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The brain’s high demand for energy necessitates tightly regulated metabolic pathways to sustain physiological activity. Glucose, the primary energy substrate, undergoes complex metabolic transformations, with mitochondria playing a central role in ATP production via oxidative phosphorylation. Dysregulation of this metabolic interplay is implicated in Alzheimer’s disease (AD), where compromised glucose metabolism, oxidative stress, and mitochondrial dysfunction contribute to disease progression. This review explores the intricate bioenergetic crosstalk between astrocytes and neurons, highlighting the function of mitochondrial uncoupling proteins (UCPs), particularly UCP4, as important regulators of brain metabolism and neuronal function. Predominantly expressed in the brain, UCP4 reduces the membrane potential in the inner mitochondrial membrane, thereby potentially decreasing the generation of reactive oxygen species. Furthermore, UCP4 mitigates mitochondrial calcium overload and sustains cellular ATP levels through a metabolic shift from mitochondrial respiration to glycolysis. Interestingly, the levels of the neuronal UCPs, UCP2, 4 and 5 are significantly reduced in AD brain tissue and a specific UCP4 variant has been associated to an increased risk of developing AD. Few studies modulating the expression of UCP4 in astrocytes or neurons have highlighted protective effects against neurodegeneration and aging, suggesting that pharmacological strategies aimed at activating UCPs, such as protonophoric uncouplers, hold promise for therapeutic interventions in AD and other neurodegenerative diseases. Despite significant advances, our understanding of UCPs in brain metabolism remains in its early stages, emphasizing the need for further research to unravel their biological functions in the brain and their therapeutic potential.
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GRAPHICAL ABSTRACT
 



1 Background


1.1 Energy dynamics in the brain

Physiological brain activity requires sustained and highly regulated local flow of energy which is mostly derived from glucose metabolism (Kapogiannis and Avgerinos, 2020). Glucose enters the brain parenchyma from the blood vessels via specific transporters (GLUTs) located in the cell membrane of endothelial cells and astrocytes endfoot. Once taken-up by brain cells glucose is catabolized to produce energy via a coordinated network of metabolic pathways that include: i) the glycolytic pathway (glycolysis), ii) the tricarboxylic acid cycle (TCA; also called the Krebs cycle or citric acid cycle), and iii) oxidative phosphorylation. Glucose is metabolized by glycolysis to pyruvate, which enters mitochondria to undergo further transformation in the TCA cycle. Alternatively, glucose once converted to glucose 6-phosphate can enter the pentose phosphate pathway which controls oxidative stress via the production of 1,4-dihydronicotinamide adenine dinucleotide (NADH) in a cell type-specific manner (Dringen et al., 2007). Mitochondria are double-membraned organelles that provide a wide variety of biochemical services to the cell. In the past few decades, the research on mitochondria has exploded in the area of human pathology propelled by the discovery of novel functions and advancement in methodologies for studying their function (Jacobs, 2023). These organelles provide most of the cellular adenosine triphosphate (ATP) demand by oxidative phosphorylation. Oxidative phosphorylation transfers electrons from macronutrients (like glucose) to oxygen harnessing high energy phosphate bonds in the form of ATP. Oxidative phosphorylation has two parts: the electron transport chain (ETC) and chemiosmosis (moving of protons across a biological membrane). The ETC is a collection of proteins bound to the inner mitochondrial membrane and cofactors, through which electrons travel via a series of redox reactions. During this process, protons are pumped from the mitochondrial matrix to the intermembrane space, building-up an electrochemical gradient defined as protonmotive force. Most of this potential (quantified in the range 150–200 mV) drives ATP synthesis, but a fraction of it is released as heat by proton uniport carriers, which tends to depolarize mitochondria. These proton uniport carriers are collectively termed mitochondrial uncoupling proteins (UCPs). UCPs are members of the family of mitochondrial carrier proteins (solute carrier family 25, SCL25), which is the largest solute transporter family in humans. SLC25 proteins provide transport for amino acids, inorganic ions, carboxyl acids, cofactors, fatty acid, and nucleotides across the mitochondrial inner membrane (Ruprecht and Kunji, 2020). Of notice, there are still about one third of the SCL25 transporter proteins with unknown substrate. In this review, we will focus on the biological role and properties of the UCP4 (or SLC25A27).



