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Abstract:

 Parkinson’s disease (PD) is one of the most common neurodegenerative diseases. To date, there is no effective treatment that halts its progression. Increasing evidence indicates that mitochondria play an important role in the development of PD. Hence mitochondria-targeted approaches or agents may have therapeutic promise for treatment of the disease. Neuropeptide CART (cocaine-amphetamine-regulated transcript), a hypothalamus and midbrain enriched neurotransmitter with an antioxidant property, can be found in mitochondria, which is the main source of reactive oxygen species. Systemic administration of CART has been found to ameliorate dopaminergic neuronal loss and improve motor functions in a mouse model of PD. In this article, we summarize recent progress in studies investigating the relationship between CART, dopamine, and the pathophysiology of PD, with a focus on mitochondria-related topics.
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1. Introduction

Parkinson’s disease (PD), the second most common neurodegenerative disorder after Alzheimer’s disease (AD), is a severe, progressive disease that affects approximately 1-2% of persons older than 40 years of age [1]. Clinically, it is characterized by muscle rigidity, tremor, a slowing of physical movement, and in extreme cases, a loss of physical movement. In addition, PD is commonly viewed as an extrapyramidal motor disorder that results primarily from the death of dopaminergic neurons in the substantia nigra (SN) of the ventral midbrain [2,3,4,5,6,7].

The etiology of PD is complicated and ultimately remains unknown. However, mitochondrial dysfunction is known to play a key role in the development of PD, with PD recognized as one of the putative mitochondrial diseases [7]. Interestingly, sporadic and familial PD seem to converge at the level of mitochondrial integrity [8,9]. Since mitochondria are the major source of reactive oxygen species (ROS), and have a crucial role in cellular bioenergetics and apoptosis, as well as PD pathogenesis, mitochondria-related therapeutics may open new avenues for the treatment of the disease.

Recently, we found that the brain-rich neuropeptide CART (cocaine- and amphetamine- regulated transcript) is preferentially localized to mitochondria with both mitochondria activating and antioxidative properties in vitro and in vivo [10,11]. These findings suggest that CART may be a new candidate for therapeutic agents targeting PD. In this article, we summarize recent progress made in investigating characteristics of CART as a potential therapeutic agent for PD, focusing on CART in relationship to mitochondria function.



2. Etiology and Pathophysiology of PD

Although the etiology of PD is unclear, both genetic and environmental factors appear to play a role [4,12,13]. Genetic changes are involved in the development of PD, but only 0.5-10% of PD cases can be attributed to mutations in specific genes. The remaining 90-99.5% of idiopathic PD cases are sporadic [2,8,14].


2.1. Genetic Factors

Several genes and several putative loci have been identified as causal factors of PD [14,15,16,17,18]. Two autosomal-dominant mutations of the α-synuclein (αSyn) gene (also known as SNCA and PARK1) were discovered and linked to the rare familial, early-onset PD [19]. αSyn was subsequently shown to be the major component of Lewy bodies (LBs), a hallmark feature of PD [20,21]. Even sporadic PD cases have also been genetically linked to αSyn polymorphisms, which affect αSyn expression at the transcription level [22]. The extent to which nigral and cortical LBs are present in the PD brain is uncertain. Although cortical LBs may be detected in most PD patients, it is unknown how many are necessary to cause dopamine neuron death, as well as cognitive changes. It is possible that both the distribution (cortex versus midbrain/brainstem) and the density of these lesions interact to produce specific clinical phenotypes. It has now been widely accepted that accumulations of the pathologic species of αSyn and the deposition of αSyn fibrils and ubiquitinated proteins into inclusions of αSyn, at least partially result in motor, cognitive and behavioral phenotypes [23,24]. The current evidence indicates that the inhibition of mitochondrial complex I, in vitro and in vivo, may lead to accumulation of αSyn inclusions, suggesting that αSyn aggregation is a downstream consequence of mitochondrial dysfunction and might be an effecter of neuronal cell death [26,27,28].

