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Mitochondrial Chaperones in the Brain: Safeguarding Brain Health and Metabolism?
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The brain orchestrates organ function and regulates whole body metabolism by the concerted action of neurons and glia cells in the central nervous system. To do so, the brain has tremendously high energy consumption and relies mainly on glucose utilization and mitochondrial function in order to exert its function. As a consequence of high rate metabolism, mitochondria in the brain accumulate errors over time, such as mitochondrial DNA (mtDNA) mutations, reactive oxygen species, and misfolded and aggregated proteins. Thus, mitochondria need to employ specific mechanisms to avoid or ameliorate the rise of damaged proteins that contribute to aberrant mitochondrial function and oxidative stress. To maintain mitochondria homeostasis (mitostasis), cells evolved molecular chaperones that shuttle, refold, or in coordination with proteolytic systems, help to maintain a low steady-state level of misfolded/aggregated proteins. Their importance is exemplified by the occurrence of various brain diseases which exhibit reduced action of chaperones. Chaperone loss (expression and/or function) has been observed during aging, metabolic diseases such as type 2 diabetes and in neurodegenerative diseases such as Alzheimer’s (AD), Parkinson’s (PD) or even Huntington’s (HD) diseases, where the accumulation of damage proteins is evidenced. Within this perspective, we propose that proper brain function is maintained by the joint action of mitochondrial chaperones to ensure and maintain mitostasis contributing to brain health, and that upon failure, alter brain function which can cause metabolic diseases.
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MITOCHONDRIA IMPACT BRAIN FUNCTION

Though the brain holds about 2% of total body mass, it consumes about 20% of total body energy. This high energy demand is due to constant brain action, even when at rest (1). The main energy supply represents glucose and liver-derived ketone bodies during fasting. Mitochondria are able to metabolize the end product of glycolysis pyruvate, as well as ketone bodies, to generate ATP. Mitochondria regulate oxidative phosphorylation, redox state, oxidative stress, intracellular signaling, ion homeostasis, and thus, provide the energy and ion milieu for proper neuronal action and excitability. In addition, mitochondria affect protein acetylation by providing the necessary acetyl-CoA moieties for histone acetylation, thereby affecting chromatin structure and gene transcription of stress responsive genes (2, 3). Therefore, mitochondria occupy a unique position in regulating brain function and metabolism on various levels. Not surprisingly, most defects of mitochondria are linked to neurodegenerative and metabolic diseases (4–6).

The brain regulates metabolism by controlling, e.g., food intake, satiety, and hepatic glucose production, and thus aberrant mitochondria in the brain are connected to insulin resistance (IR) and to metabolic diseases such as metabolic syndrome and type 2 diabetes (T2D) (7–10) as well as aging (11). Conversely, many aspects of brain alterations seen during aging are also observed in metabolic diseases pointing to common origins and linked to mitochondrial dysfunction (12, 13).

To facilitate brain metabolism, metabolites have to enter the brain via blood vessels, taken up mostly by glia cells, which reside in close proximity to blood vessels and transferred to neurons (14). As each brain cell population differs regarding their function and cellular components, also mitochondrial function differs between cell populations (15, 16). Even more complex is the scenario within neurons, where mitochondria at the soma are important for generating energy for cellular survival, and at the synapses are crucial for providing ATP for vesicle release and neurotransmitter uptake (17). A reduction in neuronal ATP levels deteriorates normal firing rate causing abnormal brain function (18, 19). Glia release ATP, which reduces neuronal firing rate, indicating that alterations in mitochondrial generated ATP in glia, can also change neuronal activity and impact brain function (20). Mitochondrial dysfunction and reduced ATP production in glia cells do not cause immediate cellular degeneration but affects neuronal homeostasis due to an intensified neuron-glia crosstalk and it promotes neurodegeneration (21, 22). Increased reactive oxidative species (ROS), a byproduct of mitochondrial respiration, can also propagate an inflammatory response, abnormal neuronal firing and associates with IR, metabolic diseases and aging (23). ROS is especially detrimental to neurons because of their low antioxidant capacity, such as dopaminergic neurons of the substantia nigra, which degenerate in Parkinson’s disease (24).

Mitochondria are not static; they fuse and split to generate a dynamic network. Alterations of mitochondrial dynamics affect neuronal action and can cause neurodegeneration and obesity (8, 9). Increased mitochondrial fusion in dopaminergic neurons causes axonal loss and contributes to cell death and neurodegeneration (25). In addition, deficiency of prohibitins, which induces mitochondrial fragmentation, leads to reduced ATP production, abnormal mitochondrial morphology, protein aggregation, and causes neuronal death (26), indicating the importance of proper mitochondrial dynamics for neuronal health. Deteriorated mitochondria will be eliminated and recycled by a cytoprotective pathway called mitophagy, which depends also on proper mitochondrial dynamics. Aberrant mitophagy leads to increased oxidative stress and is linked to neurodegenerative diseases such as AD, PD, and HD (27–29). The Mitochondrial Unfolded Protein Response (UPRmt) can regulate this process, where the accumulation of misfolded mitochondrial proteins induces PARK2/Parkin-mediated mitophagy (30). UPRmt represents a signaling pathway where the abundance of misfolded mitochondrial proteins causes a nuclear signal to re-establish protein homeostasis by inducing mitochondrial chaperones and proteases to re-instate protein homeostasis within mitochondria (31). Alterations of the mitochondrial proteome due to misfolding of proteins or protein aggregation decreases mitochondrial activity, causes oxidative stress and neurodegenerative diseases (32–35). Accordingly, proper mitochondrial function and regulation of its stress response has been shown to associate with or even promote longevity (36, 37). Thus, mitochondrial chaperones occupy a pivotal role in regulating mitochondrial health and brain function.

HYPOTHESIS

In recent years, several studies have shown the importance of functional mitochondria in regulating brain metabolism. Here, we go one step further and postulate that the disruption of the mitochondrial chaperone network in the brain, which controls mitochondrial proteostasis and function, is responsible for IR in the brain and concomitant altered metabolism. This alteration reduces brain function and neuron plasticity resulting in changes in whole body metabolism and increasing the risk for metabolic complications.

Our assumptions rely on studies showing many of the features. We could show that type 2 diabetic mice exhibit a reduction of the heat shock protein 60 (Hsp60) mRNA in the hypothalamus, a mitochondrial chaperone which is part of the UPRmt. A reduction of Hsp60 is sufficient to induce hypothalamic IR (7). Mice deficient for the mitochondrial protease ClpP, a protease involved in UPRmt, exhibit increased food intake (38), a phenotype of deficient brain insulin action showing that altered UPRmt directly affects brain function and brain insulin-regulated behavior (39). Interestingly, while deficiency of ClpP causes hyperphagia, these mice are paradoxically protected against diet-induced IR, exhibiting increased insulin sensitivity in white adipose tissue with increased expression of Hsp60 and Hsp10, strengthening the hypothesis that increased mitochondrial chaperones expression is beneficial for insulin sensitivity (38). Another recent paper showed that ClpP deficiency decreases adaptive thermogenesis (40), which has been also observed in mice deficient for brain insulin signaling (41). Though it is unclear whether ClpP deficiency alters mitochondrial chaperone expression in the brain, the effect that alterations of the mitochondrial proteome in the brain causes brain insulin resistant phenotypes support our hypothesis that ensuring proper mitochondria homeostasis (mitostasis) in the brain supports brain health and proper metabolism.

Furthermore, it has been shown that there is an intricate connection between mitochondrial dynamics and the UPRmt, as UPRmt induces the expression of genes responsible for mitochondrial dynamics (42). Functional mitochondrial dynamics, which are regulated by mitochondrial chaperones, regulate Agouti-related peptide neuronal activity to avoid diet-induced obesity (8). Adding to this, under high fat diet (HFD) dynamin-related protein 1 (DRP1), another crucial protein for mitochondrial dynamics, increases mitochondrial fission in the Dorsal Vagal Complex, and impairs insulin action. Also, DRP1 alone was able to induce IR in healthy rodents and inhibiting DRP1 was sufficient to reverse HFD-induced IR (43). Consistent with these results, diet-induced obesity increases fission and alters the contacts between mitochondria and the ER showing the importance of a proper crosstalk between organelles in order to maintain metabolic regulation. Moreover, the same study showed that a specific-POMC neurons Mitofusin-2 ablation resulted in the loss of contact between the mitochondria and ER leading to leptin resistance and energy imbalance (9), both clearly signs of metabolic dysregulation. Exercise as an intervention improves mitochondrial dynamics, increases insulin sensitivity, and is able to modulate the Hsp response in the brain by increasing the levels of many of the Hsps such as Hsp60. They also found that this effect was even stronger in non-diabetic mice able to produce insulin (44). Also noteworthy, is a study where a combination of mouse population genetics and RNAi in C. elegans was used to identify mitochondrial ribosomal protein S5 and other mitochondrial ribosomal proteins (MRPs) as regulators of metabolism and longevity. Remarkably, when the authors performed a MRP knockdown mitonuclear protein imbalance was triggered, mitochondrial respiration was reduced but this activated UPRmt, and an increase life span was seen. Moreover, compounds known to extend life span such as spermidine or resveratrol are able to induce mitonuclear protein imbalance as well as trigger the UPRmt (45).

Furthermore, key genes of the UPRmt are regulated by insulin in hypothalamic neurons (own observation). Fitting to this, key players of UPRmt, such as Hsp60 are decreased in insulin-resistant mice brains as well as mouse models deficient for insulin signaling highlighting the importance of functional brain-specific insulin signaling for the regulation of the UPRmt [own observation and (7)]. To further strengthen this point, reduced levels of Hsp60 were found in brain samples of type 2 diabetic patients, which caused mitochondrial dysfunction and brain IR (7).

Taking all into account, we here propose that the disruption of the mitochaperone network induces mitochondrial dysfunction in the brain. This process can trigger brain IR, which alters food intake, induces obesity, and thus affects overall metabolism (41) (Figure 1). The following chapters are intended to provide an overview on the current knowledge and how it contributed to formulate our hypothesis. We here provide evidence on how chaperones are crucial players for mitostasis and brain insulin sensitivity and on how their impairment leads to mitochondrial dysfunction and may link neurodegenerative and metabolic diseases.