1.2 Bioenergetic crosstalk between astrocytes and neurons

Neurons convert glucose to pyruvate for the TCA cycle, meanwhile astrocytes play a more prominent role in glycolysis and lactate production, thereby supporting neuronal metabolism (Herrero-Mendez et al., 2009; Garcia-Nogales et al., 2003). Glycolysis, assessed as the rate of radioactive water formation from [3-3H] glucose is approximately four- to five times slower in neurons than in astrocytes (Herrero-Mendez et al., 2009). Hence, it appears that the neuronal capacity to perform glycolysis is limited, implying that neurons relies mostly on oxidative metabolism for energy production, via mitochondrial oxidative phosphorylation (Belanger et al., 2011). On the contrary, in astrocytes, glycolysis flux is strongly up-regulated. Enzymes like 6-phosphofructo-2-kinase which are key regulators of glycolysis are four times more active in astrocytes than in neurons (Almeida et al., 2004). Astrocytes store glycogen, which can be rapidly converted to pyruvate or lactate. Lactate is produced from pyruvate by lactate dehydrogenase (LDH) an enzyme that operates in both directions, using NADH as cofactor (Vaccari-Cardoso et al., 2022). Lactate can be used as an energy currency between astrocytes and neurons, by entering the TCA cycle or as a substrate for the synthesis of glutamate (Magistretti and Allaman, 2018). Neuronal activity depends on and regulates glycolysis in astrocytes. During intense neuronal activity extracellular glutamate rises leading to increased glutamate uptake by astrocytes. This activates the Na+/K+ ATPase causing a consequential drop of ATP levels, which is counteracted by enhancing glucose uptake and glycolysis (Magistretti and Chatton, 2005). The lactate formed by glycolysis is released by astrocytes to sustain and aid neurons (Pellerin et al., 2007). This model recapitulated in Figure 1A was introduced in the nineties and is known as the astrocyte-neuron lactate shuttle hypothesis (Pellerin and Magistretti, 1994). Of note, this idea of astrocytes “feeding hungry neurons” has been challenged, by showing that astrocytes themselves have high energy demands, concept which is generally overlooked (Dienel and Rothman, 2020).

[image: Figure 1]

FIGURE 1
 The metabolic crosstalk between astrocytes and neurons. (A) Lactate is produced from pyruvate by lactate dehydrogenase (LDH) an enzyme that operates in both directions, using NADH. Lactate produced by astrocytes can be used as energy currency in neurons, by entering the TCA cycle or as a substrate for the synthesis of glutamate. During intense neuronal activity extracellular glutamate rises leading to increased glutamate uptake by astrocytes through EAATs. This activates the Na+/K+ ATPase causing a consequential drop of ATP levels, which is counteracted by increasing glucose uptake from the blood stream and glycolysis. From glycolysis lactate is formed and released via MCTs to sustain and aid neurons. (B) Astrocyte-mediated redox adaptation to neurotransmission involves glutamate (Glu) released into the synaptic cleft, stimulating Glutamate receptors (Glu-R) in both post-synaptic neurons and astrocytes. Mitochondrial uptake of intracellular Ca2+ in post-synaptic neurons leads to reactive oxygen species (ROS) production. Glutamate binding to astrocytic receptors triggers a cascade via Cdk5-mediated phosphorylation of Nrf2, promoting its nuclear translocation and binding to antioxidant responsive elements (ARE). This prompts the expression of antioxidant genes, facilitating the biosynthesis and release of glutathione (GSH). Neurons uptake GSH precursors from astrocytes to detoxify activity-induced mitochondrial ROS, ensuring neuronal redox balance during synaptic activity. (C) The activation of CD38 (cluster of differentiation 38) by cyclic ADP-ribose (cADPR) induces the release of mitovesicles (extracellular vesicle containing mitochondria) by astrocytes which functionally support neurons. In turn mitochondria which require recycling are released by neurons and taken-up by astrocytes/glia.


The high cerebral metabolic rate exposes the brain to oxidative stress. About 20% of the oxygen in the body is utilized by the brain even though represents only the 2% of the body weight (Jiang and Lu, 2022). Therefore, it is critical for the brain to have a defensive mechanism against the toxic byproducts of oxidative phosphorylation which are mainly reactive oxygen species (ROS). Also in this case, the metabolic astrocytes-neuron crosstalk is important (Figure 1B) (Dringen et al., 2000). While neuronal activity inevitably induces ROS production, the antioxidant capacity of neurons is relatively weak. Consequently, astrocytes have evolved a robust antioxidant system, partially shared with neurons (Bolanos, 2016). The antioxidant defense of neurons is repressed because of continuous protein destabilization of the master antioxidant transcriptional activator, nuclear factor-erythroid 2-related factor-2 (Nrf2) (Bell et al., 2011). In contrast, Nrf2 is highly stable in neighboring astrocytes, which explains their robust antioxidant defense and resistance against oxidative stress, including biosynthesis and release of glutathione (GSH).(Habas et al., 2013; Jimenez-Blasco et al., 2015). GSH is a tripeptide composed of glutamate, cysteine, and glycine, and it serves as a crucial antioxidant and redox regulator in cells, including in the brain. Astrocytes provide neurons with the three constituent amino acids of GSH to support its local synthesis (Dringen et al., 2000).