Interestingly, both Parkin (PARK2) and PARK5 are ubiquitin–proteasome related proteins that are involved in the proteasomal degradation of αSyn [15,25]. Mutations in PARK2 are associated with PD [29]. PARK5 encodes UCHL1 (ubiquitin carboxyl-terminal hydrolase isozyme L1), a deubiquitinating enzyme that is responsible for making ubiquitin. Ubiquitin is required for the ubiquitin-proteasome pathway in neurons to target proteins for degradation, and the point mutation of PARK5 is associated with PD [15,30]. However, the association between UCHL1/PARK5 and PD is still controversial.

Mutations in the putative mitochondrial proteins PINK1 (PTEN-induced kinase 1, PARK6) and DJ-1 (PARK7) have been linked to familial forms of PD [31,32,33]. These wild-type genes have a mitochondria protective role against oxidative stress [34,35].

Mutations in the LRRK2 (PARK8) gene are, to date, the most common in both familial and sporadic PD [18]. Recently, it was found that the G2019S mutation can cause uncoupling protein-mediated mitochondrial depolarization via a cell-specific increase in uncoupling protein (UCP) 2 and 4 expression [36].

Therefore several causal genes for PD have been reported and they will be further investigated for confirmation of their role in the disease and the related molecular mechanisms. In addition, more PD-associated genes may be identified via powerful methods such as genome-wide association studies (GWAS) in the future. Interestingly, many of these PD-related genes are ubiquitously expressed in the brain where they have been reported to have many important functions. Speculations have been offered to explain how mutations in such genes lead to a loss of dopaminergic neurons in the midbrain [2,3,5,25,37]. One proposal suggests that mitochondria are exposed to oxidative stress (see 2.2 for details) as a by-product of dopamine metabolism. Another proposed idea suggests a problem in maintaining mitochondria and cellular function in the elongated processes of these neurons, including intracellular calcium overload.

Interestingly, many motor symptoms of PD result from the death of substantia nigra pars compacta (SNc) dopaminergic neurons. However, there is a host of other symptoms that have been linked to PD pathology. This includes significant cognitive changes and dementia in PD patients, the latter may be at least partially due to memory-related neuronal loss in the hippocampus.



2.2. Mitochondrial Dysfunction and Oxidative Stress

Accumulating data indicate that mitochondrial dysfunction, particularly complex I inhibition and oxidative stress play a major role in the pathogenesis of PD [16,25,38,39,40,41]. Since the early 1980s, inhibition of complex of oxidative phosphorylation (OXPHOS) has been found to induce pathologic symptoms of PD, mitochondrial dysfunction, and oxidative stress [42,43]. Decrements in complex I activity in the substantia nigra of sporadic PD patients [38,44] and some chemicals, such as MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), 6-hydroxydopamine (6-OHDA) and rotenone, have also been found to inhibit the electron transport in OXPHOS and to replicate most features of PD in humans and in animal models [45,46,47,48,49,50].

Notably, results from recent work suggest that several PD-associated genes interface with pathways regulating mitochondrial function, morphology, and dynamics [7,9,16,51]. For example, an intriguing relationship between mitochondria and αSyn indicated that αSyn aggregation is a downstream consequence of mitochondrial dysfunction [26,28,52].

Ca2+ homeostasis is also regulated by mitochondria. Elevated cytosolic Ca2+ stimulates mitochondrial respiratory metabolism and ROS generation, and eventually induces dopaminergic cell death. Studies demonstrating that the Ca2+ channel blocker protects dopamine neurons in vitro and in vivo further indicate the importance of Ca2+ homeostasis in the pathology of PD [53,54]. Depletion of glutathione levels (the most abundant antioxidant in the human body) is the earliest biochemical event to occur in the Parkinsonian substantia nigra prior to selective loss of complex I activity. Recent studies have demonstrated that reduction in both cellular and mitochondrial glutathione levels results in increased oxidative stress and a decrease in mitochondrial function. This has been linked to a selective decrease in complex I activity, suggesting the potential therapeutic role of antioxidants for treatment of PD [55,56].