[image: image1]

FIGURE 1 | The central role of chaperones in mitochondrial protein homeostasis. In the brain, mitochondria are kept under optimal functional conditions by employing two major mitochondria homeostasis (mitostasis) processes, (re)folding and degradation. Under tight regulation and concerted action these processes avoid the accumulation of different types of damage such as ROS, mitochondrial DNA mutations or misfolded/aggregated proteins known to promote mitochondrial dysfunction. Moreover, a mild increase in the level of misfolded proteins triggers the UPRmt response that quickly helps to establish mitostasis. In the brain, under these conditions, chaperones promote mitochondrial function keeping the brain and whole body in an insulin sensitive state. In contrast, if refolding or degradation processes become impaired due to the loss of mitochondrial chaperones expression or activity this results in misfolded and aggregated protein accumulation. This detrimental state leads to oxidative stress that can affect mitochondrial function and thus brain metabolism. A likely consequence is the resistance to insulin not only initially in the brain but also to peripheral tissues later on, abrogating whole body metabolic homeostasis. This metabolic shift is a likely percursor for aging, neurodegenerative and metabolic diseases progression, and establishment. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License.



CHAPERONES AS MITOSTASIS KEEPERS

Sources of Mitochondrial Protein Misfolding

Upon mitochondrial dysfunction, it is not surprising that brain cells enter an energy and function deficit. The reasons that promote mitochondrial dysfunction over time or under metabolic dysregulation are now starting to be unraveled.

Evidence suggests that the main reasons may be the exacerbated ROS production and/or mitochondrial DNA (mtDNA) mutations that affect directly or indirectly the proteome of the mitochondria (hereafter referred as mitoproteome). Nowadays, it is clear that mitochondrial dysfunction is a hallmark of tissue aging and the brain is clearly to be included (46, 47); however, it remains unclear if during aging mitochondrial dysfunction is a cause or consequence that triggers the process (48). Regardless of which, mitochondria impact brain aging and metabolism. In fact, mitochondrial ROS leakage was proposed in the 1980s and later updated as the cause of aging itself, as the “mitochondrial free radical theory of aging” postulates (49). All tissues, although with different severity, seem to be affected. The brain is no exception in how the effects of mitochondrial dysfunctional on organ function is concerned. In fact, functional neuroimaging studies have shown that hypometabolism and mitochondrial dysfunction are early hallmarks of age-related modifications during brain aging and during the progression of age-related brain diseases (50–52).

In the brain, mitochondria are widely believed to be the main cellular source for the production of ROS, especially by complex I and III electron leakage, which generates superoxide anion after an incomplete water molecule reduction (53). During aging the leakage is intensified and the risk for molecule damage increases. For example, due to its localization, mtDNA is one of the primary targets which may lead to mutations and generate faulty electron transport chain (ETC) proteins contributing to cellular dysfunction. Moreover, the mitoproteome might be directly affected by ROS attack, which often results in protein carbonylation (54). This type of oxidative modification is an irreversible non-enzymatic event, which can result in protein unfolding, exposure of the usually concealed hydrophobic core and, therefore, protein aggregation (54).

Regarding ROS-independent mtDNA alterations, mutations and deletions caused by rearrangements in the mitochondria accumulate over time and account, at least in part, for the age-associated decline (55). mtDNA mutations have been shown to occur in the brain’s cortex and substantia nigra during aging and Parkinson’s disease development (56). However, although ROS- and mtDNA mutations-mediated protein misfolding are undoubtedly important, there are many other factors that contribute to protein misfolding such as errors in mitochondrial or cytosolic protein translation and also disrupted stoichiometry in ETC complex assembly. Remarkably, the simple fact that most of the mitochondrial proteins are nuclear-encoded that need to be translated in the cytoplasm and imported into the mitochondria in an unfolded state reinforces the necessity of a specialized group of nuclear encoded-proteins named molecular chaperones (57).

Chaperone–Dependent Mitostasis

Molecular chaperones are crucial to assure mitochondrial proteostasis (hereafter referred as mitostasis). They can be grouped into Hsp70, Hsp90, DNAJ/Hsp40, chaperonin/Hsp60, and small heat shock protein (sHsp) families (58). The mechanism of action of each chaperone is complex and may result from individual chaperone action or in combination with co-chaperones that regulate their interaction and activity with client proteins (59). In fact, co-chaperones play a key role as well, shown for example by mtHsp70 co-chaperones such as HSC20, which enables mtHsp90 peptide binding activity (60) and DNAJA3 (also named TID1) that helps to prevent complex I aggregation and takes part in mtDNA maintenance (61). Moreover, another chaperone named Mdj1p has been shown to be involved not only in protein folding but also in mitochondrial biogenesis showing that the same chaperone can have different mitochondrial tasks. However, whether a homolog protein with similar functions is also present in mammalian cells still needs validation (62).

The nature of each specific interaction between these formed complexes can result in a wide range of outcomes for the client protein such as folding, disaggregation, degradation, or trafficking within the cell (59) (Figure 2).
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FIGURE 2 | The mitochondrial chaperones localization. Due to the elevated mitochondrial activity in each compartment, it becomes necessary to employ mitochondrial chaperones to ensure proper function. The localization of several chaperones and co-chaperones and their association with several of their targets is shown. Each chaperone or co-chaperone is placed in different mitochondrial compartments such as outer membrane (OM), inner membrane (IM), intermembrane space (IMS), and the matrix according to their main function. From the cytosol to the OM, Hsp90 assists the delivery of to-be-imported proteins to the mitochondrial translocase Tom70. Within the IMS, several chaperones such as HtrA2 allow unfolded proteins to translocate from OM to the IM and avoid degradation. On the IM reside the electron transport chain (ETC) proteins, so there are several IM chaperones that have the ability to bind and guarantee proper folding and function to ETC complexes such as NDUFAF1 and FAD-dependent oxidoreductase-containing domain 1, which bind to NADH:ubiquinone oxidoreductase (complex I). Moreover, COX17p binds to cytochrome C oxidase (complex IV) and helps with its assembly. It is however on the matrix that most of the mitochondrial chaperones or co-chaperones are localized. For example, the chaperone heat shock protein 60 cooperates with its co-chaperone Hsp10 in order to promote correct protein folding. The mtHsp70 and its co-chaperone HSC20 help to promote protein folding and avoid protein aggregation, a detrimental feature that leads to mitochondrial dysfunction. Other chaperones exhibit more than one task. This is the case of DNAJA3, a chaperone that avoids complex I aggregation but is also able to assist mitochondrial DNA maintenance. Other crucial processes such as mitochondrial protein synthesis rely on a proper mitoribosome assembly, a task that is employed by the RNA chaperone ERAL1. In order to keep mitochondria homeostasis—besides correct (re)folding and synthesis—protein degradation is also mandatory. To this effect, mitochondria have proteases such ClpP and ClpX that play a role in degrading no longer required, misfolded, or damaged proteins, and ClpB mainly as a chaperonin and a disaggregase. The conformational display of each protein or complex and binding layout is merely illustrative.



Within the mitochondria, there are four different compartments where protein folding and assembly take place: the outer (OM) and inner membrane (IM), the intermembrane space (IMS), and the matrix. During stress, each compartment must be scanned in order to avoid misfolded protein accumulation (63). In order to maintain mitostasis, in the different compartments, different molecular chaperones must take action accordingly.

In the OM

For example, for the OM, evidence shows that Hsp70 and Hsp90 are necessary for proper protein folding. This is not surprising since the OM is in close contact with the cytosol and as mentioned above, most of the mitoproteome needs to be imported into the mitochondria in an unfolded state, increasing the risk for aggregation. These chaperones hold the to-be-imported proteins in an unfolded (but soluble) state until they are delivered to the mitochondrial OM import translocase Tom 70 (64). Interestingly, Hsp70 and Hsp90 have mitochondrial homologs named Mortalin (mtHsp70) and tumor necrosis factor receptor-associated protein 1 (TRAP1), respectively (65).

Moreover, mitochondrial dysfunction can induce cytosolic chaperone expression. One striking example shows that alteration in mitochondrial ceramide biosynthesis pathway triggers, either by genetic or pharmacological inhibition of carnitine palmitoyltransferase activity, the induction of chaperones (66). Another example shows that silencing of mtHsp70 in mammalian models of polyglutamine aggregates, typically seen in Huntington’s disease, leads to the activation of UPRmt, resulting in restoration of cellular proteostasis, diminishment of protein aggregates and finally amelioration of mitochondrial damage (66).

The UPRmt can be triggered not only by loss of mitostasis but also when the nuclear- encoded mitochondrial protein expression is not balanced which generates stress to the cell (67, 68). Interestingly, stress responses have the ability to restore proteostasis intra- and inter-cellularly. A striking example comes from the nematode C. elegans, in which genetic disturbance of the thermosensory neurons modulates the whole organism’s response to acute or chronic stress (69, 70).

Besides chaperones, mitostasis is also maintained by damage removal pathways. This includes both the degradation of whole mitochondria by mitophagy and a set of intramitochondrial proteases. Both systems respond to stress and act in a concerted action (71). Mitostasis is also achieved by regulated protein turnover mainly performed by Lon protease (LonP) or ClpP and its partner chaperone ClpX. In fact, their function is so important for mitostasis that deficiency of ClpP causes upregulation of mitochondrial chaperones and alters tissue-specific metabolism (38, 40). Deficiency of another protease ClpB leads to progressive brain atrophy in vivo and to inhibition of mitochondrial network restoration in vitro highlighting the importance of proper mitostasis (Table 1). Again this process seems to be regulated specifically by a chaperone, the cytosolic Hsp90 which has the ability to modulate mitochondrial protein turnover. Thus, the inhibition of Hsp90 leads to a decrease in the degradation of mono- and polyubiquitinated ATP5o, a subunit of ATP synthase, and promotes alterations in the mitochondria morphology which can lead to mitostasis breakdown (72, 73). Moreover, either by mutations in Parkin, an E3 ubiquitin ligase, or by the loss of function of PINK1 (a mitochondrial surface protein target for Parkin), a decrease in neuronal mitophagy is observed and known to directly promote the progression of PD (74, 75). Adding to this, PD patients display augmented IR (76, 77). Taken together, the evidence implies that mitostasis is necessary to maintain insulin sensitivity in the brain.

TABLE 1 | Chaperones and mitochondrial dysregulation in neurodegenerative and metabolic disease(s).
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In the IM

Proteins of the ETC reside in the IM, which is therefore a critical mitochondrial sub-localization requiring exquisite protein quality control. In fact, the assembly of complex I seems to be highly coordinated by IM chaperones such as NADH:ubiquinone oxidoreductase complex assembly factor 1 (NDUFAF1) (104). In addition, the chaperone FAD-dependent oxidoreductase-containing domain 1 (FOXRED1) seems to be crucial for the correct assembly of complex I and II as its mutation results in cell-type-specific assembly defects of these complexes (105). Interestingly, defects in complex I are overrepresented in PD and aging (106, 107) and can contribute to mitochondrial-mediated oxidative stress, which is highly involved in the establishment of IR (108–110), reinforcing the point that mitostasis is crucial to neuronal health.

