently designed pyrimidine-2,4,6-triones have significantly 
improved selectivity over the dihydropyridines, they show a limited 
affinity for the same dihydropyridine target site on the CaV1.3 channel 
[60]. Thus, new classes of CaV1.3 inhibitors with different targets on this 
molecule could be important for PD drug discovery. 

Regarding the possible use of AI as part of this quest, negative 
training sets of data consisting of the structures and pharmacological 
properties of the dihydropyridines and the pyrimidine-2,4,6-triones 
could be used. This could provide initial examples to an AI processing 
platform of what is not structurally appropriate in a new drug for 
selectively antagonizing CaV1.3 channels. These examples would be 
combined with positive training sets of new agents. Such drug candi
dates could be identified from the screening of large drug libraries for 
agents demonstrating antagonistic effects against CaV1.3 channels. By 
using these data to train AI algorithms, predictions of new pharmaco
phores could be generated and subsequently assessed in vitro and in vivo 
their ability to antagonize the CaV1.3 channel. Such a unique approach 
could lead to the discovery of a novel pathology attenuating therapy for 
PD patients. 
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6. Perspectives and conclusions 

This Commentary provides oversight regarding the ineffective at
tempts to identify neuroprotective therapeutics currently available to 
PD patients. Considering the serious shortcomings of L-type CaV channel 
inhibitors, innovative approaches are desperately required. The imple
mentation of AI remains a growing accomplice to drug discovery 
research, analysing incomprehensibly large datasets that can provide 
unique compound outputs. Attenuating intraneuronal iron and calcium 
accumulation in PD patients should be a forefront priority for small 
molecule development, particularly as no therapy is yet available to 
slow PD progression and prevent neuronal death. The dream of a novel 
high-affinity and selective inhibitor against the CaV1.3 channels might 
become a reality by incorporating deep learning neural networks into 
drug design and discovery. 
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