The substantia nigra is a midbrain center composed of dopamine and other neurons. The dopamine system plays a key role in the control or regulation of locomotion, learning, working memory, cognition, and emotion [57,58]. Mitochondrial monoamine oxidase (MAO, especially MAO-B in humans) is responsible for the breakdown of dopamine. Its enzymatic activity (monoamine degradation) induces a number of neurotoxic species, particularly hydrogen peroxide, which forms highly reactive hydroxyl radicals, leading to oxidative stress, additional mitochondria damage, and neuronal degeneration [59,60,61].

Post-mortem brain studies have consistently implicated oxidative damage in the pathogenesis of PD. In particular, oxidative damage to lipids, proteins, and DNA has been observed in the substantia nigra of sporadic PD brains [62,63,64,65]. The source of this increased oxidative stress is unclear but may include mitochondrial dysfunction, increased dopamine metabolism that can yield excess hydrogen peroxide and other ROS as described above, an increase in reactive iron, and impaired antioxidant defense pathways [3,39].

Overall, there is extensive evidence suggesting a major role for mitochondrial dysfunction in the pathogenesis of PD and, in particular, defects in mitochondrial complex I of the respiratory chain. A complex I defect could most obviously contribute to neuronal degeneration in PD through decreased ATP synthesis and could cause damage by excess ROS production. Hence, the improvement of mitochondrial function could be a basic and important strategy to delay or to prevent neuronal cell death in PD patients.




3. CART Is a New Peptide Hormone with Multiple Functions

In 1995, using a polymerase chain reaction (PCR) differential display, researchers discovered the neuropeptide CART while searching for mRNAs in the striatum that had been acutely up-regulated by psychostimulants [66]. In rat, the primary CART transcript is differentially spliced, and the two different mRNAs encode peptides of either 116 or 129 amino acids. The leader sequence consists of 27 amino acids, and the mature CART peptides therefore contain either 89 or 102 residues. CART peptide processing is tissue-dependent and two forms predominate the rat brain: CART (42–89 a.a.) and CART (49–89 a.a.) [67]. CART is also expressed in all levels of the hypothalamic-pituitary-adrenal (HPA) axis [68,69], which plays an important role in energy homeostasis and the neuroendocrine response to stress [70,71]. CART is a unique and an important peptide hormone that affects multiple physiological and pathological processes, such as stress response, food intake and body weight control, and regulation of neuroendocrine functions [11,72,73,74]. CART is also related to human health problems, including anxiety and depression, drug abuse, obesity and diabetes [71,74,75,76]. In addition, CART exhibited a transcriptional function when the conserved C-terminus of CART was fused to the GAL4 DNA-binding domain [77]. Gene expression profiling with gene microarrays revealed that CART mRNA was strongly enhanced by estradiol in an ischemic animal model. In addition, the CART peptide exhibited neuroprotective properties against ischemic brain injury in vivo and against oxygen–glucose-deprivation (OGD)-induced cell death in primary cortical neurons. This neuroprotective effect of CART has been linked to ERK activation and to the upregulation of brain-derived neurotrophic factor (BDNF) [78,79,80]. Finally, CART may be a useful biomarker for some human diseases, such as dementia with LBs, which is believed to be a syndrome in both Alzheimer’s disease and PD [81,82].



4. New Functions of CART Related to Mitochondria

Despite the many known functions of CART peptides, its mechanisms of action remain a mystery. A major issue is that no interaction partners or receptors have been reported. To address this problem and determine the mechanism(s) of CART’s actions, we used a yeast two-hybrid system and found the first partner for CART: succinate dehydrogenase (SDH, also known as respiratory chain complex II). The interaction was also confirmed by a pull down assay [10]. SDH is a functional member of both the Krebs cycle and the aerobic respiratory chain (complex I-V) within the mitochondria and is crucial to normal intermediary metabolism and energy production in most cells. Complex II couples the oxidation of succinate to fumarate in the mitochondrial matrix with the reduction of ubiquinone in the membrane [83]. Complex II is composed of two hydrophilic subunits, a flavoprotein (SDHA) , an iron-sulfur protein (SDHB) subunit, and two hydrophobic membrane anchor subunits, SDHC and SDHD [83,84]. Mutations in SDHB and depression of SDH activity have been strongly implicated in neuronal aging [85] and in development of CNS tumors [86,87].