In the IMS

In the IMS, there are several small proteins that can partially act as chaperones allowing unfolded proteins to translocate from OM to the IM and avoid off-pathways such as degradation (111). One of these proteins is the high temperature requirement A2 (HtrA2 or Omi), which possesses the common chaperone’s ability to bind hydrophobic residues by the use of its C-terminal PZD domain (112) and exhibits proteolytic activity (113). In fact, targeted deletion of HtrA2 gene, Prss25, leads to the loss of a population of neurons in the corpus striatum, resulting in a neurodegenerative disorder with parkinsonian features (113).

In the Matrix

The matrix hosts several critical cellular processes such as protein synthesis, tricarboxylic acid cycle, or fatty acid oxidation, and it becomes clear that molecular overcrowding is likely to happen. To ensure mitostasis at the matrix level, cells employ mainly two chaperone systems the mtHsp70 and the Hsp60/10 complexes (114–117). In recent years, the importance of Hsp60 as a mitostasis keeper has been evidenced and reviewed extensively. Hsp60 has been shown to be crucial in delaying metabolic complications and age-related diseases. Remarkably, long lived mammals and birds express higher levels of Hsps (118), clearly showing their role in life maintenance. By displaying an essential role on maturation and maintenance of mitoproteome, it becomes intimately associated with energy production and thus regulation of metabolism. For example, a key process for mitochondrial homeostasis is the regulation of its protein synthesis which depends, among several other critical steps, on mitochondrial ribosomal formation. This is achieved by the RNA chaperone ERAL1, which is associated with the formation of the 28S small mitochondrial ribosome, and it plays such an important role that its depletion results in mitochondrial dysfunction and growth retardation (91).

As a conclusion and to support the view on the dependence of molecular chaperones on ensuring mitostasis, their dysregulation is linked to protein aggregation seen in neurodegenerative diseases (119) and aging (57, 120). In metabolic complications such as diabetes or IR (121, 122), altered mitostasis can be a consequence of chaperone machinery dysregulation (7).

Evidence from Carvalho et al. (123) showed “metabolic alterations induced by sucrose intake and Alzheimer’s disease promote similar brain mitochondrial abnormalities,” in which the authors described many resembling features such changes in the respiratory chain and oxidative phosphorylation, dysregulation of calcium content, and morphological abnormalities. Strikingly, sucrose-treated wild-type mice presented a significant increase in amyloid β (Aβ) protein levels, which is a very well established hallmark of AD and also IR. Moreover, another study shows that the loss of the co-chaperone DNAJC3 leads to T2D and massive neurodegeneration (124). Taking all into account, the correlation between mitochondrial dysfunction, chaperone/misfolded protein complex disruption, IR and brain impairment, emerge from these data. Therefore, the common features such as protein misfolding, aggregation, and IR are shared between AD and T2D (119), but more research is needed to tease out the importance and contribution of altered mitostasis in brain diseases. Though not in the brain but in white adipose tissue, rats under HFD have lower levels of Hsp60 and glucose intolerance (125), which may be a consequence of increased mitochondrial protein misfolding and thus dysfunction.

THE SPECIAL CASE OF CHAPERONES AS REGULATORS OF CENTRAL INSULIN SENSITIVITY

Importance of Insulin Sensitivity in the Brain and Consequences in Peripheral Tissues

Insulin signaling in the brain does not only regulate food intake and energy expenditure but also improves cognitive function (126, 127). Consistently, IR has been shown to contribute to hyperphagia and obesity (39) but as well as to comorbidities like neurodegenerative diseases and neurological alterations such as mood disorders (128, 129). In addition to insulin action on brain function, central insulin sensitivity impacts peripheral tissues and contributes to overall IR (41, 130, 131). Insulin in the brain suppresses liver glucose production partly through the stimulation of STAT3 tyrosine phosphorylation showing the tightly regulated brain-liver control (132). Hypothalamic insulin signaling is further needed for regulation of food intake and glucose uptake in peripheral organs as well as lipogenesis in adipose tissue via POMC insulin receptor action (133, 134). It has been shown that insulin regulates protein synthesis via the activation of mechanistic target of rapamycin (135). To ensure protein homeostasis and thus functional insulin signaling in the brain, a tightly regulated cluster of stress proteins like Hsps and proteases seems to be needed, which are part of the UPRmt. The protective role of Hsps mostly resides in their capacity to repair protein damage and denaturation (136, 137).

Mitochondrial Chaperones As Regulators of Brain Insulin Sensitivity

The most prominent and well characterized stress proteins belong to the Hsp70 family with at least 11 different isoforms in the various compartments of the cell. The inducible Hsp70 is ubiquitously expressed and a highly conserved chaperone, localized in the cytosol and can be induced by heat, oxidative stress or by changes in the pH (138, 139). It has been shown that Hsp70 is a neuroprotective protein upregulated in the cortical brain of mice by alternate day fasting to ensure neuronal plasticity (139). Neuronal plasticity and neurogenesis can be negatively influenced by hippocampal IR (140) and so, neuronal insulin sensitivity is crucial for appropriate brain function. In addition, a recent study showed that intranasally administered Hsp70 improves insulin sensitivity in a diet-induced diabetic mouse model. This non-invasive procedure of administration of a highly abundant and easily producible therapeutic target like the chaperone Hsp70 could be a potential new treatment for diabetes (141). The mitochondrial member of the Hsp70 family, mtHsp70, encoded by the gene Hspa9 is also designated as mitochondrial chaperone glucose-regulated protein75 (Grp75) or mortalin. A study by Voloboueva et al. showed that overexpressing Grp75 in microglial BV-2 cells attenuated lipopolysaccharide-mediated inflammatory response and protects mitochondrial function (142). Strikingly, transient induction via heat shock as well as constitutively overexpressing hsp70F—a homolog of mtHsp70—in C. elegans extends life span (143). The extension of life span was also achieved in Drosophila melanogaster by the upregulation of Hsp70 via heat shock (144). Longevity is known to be associated with improved insulin signaling in humans (145). In addition, Grp75 is crucial for the formation of mitochondria-associated ER membranes (MAM) and altered MAM formation has been shown to induce IR (146). Protecting functional mitochondria is an important part of ensuring insulin sensitivity in the brain since mitochondrial dysfunction induces insulin and leptin resistance (7, 9, 147). Functional mitochondria rely on dynamic networks alternating between fusion and fission states. Under nutrient excess in HFD, these organelles undergo fission to form fragmented mitochondria to prevent excessive ATP synthesis (148). This process is mediated by DRP1 and its increased expression is sufficient to induce IR (43, 148). Additionally, the mitochondrial TRAP1—also called the mitochondrial Hsp90—plays an important role in the maintenance of mitostasis by using its antioxidant capacity as well as the regulation of mitophagy and mitochondrial dynamics (84–86). Reduced expression of TRAP1 has been linked to pathologies like PD and ischemic damage (Table 1). In contrast, TRAP1-KO in older mice leads to reduced weight and reduced glucose levels indicative of increased insulin sensitivity, which may be explained by increased fatty acid oxidation in these mice (87). Hence, changing mitochondrial chaperone activity and targeting mitochondrial dynamics is a promising therapeutic approach for increasing insulin sensitivity and controlling body weight.

A rather interesting mammalian copper chaperone, COX17p, is crucial for cytochrome c (COX) activity, however, not for other ETC complex subunits. Thus, in its absence, copper cannot be delivered to the mitochondria and this deficiency leads to disassembly of COX (149). Mutations in human COX17p lead to severe COX deficiency along with hypertrophic cardiomyopathy (102). COX deficiency is known to induce mitochondrial dysfunction and lead to accelerated apoptotic cell death by the upregulation of ceramide synthase 6 (CerS6) in response to oxidative stress (150). It has been shown that obesity is also able to induce CerS6 in adipose tissue of obese patients, which has been implicated in reduced insulin sensitivity and weight gain due to increased ceramide production (151). Whether this is might occur in brain remains unknown, but it indicates that a reduction of COX17p can induce brain IR. Taken together, it shows that regulating mitochondrial function can be a therapeutic approach of treating obesity-induced IR. We observed reduced expression of Hsp60 and 10 in T2D mice, which can cause mitochondrial dysfunction and hypothalamic IR [(7) and own observations]. Hsp60 and its co-chaperone Hsp10 are required for folding nuclear-encoded mitochondrial matrix proteins and are key players of the UPRmt by propagating ATP-dependent refolding of misfolded proteins. This mitochondria-to-nuclear signal transduction pathway can induce mitochondrial protective genes including the chaperones itself as well as mitochondrial proteases such as the LonP and the serine protease complex ClpP to restore cellular homeostasis (152). Mitochondrial protein aggregates activate c-Jun kinase (JNK) and its downstream transcription factor c-Jun (153), a kinase which induces IR (154). To highlight the importance of JNK-signaling for the development of IR, it has been shown that HFD-fed mice with inactivated JNK in the hypothalamus show overall improved insulin sensitivity in the brain as well as peripheral tissue (155).

Interestingly, apart from their classical function, mitochondrial chaperones can be found extracellularly in stressed condition and exert a pro-inflammatory response. Toll-like receptor 2 and 4 can be activated by host-derived Hsps including Hsp60 and Hsp70 resulting in increased cytokine production (156, 157). In the case of Hsp60, this can even lead to neurodegeneration via neuronal cell death and demyelination of the cerebral cortex as well as dopaminergic cell death during PD (158, 159). This shows that Hsps released from damaged cells are implemented in an inflammatory response and neuronal cell death. Taken together, both the reduction in the mitochondria as well as the release of Hsps can be detrimental to neurons.

In conclusion, functional mitochondria along with proper regulation of UPRmt are crucial for healthy brain function and metabolism and can ensure brain insulin sensitivity.

Many features of brain alterations observed during age-related neurodegenerative diseases are also observed in metabolic diseases pointing to common origins. In fact, some studies have shown that diabetic patients exhibit an increased risk of developing PD, AD, and IR (160–164). The common molecular underlying reason may evolve around mitochondrial dysfunction. The development and progression of PD and T2D shows mitochondrial dysfunction accompanied by an increase in oxidative stress and neuroinflammation (13). Since a hallmark of neurodegenerative diseases is the loss of (mito)proteostasis leading to the accumulation of aggregated proteins in the brain and in neurons (165), it is not surprising that its origin may underlie in mitochondrial dysfunction triggered by the disruption of the mitochaperone network followed by increased ROS formation which ultimately leads to protein carbonylation and aggregation. Along this line, aggregates are seen in most of neurodegenerative diseases, this includes the accumulation of Aβ and hyperphosphorylated tau in AD (166), the accumulation of synuclein in PD (167) or of the mutant form of the huntingtin protein in HD (168). Hyperphosphorylated tau has been also observed in brains of insulin receptor deficient mice (169).