4.1. CART Stimulates the Activities of SDH and Complex II, Increases Cellular ATP Levels

Our studies suggest that CART stimulates the activities of SDH and complex II under basal and OGD conditions, and reduces neuronal cell death in vitro and in vivo. Given the important role that mitochondria play in neuronal function, survival, and protection of CART from ischemia, our results strongly suggest an interaction between CART and SDH as a mechanism of neuroprotection [10].

Because CART increases the activity of the SDH/complex II, we hypothesized that CART affects the production of ATP, the final step of energy production in the organelles. To investigate the direct effects of CART on mitochondrial ATP levels, we isolated mitochondria from the primary cortical neurons, and then added CART or a vehicle to the mitochondria. We found that 2 nM and 10 nM of CART significantly stimulated ATP production in the isolated mitochondria (Figure 1), but high concentrations of CART (e.g., 100 nM) had no stimulatory effect. However, maximum ATP production was achieved with 10 nM CART treatment. Subsequently, we tested the protective effects of CART in a pathological/hypoxic condition. Using primary neuronal culture (in vitro days 10-12), we added CART or a vehicle to the media; 30-min later we replaced the media with an oxygen-depleted, glucose- and serum-free buffer, and then incubated the cultures for 2 hours in an anoxia chamber filled with an anoxic gas mixture containing 5% H2, 5% CO2, and 90% N2 at 37°C. Immediately after OGD, we replaced the media with fresh feeding media containing glucose and CART or the vehicle, and returned the cells to normoxia for 24 hours. We isolated cell mitochondria and measured ATP levels. The results showed that OGD treatment caused a remarkable reduction in ATP levels, while CART treatments inhibited reduction of ATP levels. We also observed a dose-dependent increase in ATP production [10]. These effects are consistent with molecular genetics results in which CART was found to target the cellular mitochondrial respiratory chain complex II (SDH). A similar result was also observed in neuronal cells that were treated with a mitochondrial toxin and in human embryonic kidney cells treated with hydrogen peroxide [10,11]. Therefore, CART may be a mitochondrial activator in mammalian and human cells, and it may have a clinical application for the treatment of some human diseases, such as PD.

Figure 1. CART increases ATP synthesis in purified neuronal mitochondria. Mitochondria were extracted from cultured primary cortex neuronal cells and treated directly with CART peptide or vehicle (control). ATP levels were measured using a luciferase-based bioluminescence detection assay.
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4.2. CART’s Antioxidant Properties

Recent research revealed that CART has several antioxidant properties [11]. Oxidative damage that had been induced by H2O2 was significantly reduced in the presence of CART. In particular, mtDNA damage, lipid peroxidation, oxidized proteins, and cell death were significantly inhibited when CART was expressed; this response was dose-dependent. Interestingly, as shown in Figure 2, localization of CART was tracked to the mitochondria in HEK 293 cells, as well as in cultured primary cortex neurons and hippocampal neurons [11]. Studies in the mouse brain further confirmed that CART was localized in the inner and outer membranes of mitochondria. The localization of CART to the mitochondria and its strong antioxidant activity further support the interaction of CART with SDH [10]. Direct antioxidant and radical-scavenging activities of CART were further demonstrated by its ability to inhibit peroxyl radicals that induced the oxidation of cis-parinaric acid. As little as 1 nM of CART was efficacious in inhibiting this oxidation, and 20 nM CART almost completely prevented peroxidation. CART’s antioxidant activities and subcellular localization may have clinical significance, especially in the context of neuron degenerative disorders in which mitochondrial dysfunction may be implicated.

Figure 2. TATEGFP-CART mainly localized in the mitochondria. Cultured HEK293 cells were treated overnight with TATEGFP-CART or TATEGFP (control) fusion proteins, and then treated with the mitochondria marker MitoTracker Red for 30 min. Living cells were analyzed by a confocal microscopy. A-C, confocal fluorescence images depict cells treated with TATEGFP-CART fusion proteins; and D-F, cells treated with vehicle TATEGFP fusion proteins (control). Pixels containing fluorescence for both GFP (green) and the red (mitochondria) appear as yellow in the merged images, indicating co-localization. TATEGFP-CART (C) was preferentially localized into mitochondria compared to TATEGFP (F) [11].
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4.3. CART Is Physiologically Associated with the Dopamine System

Dopaminergic neurons of the midbrain are the main source of dopamine in the mammalian central nervous system. Although their numbers are few, dopaminergic neurons play an important role in the control of multiple brain functions, including voluntary movement and a broad array of behavioral processes, such as mood, reward, addiction, and stress [88]. These functions are also regulated by hypothalamus hormones/peptides including CART.

Studies into developmental pathways that are involved in the generation of dopaminergic neurons in the brain have identified a connection between dopaminergic neurons and CART. CART was originally identified as an mRNA that increases in the rat striatum after acute cocaine or amphetamine administration. The highest CART expression levels in murine, monkey, and human brains were detected in the hypothalamus. In addition, CART transcript is also predominantly expressed in target regions of the mesocorticolimbic dopamine system [71,89].

The distribution and synaptic connectivity of CART peptides in the ventral midbrain were investigated via histochemistry analyses. Immunoreactive (CARTir) terminal varicosities were located throughout the rostrocaudal extent of the substantia nigra, the ventral tegmental, and retrorubral field. Very interestingly, they were particularly abundant in the dorsomedial substantia nigra where they overlapped with proximal dendrites of dopaminergic SNc neurons. CARTir terminals were also found in dopaminergic perikarya in the ventromedial part of the rostral SNc [90]. CART projections, were mostly localized in the ventral midbrain and synaptic interactions with dopamine neurons [91].

A close interaction between CART and dopamine systems has also been observed in the nucleus accumbens. The release of CART from the axonal terminals in this region may serve as the final output of the endogenous opioid-mesolimbic-dopamine circuitry that processes natural reward [92]. In addition, CART affects locomotor activity through simultaneous stimulation of D1 and D2 dopamine receptors [93]. Interestingly, the release of CART peptides was found to increase coordinately following increased dopaminergic activity in animals exposed to a novel, conspecific social environment [94].

To understand the link between CART and dopaminergic neurons, a more detailed immunohistochemistry of the rat mesencephalon was performed and compared to the expression of tyrosine hydroxylase, a marker for dopamine. CART neurons were first detected on embryonic day 11 in the ventral mesencephalic vesicle [95]. Many tyrosine hydroxylase-positive neurons were found to migrate from the neuroepithelium through the area containing the CARTir neurons and settled more laterally. These tyrosine hydroxylase cells exhibited prominent leading and trailing dendrites in the immediate vicinity of CART perikarya. Thus, these data suggest that CART-producing neurons might help the migration of the substantia nigra dopaminergic neurons [95], and indicate interaction between endogenous CART and dopamine neurons.



4.4. The Role of CART in PD Model

Using a neuroprotective mouse model for PD, we found that pre-treatment of mice with CART, followed by daily administration of the neurotoxin MPTP for 7 days, resulted in a reduced loss of dopamine nerve cells in the substantia nigra pars compacta, compared to mice that were treated only with the MPTP [11]. This reduced loss of dopamine neurons was associated with improvement in behavior in both rearing and reduced footfaults. In the future, to determine whether CART will either slow down or reverse the effects of MPTP, CART will need to be administered either during or after the last dose of MPTP. Subsequently, a recently developed progressive model of dopamine cell and terminal loss [96], will need to be tested. For further investigation of CART actions and specificity, a mutant CART peptide or antisense CART peptide will need to be tested as a scramble control at the same time. Morphologically, CART was located within nerve terminals making a symmetrical synaptic contact, consistent with the hypothesis that this peptide may be associated with dopamine-containing nerve terminals. In addition, in only those terminals or dendrites that were positive for CART immuno-labeling, the outer membrane of mitochondria was also labeled. It is therefore possible that the neuroprotective effects of CART could be due to CART protecting mitochondria against MPTP toxicity by supplying sufficient ATP levels at nerve terminals.