Another type of mitochondrial dysfunction is shown by the disturbance of the mitophagy process which is found in PD. The accumulation of misfolded matrix proteins on healthy mitochondria induces PINK1/Parkin mediated mitophagy (30). This PINK1/Parkin complex seems to be disrupted leading to the accumulation of malfunctioning mitochondria and is linked to PD (170). Additionally, Parkin loss was also observed in brains of db/db and HFD mice (171).

But besides the impairment of protein degradation machineries by mutations, e.g., of LonP and ClpP (172), also the chaperone system can be compromised, as mutations of Hsp60 are implicated in hereditary spastic paraplegia (34). Furthermore, a discovered missense mutation of the Hspe1 gene (coding for Hsp10) has been associated with neurodegeneration (79) and thus likely to metabolic complications as well. Interestingly, reduction of these proteins also alter metabolism.

Moreover, in AD a downregulation of the Hsp70 family member, HspA9 was found (mtHsp70) (173). More evidence for this perspective originates from Hsp60 inhibition which results in Aβ-induced disturbance of complex IV assembly and therefore, indicating a role in the mitochondrial stress response against the proteotoxic stress in AD (174).

A mutation of the HtrA2 gene is associated with Parkinson’s disease (175). Interestingly, a knockout mutation of the Htra2/Omi gene in mouse leads to neuromuscular changes similar to PD (176), while cellular studies revealed that HtrA2 knockout leads to mitochondrial dysfunction, accumulation of unfolded proteins, enhanced CHOP expression and increased ROS production (177), features also seen in metabolic disorders. In HD, mitochondrial bioenergetics and dynamics are affected by the pathological state, mitochondrial phenotypes which have been observed in brains of obese mice. However, to which extend mitochondrial chaperones are affected under this disease remains unclear and requires further investigation.

CONCLUSION

Mitochondrial chaperones are crucial players for mitochondrial protein synthesis, protein folding, energy production, regulation of ROS and ion homeostasis (Figure 1). Age-related neurodegenerative and metabolic diseases show defects on mitostasis and chaperone expression/activity, which points to a common molecular origin.

In this perspective paper, we provided evidence that brain mitochondrial dysfunction is a likely result from the disruption of the mitochaperone network affecting brain insulin sensitivity. This shift in brain metabolism contributes to the development of aging, age-related and metabolic diseases.

We therefore postulate that a dysregulation of the mitochaperone network directly affects brain function and insulin sensitivity, acting as a percursor event for the development of neurodegenerative and especially metabolic diseases. To gain more insights into this complex interaction, more research needs to focus on the interplay of mitochondrial chaperone activity in the brain and subsequent alterations in brain function and metabolism, in order to fully understand the process between mitochaperone disruption in the brain and the development of metabolic diseases.

In conclusion, supporting mitochaperone function in metabolic and neurodegenerative diseases can improve brain insulin signaling as well as metabolism and represents a novel strategy to improve neuronal health and metabolism contributing to healthy aging.

AUTHOR CONTRIBUTIONS

JC and AK formulated the hypothesis and structure. JC, KW, TG, and AK wrote the manuscript. JC and AK prepared the figures. KW prepared the table. JC, KW, and AK revised and proofread the manuscript.

FUNDING

The work was supported by the Deutsche Forschungsgemeinschaft (DFG) grant project KL 2399/4-1 to AK and Gr1240/16-1 to TG and Gr1240/18-1 to JC. AK was also supported by the Federal Ministry of Education and Research (German Center for Diabetes Research, Grants No. 01GI092).

REFERENCES

1. Shetty PK, Galeffi F, Turner DA. Cellular links between neuronal activity and energy homeostasis. Front Pharmacol (2012) 3:43. doi:10.3389/fphar.2012.00043

2. Iwahara T, Bonasio R, Narendra V, Reinberg D. SIRT3 functions in the nucleus in the control of stress-related gene expression. Mol Cell Biol (2012) 32(24):5022–34. doi:10.1128/MCB.00822-12

3. Scher MB, Vaquero A, Reinberg D. SirT3 is a nuclear NAD+-dependent histone deacetylase that translocates to the mitochondria upon cellular stress. Genes Dev (2007) 21(8):920–8. doi:10.1101/gad.1527307

4. Golpich M, Amini E, Mohamed Z, Azman Ali R, Mohamed Ibrahim N, Ahmadiani A. Mitochondrial dysfunction and biogenesis in neurodegenerative diseases: pathogenesis and treatment. CNS Neurosci Ther (2017) 23(1):5–22. doi:10.1111/cns.12655

5. Wallace DC. A mitochondrial paradigm of metabolic and degenerative diseases, aging, and cancer: a dawn for evolutionary medicine. Annu Rev Genet (2005) 39:359–407. doi:10.1146/annurev.genet.39.110304.095751

6. Lowell BB, Shulman GI. Mitochondrial dysfunction and type 2 diabetes. Science (2005) 307(5708):384–7. doi:10.1126/science.1104343

7. Kleinridders A, Lauritzen HP, Ussar S, Christensen JH, Mori MA, Bross P, et al. Leptin regulation of Hsp60 impacts hypothalamic insulin signaling. J Clin Invest (2013) 123(11):4667–80. doi:10.1172/JCI67615

8. Dietrich MO, Liu ZW, Horvath TL. Mitochondrial dynamics controlled by mitofusins regulate Agrp neuronal activity and diet-induced obesity. Cell (2013) 155(1):188–99. doi:10.1016/j.cell.2013.09.004

9. Schneeberger M, Dietrich MO, Sebastián D, Imbernón M, Castaño C, Garcia A, et al. Mitofusin 2 in POMC neurons connects ER stress with leptin resistance and energy imbalance. Cell (2013) 155(1):172–87. doi:10.1016/j.cell.2013.09.003

10. Raza H, John A, Howarth FC. Increased oxidative stress and mitochondrial dysfunction in Zucker diabetic rat liver and brain. Cell Physiol Biochem (2015) 35(3):1241–51. doi:10.1159/000373947

11. Calabrese V, Scapagnini G, Giuffrida Stella AM, Bates TE, Clark JB. Mitochondrial involvement in brain function and dysfunction: relevance to aging, neurodegenerative disorders and longevity. Neurochem Res (2001) 26(6):739–64. doi:10.1023/A:1010955807739

12. Biessels GJ, van der Heide LP, Kamal A, Bleys RL, Gispen WH. Ageing and diabetes: implications for brain function. Eur J Pharmacol (2002) 441(1–2):1–14. doi:10.1016/S0014-2999(02)01486-3

13. Santiago JA, Potashkin JA. Shared dysregulated pathways lead to Parkinson’s disease and diabetes. Trends Mol Med (2013) 19(3):176–86. doi:10.1016/j.molmed.2013.01.002

14. Belanger M, Allaman I, Magistretti PJ. Brain energy metabolism: focus on astrocyte-neuron metabolic cooperation. Cell Metab (2011) 14(6):724–38. doi:10.1016/j.cmet.2011.08.016

15. Almeida A, Almeida J, Bolanos JP, Moncada S. Different responses of astrocytes and neurons to nitric oxide: the role of glycolytically generated ATP in astrocyte protection. Proc Natl Acad Sci U S A (2001) 98(26):15294–9. doi:10.1073/pnas.261560998

16. Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe S, et al. An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral cortex. J Neurosci (2014) 34(36):11929–47. doi:10.1523/JNEUROSCI.1860-14.2014

17. Misgeld T, Schwarz TL. Mitostasis in neurons: maintaining mitochondria in an extended cellular architecture. Neuron (2017) 96(3):651–66. doi:10.1016/j.neuron.2017.09.055

18. Le Masson G, Przedborski S, Abbott LF. A computational model of motor neuron degeneration. Neuron (2014) 83(4):975–88. doi:10.1016/j.neuron.2014.07.001

19. Lutas A, Birnbaumer L, Yellen G. Metabolism regulates the spontaneous firing of substantia nigra pars reticulata neurons via KATP and nonselective cation channels. J Neurosci (2014) 34(49):16336–47. doi:10.1523/JNEUROSCI.1357-14.2014

20. Newman EA. Glial cell inhibition of neurons by release of ATP. J Neurosci (2003) 23(5):1659–66. doi:10.1523/JNEUROSCI.23-05-01659.2003

21. Rose J, Brian C, Woods J, Pappa A, Panayiotidis MI, Powers R, et al. Mitochondrial dysfunction in glial cells: implications for neuronal homeostasis and survival. Toxicology (2017) 391:109–15. doi:10.1016/j.tox.2017.06.011

22. Cassina P, Cassina A, Pehar M, Castellanos R, Gandelman M, de León A, et al. Mitochondrial dysfunction in SOD1G93A-bearing astrocytes promotes motor neuron degeneration: prevention by mitochondrial-targeted antioxidants. J Neurosci (2008) 28(16):4115–22. doi:10.1523/JNEUROSCI.5308-07.2008

23. Egea J, Fabregat I, Frapart YM, Ghezzi P, Görlach A, Kietzmann T, et al. European contribution to the study of ROS: a summary of the findings and prospects for the future from the COST action BM1203 (EU-ROS). Redox Biol (2017) 13:94–162. doi:10.1016/j.redox.2017.05.007

24. Dias V, Junn E, Mouradian MM. The role of oxidative stress in Parkinson’s disease. J Parkinsons Dis (2013) 3(4):461–91. doi:10.3233/JPD-130230

25. Berthet A, Margolis EB, Zhang J, Hsieh I, Zhang J, Hnasko TS, et al. Loss of mitochondrial fission depletes axonal mitochondria in midbrain dopamine neurons. J Neurosci (2014) 34(43):14304–17. doi:10.1523/JNEUROSCI.0930-14.2014

26. Merkwirth C, Martinelli P, Korwitz A, Morbin M, Brönneke HS, Jordan SD, et al. Loss of prohibitin membrane scaffolds impairs mitochondrial architecture and leads to tau hyperphosphorylation and neurodegeneration. PLoS Genet (2012) 8(11):e1003021. doi:10.1371/journal.pgen.1003021

27. Lee J, Giordano S, Zhang J. Autophagy, mitochondria and oxidative stress: cross-talk and redox signalling. Biochem J (2012) 441(2):523–40. doi:10.1042/BJ20111451

28. Ryan BJ, Hoek S, Fon EA, Wade-Martins R. Mitochondrial dysfunction and mitophagy in Parkinson’s: from familial to sporadic disease. Trends Biochem Sci (2015) 40(4):200–10. doi:10.1016/j.tibs.2015.02.003

29. Quintanilla RA, Johnson GV. Role of mitochondrial dysfunction in the pathogenesis of Huntington’s disease. Brain Res Bull (2009) 80(4–5):242–7. doi:10.1016/j.brainresbull.2009.07.010

30. Jin SM, Youle RJ. The accumulation of misfolded proteins in the mitochondrial matrix is sensed by PINK1 to induce PARK2/Parkin-mediated mitophagy of polarized mitochondria. Autophagy (2013) 9(11):1750–7. doi:10.4161/auto.26122

31. Haynes CM, Ron D. The mitochondrial UPR – protecting organelle protein homeostasis. J Cell Sci (2010) 123(Pt 22):3849–55. doi:10.1242/jcs.075119

32. Damiano M, Galvan L, Deglon N, Brouillet E. Mitochondria in Huntington’s disease. Biochim Biophys Acta (2010) 1802(1):52–61. doi:10.1016/j.bbadis.2009.07.012

33. Magen D, Georgopoulos C, Bross P, Ang D, Segev Y, Goldsher D, et al. Mitochondrial hsp60 chaperonopathy causes an autosomal-recessive neurodegenerative disorder linked to brain hypomyelination and leukodystrophy. Am J Hum Genet (2008) 83(1):30–42. doi:10.1016/j.ajhg.2008.05.016

34. Hansen JJ, Dürr A, Cournu-Rebeix I, Georgopoulos C, Ang D, Nielsen MN, et al. Hereditary spastic paraplegia SPG13 is associated with a mutation in the gene encoding the mitochondrial chaperonin Hsp60. Am J Hum Genet (2002) 70(5):1328–32. doi:10.1086/339935

35. Hashimoto M, Rockenstein E, Crews L, Masliah E. Role of protein aggregation in mitochondrial dysfunction and neurodegeneration in Alzheimer’s and Parkinson’s diseases. Neuromolecular Med (2003) 4(1–2):21–36. doi:10.1385/NMM:4:1-2:21

36. Cooper JF, Machiela E, Dues DJ, Spielbauer KK, Senchuk MM, Van Raamsdonk JM. Activation of the mitochondrial unfolded protein response promotes longevity and dopamine neuron survival in Parkinson’s disease models. Sci Rep (2017) 7(1):16441. doi:10.1038/s41598-017-16637-2

37. Tian Y, Garcia G, Bian Q, Steffen KK, Joe L, Wolff S, et al. Mitochondrial stress induces chromatin reorganization to promote longevity and UPR(mt). Cell (2016) 165(5):1197–208. doi:10.1016/j.cell.2016.04.011

38. Bhaskaran S, Pharaoh G, Ranjit R, Murphy A, Matsuzaki S, Nair BC, et al. Loss of mitochondrial protease ClpP protects mice from diet-induced obesity and insulin resistance. EMBO Rep (2018) 19(3). doi:10.15252/embr.201745009

39. Brüning JC, Gautam D, Burks DJ, Gillette J, Schubert M, Orban PC, et al. Role of brain insulin receptor in control of body weight and reproduction. Science (2000) 289(5487):2122–5. doi:10.1126/science.289.5487.2122

40. Becker C, Kukat A, Szczepanowska K, Hermans S, Senft K, Brandscheid CP, et al. CLPP deficiency protects against metabolic syndrome but hinders adaptive thermogenesis. EMBO Rep (2018):e45126. doi:10.15252/embr.201745126

41. Kleinridders A, Ferris HA, Cai W, Kahn CR. Insulin action in brain regulates systemic metabolism and brain function. Diabetes (2014) 63(7):2232–43. doi:10.2337/db14-0568

42. Lin YF, Schulz AM, Pellegrino MW, Lu Y, Shaham S, Haynes CM. Maintenance and propagation of a deleterious mitochondrial genome by the mitochondrial unfolded protein response. Nature (2016) 533(7603):416–9. doi:10.1038/nature17989

43. Filippi BM, Abraham MA, Silva PN, Rasti M, LaPierre MP, Bauer PV, et al. Dynamin-related protein 1-dependent mitochondrial fission changes in the dorsal vagal complex regulate insulin action. Cell Rep (2017) 18(10):2301–9. doi:10.1016/j.celrep.2017.02.035

44. Lappalainen Z, Lappalainen J, Oksala NK, Laaksonen DE, Khanna S, Sen CK, et al. Exercise training and experimental diabetes modulate heat shock protein response in brain. Scand J Med Sci Sports (2010) 20(1):83–9. doi:10.1111/j.1600-0838.2008.00872.x

45. Houtkooper RH, Mouchiroud L, Ryu D, Moullan N, Katsyuba E, Knott G, et al. Mitonuclear protein imbalance as a conserved longevity mechanism. Nature (2013) 497(7450):451–7. doi:10.1038/nature12188

46. Boveris A, Navarro A. Brain mitochondrial dysfunction in aging. IUBMB Life (2008) 60(5):308–14. doi:10.1002/iub.46

47. Navarro A, Boveris A. Brain mitochondrial dysfunction in aging, neurodegeneration, and Parkinson’s disease. Front Aging Neurosci (2010) 2:34. doi:10.3389/fnagi.2010.00034

48. Hipkiss AR. Mitochondrial dysfunction, proteotoxicity, and aging: causes or effects, and the possible impact of NAD+-controlled protein glycation. Adv Clin Chem (2010) 50:123–50. doi:10.1016/S0065-2423(10)50007-6

49. Miquel J. An update on the oxygen stress-mitochondrial mutation theory of aging: genetic and evolutionary implications. Exp Gerontol (1998) 33(1–2):113–26. doi:10.1016/S0531-5565(97)00060-0

50. de Leon MJ, Ferris SH, George AE, Reisberg B, Christman DR, Kricheff II, et al. Computed tomography and positron emission transaxial tomography evaluations of normal aging and Alzheimer’s disease. J Cereb Blood Flow Metab (1983) 3(3):391–4. doi:10.1038/jcbfm.1983.57

51. Small GW, Ercoli LM, Silverman DH, Huang SC, Komo S, Bookheimer SY, et al. Cerebral metabolic and cognitive decline in persons at genetic risk for Alzheimer’s disease. Proc Natl Acad Sci U S A (2000) 97(11):6037–42. doi:10.1073/pnas.090106797

52. Mosconi L, De Santi S, Li J, Tsui WH, Li Y, Boppana M, et al. Hippocampal hypometabolism predicts cognitive decline from normal aging. Neurobiol Aging (2008) 29(5):676–92. doi:10.1016/j.neurobiolaging.2006.12.008

53. Turrens JF. Mitochondrial formation of reactive oxygen species. J Physiol (2003) 552(Pt 2):335–44. doi:10.1113/jphysiol.2003.049478

54. Höhn A, Weber D, Jung T, Ott C, Hugo M, Kochlik B, et al. Happily (n)ever after: aging in the context of oxidative stress, proteostasis loss and cellular senescence. Redox Biol (2017) 11:482–501. doi:10.1016/j.redox.2016.12.001

55. Larsson NG. Somatic mitochondrial DNA mutations in mammalian aging. Annu Rev Biochem (2010) 79:683–706. doi:10.1146/annurev-biochem-060408-093701

56. Simon DK, Lin MT, Zheng L, Liu GJ, Ahn CH, Kim LM, et al. Somatic mitochondrial DNA mutations in cortex and substantia nigra in aging and Parkinson’s disease. Neurobiol Aging (2004) 25(1):71–81. doi:10.1016/S0197-4580(03)00037-X

57. Tatsuta T, Langer T. Quality control of mitochondria: protection against neurodegeneration and ageing. EMBO J (2008) 27(2):306–14. doi:10.1038/sj.emboj.7601972

58. Labbadia J, Morimoto RI. The biology of proteostasis in aging and disease. Annu Rev Biochem (2015) 84:435–64. doi:10.1146/annurev-biochem-060614-033955

59. Kim YE, Hipp MS, Bracher A, Hayer-Hartl M, Hartl FU. Molecular chaperone functions in protein folding and proteostasis. Annu Rev Biochem (2013) 82:323–55. doi:10.1146/annurev-biochem-060208-092442

60. Uhrigshardt H, Singh A, Kovtunovych G, Ghosh M, Rouault TA. Characterization of the human HSC20, an unusual DnaJ type III protein, involved in iron-sulfur cluster biogenesis. Hum Mol Genet (2010) 19(19):3816–34. doi:10.1093/hmg/ddq301

61. Ng AC, Baird SD, Screaton RA. Essential role of TID1 in maintaining mitochondrial membrane potential homogeneity and mitochondrial DNA integrity. Mol Cell Biol (2014) 34(8):1427–37. doi:10.1128/MCB.01021-13

62. Rowley N, Prip-Buus C, Westermann B, Brown C, Schwarz E, Barrell B, et al. Mdj1p, a novel chaperone of the DnaJ family, is involved in mitochondrial biogenesis and protein folding. Cell (1994) 77(2):249–59. doi:10.1016/0092-8674(94)90317-4

63. Baker BM, Haynes CM. Mitochondrial protein quality control during biogenesis and aging. Trends Biochem Sci (2011) 36(5):254–61. doi:10.1016/j.tibs.2011.01.004

64. Young JC, Hoogenraad NJ, Hartl FU. Molecular chaperones Hsp90 and Hsp70 deliver preproteins to the mitochondrial import receptor Tom70. Cell (2003) 112(1):41–50. doi:10.1016/S0092-8674(02)01250-3

65. Taipale M, Jarosz DF, Lindquist S. HSP90 at the hub of protein homeostasis: emerging mechanistic insights. Nat Rev Mol Cell Biol (2010) 11(7):515–28. doi:10.1038/nrm2918

66. Kim HE, Grant AR, Simic MS, Kohnz RA, Nomura DK, Durieux J, et al. Lipid biosynthesis coordinates a mitochondrial-to-cytosolic stress response. Cell (2016) 166(6):1539–52.e16. doi:10.1016/j.cell.2016.08.027

67. Martinus RD, Garth GP, Webster TL, Cartwright P, Naylor DJ, Høj PB, et al. Selective induction of mitochondrial chaperones in response to loss of the mitochondrial genome. Eur J Biochem (1996) 240(1):98–103. doi:10.1111/j.1432-1033.1996.0098h.x

68. Yoneda T, Benedetti C, Urano F, Clark SG, Harding HP, Ron D. Compartment-specific perturbation of protein handling activates genes encoding mitochondrial chaperones. J Cell Sci (2004) 117(Pt 18):4055–66. doi:10.1242/jcs.01275

69. Prahlad V, Cornelius T, Morimoto RI. Regulation of the cellular heat shock response in Caenorhabditis elegans by thermosensory neurons. Science (2008) 320(5877):811–4. doi:10.1126/science.1156093

70. Prahlad V, Morimoto RI. Neuronal circuitry regulates the response of Caenorhabditis elegans to misfolded proteins. Proc Natl Acad Sci U S A (2011) 108(34):14204–9. doi:10.1073/pnas.1106557108

71. König J, Ott C, Hugo M, Jung T, Bulteau AL, Grune T, et al. Mitochondrial contribution to lipofuscin formation. Redox Biol (2017) 11:673–81. doi:10.1016/j.redox.2017.01.017