4.5. CART as a Potential Therapeutic Target for PD

As discussed above, CART is a multi-functional hormone, mainly expressed in the brain, particularly in the dopamine system-associated hypothalamus and midbrain. Based on the localization of CART in cells and its expression levels there, CART hormone may play an important role in several physiological and pathological processes, including endocrine regulation, body weight control, and the onset of anxiety and depression [71,74]. Our recent data demonstrated that, in the cellular matrix, CART acts as a strong antioxidant that targets mitochondria. Interestingly, CART crosses the blood-brain barrier easily [11]. More importantly, CART was also found in the outer membrane of mouse brain neurons, where MAO enzymes are localized [11,61]. We recently found that CART affects several mammalian and human cells: 1) CART interacts with the complex II protein, succinate dehydrogenase SDH, and this interaction is reported to enhance mitochondrial protection via ATP biogenesis; 2) it protects mtDNA and cellular lipids and proteins against oxidative insults, 3) it scavenges mitochondrial ROS, 4) it protects dopamine neurons in a mouse model of PD [10,11]. These findings suggest that CART may function via mechanisms as shown in Figure 3, in which case CART may be a promising drug to target dopaminergic neurons in PD patients.

Figure 3. Possible roles for CART in Parkinson’s disease. CART peptide is widely expressed in the brain, especially in the hypothalamus and midbrain. CART is localized in mitochondria, interacts with SDH, and increases cellular ATP. CART also scavenges excessive free radicals that are predominantly generated in dopamine neurons via mitochondrial MAO-B in PD. Consequently, CART could be involved in the reduction of oxidative damages of mtDNA, lipids and proteins, and CART could eventually protect dopamine neurons from degradation.
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Currently, there are no drugs or agents that delay and/or prevent disease progression in PD patients (and in the elderly population). As discussed earlier, mitochondrial (particularly complex I) dysfunction and electrons leakage/oxidative stress play a large role in PD pathogenesis. Thus, accepting or feeding electrons into mitochondrial electron transport chain through complex II may be a beneficial approach in patients with Parkinson’s disease. The discovery of energy-biogenesis for CART peptide and its antioxidant protective properties against dopamine neurons suggests a possible therapeutic application for PD as well as other mitochondrial dysfunction-related diseases. However, further research is still needed to understand the precise mechanisms by which CART protects mitochondria and its role in mitochondrial biogenesis, mitochondrial axonal transport and synaptic protection (particularly in dopamine neurons), and its relationship with PD causative genes. In terms of the involvement of CART in therapeutic strategies for PD patients, endogenous mitochondrial CART levels could be increased in PD patients through endocrine mechanisms and/or other approaches such as mitochondria-targeted CART overexpression in dopamine neurons. These strategies may protect dopamine neurons from oxidative and toxic insults from mutant protein(s), resulting in the delay of disease progression in PD patients.




5. Conclusions

The cause of PD, one of the most common neurodegenerative diseases, is unknown, and there is no cure or effective treatment. Mitochondria, the powerhouse of the cell, have diverse functions and properties and could be critically involved in the development of PD. Structural and biochemical data from studies of central nervous systems from post-mortem human brains, as well as cell and animal models of PD, suggest that mitochondrial dysfunction is a trigger or propagator of neurodegeneration in PD.

To date, several key genes associated with PD have been identified, and many of these genes are ubiquitously expressed with important functions in the brain. The genes related to PD, and their products play a role in mitochondrial functions, suggesting that these gene products share a common pathway at the mitochondrial level toward nigral degeneration in both familial and sporadic PD.

Mitochondrial dysfunction and oxidative stress are the by-products of the dopamine metabolism that leads to the death of dopamine neurons and may be involved in the etiology of PD. Hence, there is increasing interest in the administration of antioxidants that can target mitochondria and ROS scavengers in treatment of this progressive neurodegenerative disease. CART is believed to protect mitochondria by the interaction with the key mitochondrial enzyme SDH and may be involved in mitochondria-related diseases, especially PD. Recent studies of CART that have revealed CART’s mitochondrial protection warrant further investigation of CART as a potential treatment for PD and perhaps other degenerative diseases.
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