72. Fan AC, Bhangoo MK, Young JC. Hsp90 functions in the targeting and outer membrane translocation steps of Tom70-mediated mitochondrial import. J Biol Chem (2006) 281(44):33313–24. doi:10.1074/jbc.M605250200

73. Margineantu DH, Emerson CB, Diaz D, Hockenbery DM. Hsp90 inhibition decreases mitochondrial protein turnover. PLoS One (2007) 2(10):e1066. doi:10.1371/journal.pone.0001066

74. Lee JY, Nagano Y, Taylor JP, Lim KL, Yao TP. Disease-causing mutations in Parkin impair mitochondrial ubiquitination, aggregation, and HDAC6-dependent mitophagy. J Cell Biol (2010) 189(4):671–9. doi:10.1083/jcb.201001039

75. Liesa M, Palacín M, Zorzano A. Mitochondrial dynamics in mammalian health and disease. Physiol Rev (2009) 89(3):799–845. doi:10.1152/physrev.00030.2008

76. Tong M, Dong M, de la Monte SM. Brain insulin-like growth factor and neurotrophin resistance in Parkinson’s disease and dementia with Lewy bodies: potential role of manganese neurotoxicity. J Alzheimers Dis (2009) 16(3):585–99. doi:10.3233/JAD-2009-0995

77. Morris JK, Zhang H, Gupte AA, Bomhoff GL, Stanford JA, Geiger PC. Measures of striatal insulin resistance in a 6-hydroxydopamine model of Parkinson’s disease. Brain Res (2008) 1240:185–95. doi:10.1016/j.brainres.2008.08.089

78. Hohfeld J, Hartl FU. Role of the chaperonin cofactor Hsp10 in protein folding and sorting in yeast mitochondria. J Cell Biol (1994) 126(2):305–15. doi:10.1083/jcb.126.2.305

79. Bie AS, Fernandez-Guerra P, Birkler RI, Nisemblat S, Pelnena D, Lu X, et al. Effects of a mutation in the HSPE1 gene encoding the mitochondrial co-chaperonin HSP10 and its potential association with a neurological and developmental disorder. Front Mol Biosci (2016) 3:65. doi:10.3389/fmolb.2016.00065

80. Fayet O, Ziegelhoffer T, Georgopoulos C. The groES and groEL heat shock gene products of Escherichia coli are essential for bacterial growth at all temperatures. J Bacteriol (1989) 171(3):1379–85. doi:10.1128/jb.171.3.1379-1385.1989

81. Krysiak K, Tibbitts JF, Shao J, Liu T, Ndonwi M, Walter MJ. Reduced levels of Hspa9 attenuate Stat5 activation in mouse B cells. Exp Hematol (2015) 43(4):319–30.e310. doi:10.1016/j.exphem.2014.12.005

82. Burbulla LF, Fitzgerald JC, Stegen K, Westermeier J, Thost AK, Kato H, et al. Mitochondrial proteolytic stress induced by loss of mortalin function is rescued by Parkin and PINK1. Cell Death Dis (2014) 5:e1180. doi:10.1038/cddis.2014.103

83. De Mena L, Coto E, Sánchez-Ferrero E, Ribacoba R, Guisasola LM, Salvador C, et al. Mutational screening of the mortalin gene (HSPA9) in Parkinson’s disease. J Neural Transm (Vienna) (2009) 116(10):1289–93. doi:10.1007/s00702-009-0273-2

84. Takamura H, Koyama Y, Matsuzaki S, Yamada K, Hattori T, Miyata S, et al. TRAP1 controls mitochondrial fusion/fission balance through Drp1 and Mff expression. PLoS One (2012) 7(12):e51912. doi:10.1371/journal.pone.0051912

85. Zhang L, Karsten P, Hamm S, Pogson JH, Müller-Rischart AK, Exner N, et al. TRAP1 rescues PINK1 loss-of-function phenotypes. Hum Mol Genet (2013) 22(14):2829–41. doi:10.1093/hmg/ddt132

86. Costa AC, Loh SH, Martins LM. Drosophila Trap1 protects against mitochondrial dysfunction in a PINK1/Parkin model of Parkinson’s disease. Cell Death Dis (2013) 4:e467. doi:10.1038/cddis.2012.205

87. Lisanti S, Tavecchio M, Chae YC, Liu Q, Brice AK, Thakur ML, et al. Deletion of the mitochondrial chaperone TRAP-1 uncovers global reprogramming of metabolic networks. Cell Rep (2014) 8(3):671–7. doi:10.1016/j.celrep.2014.06.061

88. Altieri DC, Stein GS, Lian JB, Languino LR. TRAP-1, the mitochondrial Hsp90. Biochim Biophys Acta (2012) 1823(3):767–73. doi:10.1016/j.bbamcr.2011.08.007

89. Yoshida S, Tsutsumi S, Muhlebach G, Sourbier C, Lee MJ, Lee S, et al. Molecular chaperone TRAP1 regulates a metabolic switch between mitochondrial respiration and aerobic glycolysis. Proc Natl Acad Sci U S A (2013) 110(17):E1604–12. doi:10.1073/pnas.1220659110

90. Butler EK, Voigt A, Lutz AK, Toegel JP, Gerhardt E, Karsten P, et al. The mitochondrial chaperone protein TRAP1 mitigates alpha-synuclein toxicity. PLoS Genet (2012) 8(2):e1002488. doi:10.1371/journal.pgen.1002488

91. Uchiumi T, Ohgaki K, Yagi M, Aoki Y, Sakai A, Matsumoto S, et al. ERAL1 is associated with mitochondrial ribosome and elimination of ERAL1 leads to mitochondrial dysfunction and growth retardation. Nucleic Acids Res (2010) 38(16):5554–68. doi:10.1093/nar/gkq305

92. Chatzispyrou IA, Alders M, Guerrero-Castillo S, Zapata Perez R, Haagmans MA, Mouchiroud L, et al. A homozygous missense mutation in ERAL1, encoding a mitochondrial rRNA chaperone, causes Perrault syndrome. Hum Mol Genet (2017) 26(13):2541–50. doi:10.1093/hmg/ddx152

93. Dennerlein S, Rozanska A, Wydro M, Chrzanowska-Lightowlers ZM, Lightowlers RN. Human ERAL1 is a mitochondrial RNA chaperone involved in the assembly of the 28S small mitochondrial ribosomal subunit. Biochem J (2010) 430(3):551–8. doi:10.1042/BJ20100757

94. Lo JF, Hayashi M, Woo-Kim S, Tian B, Huang JF, Fearns C, et al. Tid1, a cochaperone of the heat shock 70 protein and the mammalian counterpart of the Drosophila tumor suppressor l(2)tid, is critical for early embryonic development and cell survival. Mol Cell Biol (2004) 24(6):2226–36. doi:10.1128/MCB.24.6.2226-2236.2004

95. Wortmann SB, Wevers RA, de Brouwer APM. CLPB deficiency. In: Adam MP, Ardinger HH, Pagon RA, Wallace SE, Bean LJH, Stephens K, et al., editors. GeneReviews((R)). Seattle, WA: University of Washington (1993). GeneReviews is a registered trademark of the University of Washington, Seattle. All rights reserved.

96. Wortmann SB, Ziętkiewicz S, Kousi M, Szklarczyk R, Haack TB, Gersting SW, et al. CLPB mutations cause 3-methylglutaconic aciduria, progressive brain atrophy, intellectual disability, congenital neutropenia, cataracts, movement disorder. Am J Hum Genet (2015) 96(2):245–57. doi:10.1016/j.ajhg.2014.12.013

97. Saunders C, Smith L, Wibrand F, Ravn K, Bross P, Thiffault I, et al. CLPB variants associated with autosomal-recessive mitochondrial disorder with cataract, neutropenia, epilepsy, and methylglutaconic aciduria. Am J Hum Genet (2015) 96(2):258–65. doi:10.1016/j.ajhg.2014.12.020

98. Schmitt M, Neupert W, Langer T. The molecular chaperone Hsp78 confers compartment-specific thermotolerance to mitochondria. J Cell Biol (1996) 134(6):1375–86. doi:10.1083/jcb.134.6.1375

99. Lewandowska A, Gierszewska M, Marszalek J, Liberek K. Hsp78 chaperone functions in restoration of mitochondrial network following heat stress. Biochim Biophys Acta (2006) 1763(2):141–51. doi:10.1016/j.bbamcr.2006.01.007

100. Al-Furoukh N, Ianni A, Nolte H, Hölper S, Krüger M, Wanrooij S, et al. ClpX stimulates the mitochondrial unfolded protein response (UPRmt) in mammalian cells. Biochim Biophys Acta (2015) 1853(10 Pt A):2580–91. doi:10.1016/j.bbamcr.2015.06.016

101. Kardon JR, Yien YY, Huston NC, Branco DS, Hildick-Smith GJ, Rhee KY, et al. Mitochondrial ClpX activates a key enzyme for heme biosynthesis and erythropoiesis. Cell (2015) 161(4):858–67. doi:10.1016/j.cell.2015.04.017

102. Horvath R, Lochmüller H, Stucka R, Yao J, Shoubridge EA, Kim SH, et al. Characterization of human SCO1 and COX17 genes in mitochondrial cytochrome-c-oxidase deficiency. Biochem Biophys Res Commun (2000) 276(2):530–3. doi:10.1006/bbrc.2000.3495

103. Takahashi Y, Kako K, Kashiwabara S, Takehara A, Inada Y, Arai H, et al. Mammalian copper chaperone Cox17p has an essential role in activation of cytochrome C oxidase and embryonic development. Mol Cell Biol (2002) 22(21):7614–21. doi:10.1128/MCB.22.21.7614-7621.2002

104. Vogel RO, Janssen RJ, van den Brand MA, Dieteren CE, Verkaart S, Koopman WJ, et al. Cytosolic signaling protein Ecsit also localizes to mitochondria where it interacts with chaperone NDUFAF1 and functions in complex I assembly. Genes Dev (2007) 21(5):615–24. doi:10.1101/gad.408407

105. Zurita Rendon O, Antonicka H, Horvath R, Shoubridge EA. A mutation in the flavin adenine dinucleotide-dependent oxidoreductase FOXRED1 results in cell-type-specific assembly defects in oxidative phosphorylation complexes I and II. Mol Cell Biol (2016) 36(16):2132–40. doi:10.1128/MCB.00066-16

106. Smigrodzki R, Parks J, Parker WD. High frequency of mitochondrial complex I mutations in Parkinson’s disease and aging. Neurobiol Aging (2004) 25(10):1273–81. doi:10.1016/j.neurobiolaging.2004.02.020

107. Keeney PM, Xie J, Capaldi RA, Bennett JP Jr. Parkinson’s disease brain mitochondrial complex I has oxidatively damaged subunits and is functionally impaired and misassembled. J Neurosci (2006) 26(19):5256–64. doi:10.1523/JNEUROSCI.0984-06.2006

108. Park K, Gross M, Lee DH, Holvoet P, Himes JH, Shikany JM, et al. Oxidative stress and insulin resistance: the coronary artery risk development in young adults study. Diabetes Care (2009) 32(7):1302–7. doi:10.2337/dc09-0259

109. Rains JL, Jain SK. Oxidative stress, insulin signaling and diabetes. Free Radic Biol Med (2011) 50(5):567–75. doi:10.1016/j.freeradbiomed.2010.12.006

110. Henriksen EJ, Diamond-Stanic MK, Marchionne EM. Oxidative stress and the etiology of insulin resistance and type 2 diabetes. Free Radic Biol Med (2011) 51(5):993–9. doi:10.1016/j.freeradbiomed.2010.12.005

111. Koehler CM. The small tim proteins and the twin Cx3C motif. Trends Biochem Sci (2004) 29(1):1–4. doi:10.1016/j.tibs.2003.11.003

112. Zhang Y, Appleton BA, Wu P, Wiesmann C, Sidhu SS. Structural and functional analysis of the ligand specificity of the HtrA2/Omi PDZ domain. Protein Sci (2007) 16(8):1738–50. doi:10.1110/ps.072833207

113. Martins LM, Morrison A, Klupsch K, Fedele V, Moisoi N, Teismann P, et al. Neuroprotective role of the Reaper-related serine protease HtrA2/Omi revealed by targeted deletion in mice. Mol Cell Biol (2004) 24(22):9848–62. doi:10.1128/MCB.24.22.9848-9862.2004

114. Böttinger L, Oeljeklaus S, Guiard B, Rospert S, Warscheid B, Becker T. Mitochondrial heat shock protein (Hsp) 70 and Hsp10 cooperate in the formation of Hsp60 complexes. J Biol Chem (2015) 290(18):11611–22. doi:10.1074/jbc.M115.642017

115. Bukau B, Weissman J, Horwich A. Molecular chaperones and protein quality control. Cell (2006) 125(3):443–51. doi:10.1016/j.cell.2006.04.014

116. Cheng MY, Hartl FU, Martin J, Pollock RA, Kalousek F, Neupert W, et al. Mitochondrial heat-shock protein hsp60 is essential for assembly of proteins imported into yeast mitochondria. Nature (1989) 337(6208):620–5. doi:10.1038/337620a0

117. Ostermann J, Horwich AL, Neupert W, Hartl FU. Protein folding in mitochondria requires complex formation with hsp60 and ATP hydrolysis. Nature (1989) 341(6238):125–30. doi:10.1038/341125a0

118. Salway KD, Gallagher EJ, Page MM, Stuart JA. Higher levels of heat shock proteins in longer-lived mammals and birds. Mech Ageing Dev (2011) 132(6–7):287–97. doi:10.1016/j.mad.2011.06.002

119. Ashraf GM, Greig NH, Khan TA, Hassan I, Tabrez S, Shakil S, et al. Protein misfolding and aggregation in Alzheimer’s disease and type 2 diabetes mellitus. CNS Neurol Disord Drug Targets (2014) 13(7):1280–93. doi:10.2174/1871527313666140917095514

120. Baker MJ, Tatsuta T, Langer T. Quality control of mitochondrial proteostasis. Cold Spring Harb Perspect Biol (2011) 3(7):a007559. doi:10.1101/cshperspect.a007559

121. Hu F, Liu F. Mitochondrial stress: a bridge between mitochondrial dysfunction and metabolic diseases? Cell Signal (2011) 23(10):1528–33. doi:10.1016/j.cellsig.2011.05.008

122. Mukherjee A, Morales-Scheihing D, Butler PC, Soto C. Type 2 diabetes as a protein misfolding disease. Trends Mol Med (2015) 21(7):439–49. doi:10.1016/j.molmed.2015.04.005

123. Carvalho C, Cardoso S, Correia SC, Santos RX, Santos MS, Baldeiras I, et al. Metabolic alterations induced by sucrose intake and Alzheimer’s disease promote similar brain mitochondrial abnormalities. Diabetes (2012) 61(5):1234–42. doi:10.2337/db11-1186

124. Synofzik M, Haack TB, Kopajtich R, Gorza M, Rapaport D, Greiner M, et al. Absence of BiP co-chaperone DNAJC3 causes diabetes mellitus and multisystemic neurodegeneration. Am J Hum Genet (2014) 95(6):689–97. doi:10.1016/j.ajhg.2014.10.013

125. Sutherland LN, Capozzi LC, Turchinsky NJ, Bell RC, Wright DC. Time course of high-fat diet-induced reductions in adipose tissue mitochondrial proteins: potential mechanisms and the relationship to glucose intolerance. Am J Physiol Endocrinol Metab (2008) 295(5):E1076–83. doi:10.1152/ajpendo.90408.2008

126. Woods SC, Lotter EC, McKay LD, Porte D Jr. Chronic intracerebroventricular infusion of insulin reduces food intake and body weight of baboons. Nature (1979) 282(5738):503–5. doi:10.1038/282503a0

127. Biessels GJ, Kamal A, Urban IJ, Spruijt BM, Erkelens DW, Gispen WH. Water maze learning and hippocampal synaptic plasticity in streptozotocin-diabetic rats: effects of insulin treatment. Brain Res (1998) 800(1):125–35. doi:10.1016/S0006-8993(98)00510-1

128. Lee JH, Park SK, Ryoo JH, Oh CM, Mansur RB, Alfonsi JE, et al. The association between insulin resistance and depression in the Korean general population. J Affect Disord (2017) 208:553–9. doi:10.1016/j.jad.2016.10.027

129. Kleinridders A, Cai W, Cappellucci L, Ghazarian A, Collins WR, Vienberg SG, et al. Insulin resistance in brain alters dopamine turnover and causes behavioral disorders. Proc Natl Acad Sci U S A (2015) 112(11):3463–8. doi:10.1073/pnas.1500877112

130. Parlevliet ET, Coomans CP, Rensen PC, Romijn JA. The brain modulates insulin sensitivity in multiple tissues. Front Horm Res (2014) 42:50–8. doi:10.1159/000358314

131. Coomans CP, Biermasz NR, Geerling JJ, Guigas B, Rensen PC, Havekes LM, et al. Stimulatory effect of insulin on glucose uptake by muscle involves the central nervous system in insulin-sensitive mice. Diabetes (2011) 60(12):3132–40. doi:10.2337/db10-1100

132. Koch L, Wunderlich FT, Seibler J, Könner AC, Hampel B, Irlenbusch S, et al. Central insulin action regulates peripheral glucose and fat metabolism in mice. J Clin Invest (2008) 118(6):2132–47. doi:10.1172/JCI31073

133. Obici S, Zhang BB, Karkanias G, Rossetti L. Hypothalamic insulin signaling is required for inhibition of glucose production. Nat Med (2002) 8(12):1376–82. doi:10.1038/nm1202-798

134. Shin AC, Filatova N, Lindtner C, Chi T, Degann S, Oberlin D, et al. Insulin receptor signaling in POMC, but Not AgRP, neurons controls adipose tissue insulin action. Diabetes (2017) 66(6):1560–71. doi:10.2337/db16-1238

135. Wang X, Proud CG. The mTOR pathway in the control of protein synthesis. Physiology (Bethesda) (2006) 21:362–9. doi:10.1152/physiol.00024.2006

136. Morimoto RI. Regulation of the heat shock transcriptional response: cross talk between a family of heat shock factors, molecular chaperones, and negative regulators. Genes Dev (1998) 12(24):3788–96. doi:10.1101/gad.12.24.3788

137. Parsell DA, Kowal AS, Singer MA, Lindquist S. Protein disaggregation mediated by heat-shock protein Hsp104. Nature (1994) 372(6505):475–8. doi:10.1038/372475a0

138. Tavaria M, Gabriele T, Kola I, Anderson RL. A hitchhiker’s guide to the human Hsp70 family. Cell Stress Chaperones (1996) 1(1):23–8. doi:10.1379/1466-1268(1996)001<0023:AHSGTT>2.3.CO;2

139. Mattson MP. The impact of dietary energy intake on cognitive aging. Front Aging Neurosci (2010) 2:5. doi:10.3389/neuro.24.005.2010

140. Schmitz L, Kuglin R, Bae-Gartz I, Janoschek R, Appel S, Mesaros A, et al. Hippocampal insulin resistance links maternal obesity with impaired neuronal plasticity in adult offspring. Psychoneuroendocrinology (2017) 89:46–52. doi:10.1016/j.psyneuen.2017.12.023

141. Tytell M, Davis AT, Giles J, Snider LC, Xiao R, Dozier SG, et al. Alfalfa-derived HSP70 administered intranasally improves insulin sensitivity in mice. Cell Stress Chaperones (2017) 23(2):189–94. doi:10.1007/s12192-017-0835-4

142. Voloboueva LA, Emery JF, Sun X, Giffard RG. Inflammatory response of microglial BV-2 cells includes a glycolytic shift and is modulated by mitochondrial glucose-regulated protein 75/mortalin. FEBS Lett (2013) 587(6):756–62. doi:10.1016/j.febslet.2013.01.067

143. Yokoyama K, Fukumoto K, Murakami T, Harada S, Hosono R, Wadhwa R, et al. Extended longevity of Caenorhabditis elegans by knocking in extra copies of hsp70F, a homolog of mot-2 (mortalin)/mthsp70/Grp75. FEBS Lett (2002) 516(1–3):53–7. doi:10.1016/S0014-5793(02)02470-5

144. Tatar M, Khazaeli AA, Curtsinger JW. Chaperoning extended life. Nature (1997) 390(6655):30. doi:10.1038/36237

145. Wijsman CA, Rozing MP, Streefland TC, le Cessie S, Mooijaart SP, Slagboom PE, et al. Familial longevity is marked by enhanced insulin sensitivity. Aging Cell (2011) 10(1):114–21. doi:10.1111/j.1474-9726.2010.00650.x

146. Tubbs E, Theurey P, Vial G, Bendridi N, Bravard A, Chauvin MA, et al. Mitochondria-associated endoplasmic reticulum membrane (MAM) integrity is required for insulin signaling and is implicated in hepatic insulin resistance. Diabetes (2014) 63(10):3279–94. doi:10.2337/db13-1751

147. Sa-Nguanmoo P, Tanajak P, Kerdphoo S, Jaiwongkam T, Pratchayasakul W, Chattipakorn N, et al. SGLT2-inhibitor and DPP-4 inhibitor improve brain function via attenuating mitochondrial dysfunction, insulin resistance, inflammation, and apoptosis in HFD-induced obese rats. Toxicol Appl Pharmacol (2017) 333:43–50. doi:10.1016/j.taap.2017.08.005

148. Mishra P, Chan DC. Metabolic regulation of mitochondrial dynamics. J Cell Biol (2016) 212(4):379–87. doi:10.1083/jcb.201511036

149. Oswald C, Krause-Buchholz U, Rodel G. Knockdown of human COX17 affects assembly and supramolecular organization of cytochrome c oxidase. J Mol Biol (2009) 389(3):470–9. doi:10.1016/j.jmb.2009.04.034

150. Schüll S, Günther SD, Brodesser S, Seeger JM, Tosetti B, Wiegmann K, et al. Cytochrome c oxidase deficiency accelerates mitochondrial apoptosis by activating ceramide synthase 6. Cell Death Dis (2015) 6:e1691. doi:10.1038/cddis.2015.62

151. Turpin SM, Nicholls HT, Willmes DM, Mourier A, Brodesser S, Wunderlich CM, et al. Obesity-induced CerS6-dependent C16:0 ceramide production promotes weight gain and glucose intolerance. Cell Metab (2014) 20(4):678–86. doi:10.1016/j.cmet.2014.08.002

152. Zhao Q, Wang J, Levichkin IV, Stasinopoulos S, Ryan MT, Hoogenraad NJ. A mitochondrial specific stress response in mammalian cells. EMBO J (2002) 21(17):4411–9. doi:10.1093/emboj/cdf445

153. Horibe T, Hoogenraad NJ. The chop gene contains an element for the positive regulation of the mitochondrial unfolded protein response. PLoS One (2007) 2(9):e835. doi:10.1371/journal.pone.0000835

154. Boucher J, Kleinridders A, Kahn CR. Insulin receptor signaling in normal and insulin-resistant states. Cold Spring Harb Perspect Biol (2014) 6(1):a009191. doi:10.1101/cshperspect.a009191

155. Belgardt BF, Mauer J, Wunderlich FT, Ernst MB, Pal M, Spohn G, et al. Hypothalamic and pituitary c-Jun N-terminal kinase 1 signaling coordinately regulates glucose metabolism. Proc Natl Acad Sci U S A (2010) 107(13):6028–33. doi:10.1073/pnas.1001796107

156. Vabulas RM, Ahmad-Nejad P, da Costa C, Miethke T, Kirschning CJ, Häcker H, et al. Endocytosed HSP60s use toll-like receptor 2 (TLR2) and TLR4 to activate the toll/interleukin-1 receptor signaling pathway in innate immune cells. J Biol Chem (2001) 276(33):31332–9. doi:10.1074/jbc.M103217200

157. Asea A, Rehli M, Kabingu E, Boch JA, Bare O, Auron PE, et al. Novel signal transduction pathway utilized by extracellular HSP70: role of toll-like receptor (TLR) 2 and TLR4. J Biol Chem (2002) 277(17):15028–34. doi:10.1074/jbc.M200497200

158. Rosenberger K, Dembny P, Derkow K, Engel O, Krüger C, Wolf SA, et al. Intrathecal heat shock protein 60 mediates neurodegeneration and demyelination in the CNS through a TLR4- and MyD88-dependent pathway. Mol Neurodegener (2015) 10:5. doi:10.1186/s13024-015-0003-1

159. Noelker C, Morel L, Osterloh A, Alvarez-Fischer D, Lescot T, Breloer M, et al. Heat shock protein 60: an endogenous inducer of dopaminergic cell death in Parkinson disease. J Neuroinflammation (2014) 11:86. doi:10.1186/1742-2094-11-86

160. Hu G, Jousilahti P, Bidel S, Antikainen R, Tuomilehto J. Type 2 diabetes and the risk of Parkinson’s disease. Diabetes Care (2007) 30(4):842–7. doi:10.2337/dc06-2011

161. Sandyk R. The relationship between diabetes mellitus and Parkinson’s disease. Int J Neurosci (1993) 69(1–4):125–30. doi:10.3109/00207459309003322

162. Schernhammer E, Hansen J, Rugbjerg K, Wermuth L, Ritz B. Diabetes and the risk of developing Parkinson’s disease in Denmark. Diabetes Care (2011) 34(5):1102–8. doi:10.2337/dc10-1333

163. Huang C-C, Chung CM, Leu HB, Lin LY, Chiu CC, Hsu CY, et al. Diabetes mellitus and the risk of Alzheimer’s disease: a nationwide population-based study. PLoS One (2014) 9(1):e87095. doi:10.1371/journal.pone.0087095

164. Janson J, Laedtke T, Parisi JE, O’Brien P, Petersen RC, Butler PC. Increased risk of type 2 diabetes in Alzheimer disease. Diabetes (2004) 53(2):474. doi:10.2337/diabetes.53.2.474

165. Hartl FU. Protein misfolding diseases. Annu Rev Biochem (2017) 86:21–6. doi:10.1146/annurev-biochem-061516-044518

166. Stroo E, Koopman M, Nollen EA, Mata-Cabana A. Cellular regulation of amyloid formation in aging and disease. Front Neurosci (2017) 11:64. doi:10.3389/fnins.2017.00064

167. Plotegher N, Duchen MR. Crosstalk between lysosomes and mitochondria in Parkinson’s disease. Front Cell Dev Biol (2017) 5:110. doi:10.3389/fcell.2017.00110

168. Reis SD, Pinho BR, Oliveira JMA. Modulation of molecular chaperones in Huntington’s disease and other polyglutamine disorders. Mol Neurobiol (2017) 54(8):5829–54. doi:10.1007/s12035-016-0120-z

169. Schubert M, Gautam D, Surjo D, Ueki K, Baudler S, Schubert D, et al. Role for neuronal insulin resistance in neurodegenerative diseases. Proc Natl Acad Sci U S A (2004) 101(9):3100–5. doi:10.1073/pnas.0308724101

170. Wang B, Abraham N, Gao G, Yang Q. Dysregulation of autophagy and mitochondrial function in Parkinson’s disease. Transl Neurodegener (2016) 5:19. doi:10.1186/s40035-016-0065-1

171. Khang R, Park C, Shin JH. Dysregulation of Parkin in the substantia nigra of db/db and high-fat diet mice. Neuroscience (2015) 294:182–92. doi:10.1016/j.neuroscience.2015.03.017

172. Hansen J, Corydon TJ, Palmfeldt J, Dürr A, Fontaine B, Nielsen MN, et al. Decreased expression of the mitochondrial matrix proteases Lon and ClpP in cells from a patient with hereditary spastic paraplegia (SPG13). Neuroscience (2008) 153(2):474–82. doi:10.1016/j.neuroscience.2008.01.070

173. Silva PN, Furuya TK, Braga IL, Rasmussen LT, Labio RW, Bertolucci PH, et al. Analysis of HSPA8 and HSPA9 mRNA expression and promoter methylation in the brain and blood of Alzheimer’s disease patients. J Alzheimers Dis (2014) 38(1):165–70. doi:10.3233/JAD-130428

174. Veereshwarayya V, Kumar P, Rosen KM, Mestril R, Querfurth HW. Differential effects of mitochondrial heat shock protein 60 and related molecular chaperones to prevent intracellular β-amyloid-induced inhibition of complex IV and limit apoptosis. J Biol Chem (2006) 281(40):29468–78. doi:10.1074/jbc.M602533200

175. Lin CH, Chen ML, Chen GS, Tai CH, Wu RM. Novel variant Pro143Ala in HTRA2 contributes to Parkinson’s disease by inducing hyperphosphorylation of HTRA2 protein in mitochondria. Hum Genet (2011) 130(6):817–27. doi:10.1007/s00439-011-1041-6

176. Jones JM, Datta P, Srinivasula SM, Ji W, Gupta S, Zhang Z, et al. Loss of Omi mitochondrial protease activity causes the neuromuscular disorder of mnd2 mutant mice. Nature (2003) 425(6959):721–7. doi:10.1038/nature02052

177. Moisoi N, Klupsch K, Fedele V, East P, Sharma S, Renton A, et al. Mitochondrial dysfunction triggered by loss of HtrA2 results in the activation of a brain-specific transcriptional stress response. Cell Death Differ (2008) 16:449. doi:10.1038/cdd.2008.166

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Castro, Wardelmann, Grune and Kleinridders. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fendo-09-00196-t001.jpg
Chaperone/Chaperonin Function Disease (CNS) Deficiency/Knockdown Reference
Hsp10 Co-chaperone of heat shock protein  Neurological and developmental I vitro KO: cell death (78-80)
60 (Hsp60); folding of mitochondrial  disorder
proteins
Hsp6O Folding of mitochondrial proteins SPG13; MItCHAPEO disease Invitro KO cel death, In vivo KO: (7.33,34)
embryonic lethality
miHsp70 Folding of mitochondrial proteins Contributes to PD pathology Invivo KO: embryonic lethality, In vitro ~ (31-83)
KD: induced mitochondrial proteolytic
stress
Tumor necrosis factor receptor-  Protection against oxidative stress and  Congenital abnormalities of the I vivo KO: extibit reduction in age- (84-90)
associated protein 1 mitochondial cell death, regulation of  kidney and urinary tract; ischemic  associated pathologies; i vitro KO:
mitophagy and mitochondrial damage; increases PD pathology  Increased mitochondrial respiration and
dynamics when expression is reduced fatty acid oxidation
ERAL1 RNA chaperone; formation of the 28'S ~ Perrault Syndrome Invitro KD: induces apoptosis (91-93)
small mitoribosomal subunit
HSC20 Iron-suifur cluster co-chaperone; Not known In vitro KD: reduces complex I (60)
regulation of the ATPase and peptide- assembly
binding activty of mtHsp70
DNAJA3 Co-chaperone of mtHsp70; stimulation  Impiicated in PD Invivo KO: embryonic lethalty; In vitro (61, 94)
of the ATPase activity of mtHsp70, KD: induces mitochondrial
prevention of complex | aggregation fragmentation
CLPB Mitochondrial AAA ATPase chaperonin, ~ Progressive brain atrophy, Invitro KO: confers thermotolerance (95-99)
disaggregase Autosomal-recessive mitochondrial  to mitochondia, inhibits restoration of
disorder mitochondrial network
CLPX Remodels the conformations of Not known Not known (100, 101)
aggregates, partner of CIpP (protease);
activation of heme biosynthesis
CoX17p Copper chaperone; assembly of Not known Invivo KO: embryonic lethality; (102, 103)

cytochrome C oxidase

mutations: COX deficiency

Several crucial mitochondrial chaperones and co-chaperones and their main functions are shown. Upon their failre either by the loss of expression or activity results in manifold
diseases of the central nervous system (CNS). Consequences of deficiency or knockdown in experimental set ups and its consequences are also displayed.
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