In the last decade the phenomenon of intercellular mitochondria transfer between astrocytes and neurons has been proposed indicating a new way through which astrocytes might support neurons. This phenomenon has been reported to be occurring from astrocytes to neurons under hypoxia condition and seems to require CD38-cADPR-Ca2+ pathway (Figure 1C) (Hayakawa et al., 2016). However, the transmembrane protein CD38 (cluster of differentiation 38) is an inefficient cyclase. CD38 utilizes NAD+ as a substrate to produce by cyclase activity the second messenger cyclic adenosine diphosphate ribose (cADPR) or by hydrolase ADPR. Notably, CD38 must degrade nearly 100 molecules of NAD+ before forming one molecule of cADPR (Hogan et al., 2019). This suggest that the trigger events and the mechanism involved in mitochondria release might not be utilizing solely the CD38-cADPR-Ca2+ pathway. Nonetheless, transplanting mitochondria of astrocytic to neurons appears to improve energy production and cell viability (Hayakawa et al., 2016). Convincing evidence also indicates a movement of mitochondria from neurons to astrocytes. Davis et al. (2014) demonstrated that in the optic nerve head, large numbers of mitochondria are shed from neurons to be degraded by the lysosomes of neighboring glial cells. While the molecular mechanism of mitochondria transfer between cells requires further investigation, these initial observations point to an astrocytes-neuron mitochondria shuttling, where functional and supportive mitochondria are transferred from astrocytes to neurons and mitochondria targeted for recycling are moved from neurons to mitochondria.

Several lines of evidence indicate that, this metabolic crosstalk between astrocytes and neurons becomes dysfunctional in Alzheimer’s disease (AD). In particular, during AD, astrocytes convert into a disease associated phenotype which fail to properly support neuronal function (Liddelow et al., 2017) or even jeopardize neuronal metabolism (Crivelli et al., 2023).

While this review focuses on how astrocytes metabolically support neurons, it is important to highlight that oligodendrocytes are also essential for the function and long-term integrity of neuronal cells (Saab et al., 2013). Oligodendrocytes transfer energy metabolites such as pyruvate and lactate to neurons via specialized channels and transporters, facilitating ATP synthesis in neurons (Philips and Rothstein, 2017). They utilize “myelinic” channels and monocarboxylate transporters (MCTs) to ensure rapid delivery of these metabolites (Saab et al., 2013; Lee et al., 2012). Release of glutamate by spiking neurons stimulates N-methyl-D-aspartate (NMDA) receptors in oligodendrocytes mobilizing glucose transporter GLUT1 into the myelin compartment (Saab et al., 2016). Additionally, oligodendrocytes also enhance axonal energy metabolism through the transcellular delivery of proteins like SIRT2, which deacetylates mitochondrial proteins, thereby boosting ATP production in neurons (Chamberlain et al., 2021). These signaling mechanism underscores the importance of oligodendrocytes beyond mere structural support, highlighting their role in metabolic regulation of neuronal cells.



1.3 Energy metabolism disbalance in Alzheimer’s disease (AD)

AD cases are growing globally at an alarming pace, as the population ages (Cummings et al., 2023). Presently, there are estimated 50 million individuals worldwide with AD dementia, and these numbers are predicted to triple by 2050 without even counting the individuals in prodromal stage of AD (Gustavsson et al., 2023). Besides aging, type 2 diabetes mellitus is considered a risk factor in developing AD (Willette et al., 2015). Epidemiological studies have consistently shown that individuals with diabetes have an increased risk of developing AD compared to those without diabetes. The mechanisms underlying this association are complex and may involve insulin resistance, chronic hyperglycemia, impaired glucose metabolism in the brain, vascular dysfunction, and inflammation, among others (Neumann et al., 2008; Bozluolcay et al., 2016; Cater and Holter, 2022). AD patients are often more susceptible to insulin resistance in comparison to age matched controls (Domingues et al., 2021). Glucose metabolism, as assessed by positron emission tomography, is critically diminished in the hippocampus and brain cortex of familial AD subjects (Chen and Zhong, 2013). Furthermore, altered glucose uptake is observed in the brain of patients with mild cognitive impairment, which is considered to be a prodromal stage of AD (Mosconi et al., 2013). One way through which glucose becomes less bioavailable to the brain is by downregulation of GLUTs protein, which as aforementioned transports glucose from the bloodstream to the brain parenchyma (Kyrtata et al., 2021). Additionally, the use of local brain energy resources is compromised, at least partly, by oxidative damage. Oxidative stress is responsible for the downregulation of the enzymes involved in glycolysis, the tricarboxylic acid cycle and ATP biosynthesis (Butterfield and Halliwell, 2019). For a detail review on the impact of oxidative stress to glucose metabolism in AD see the exhaustive review from Butterfield and Halliwell (2019). Oxidative damage to DNA can interfere with gene transcription and proper promoter function, hindering the transcription of essential genes and generating mutations. Mitochondrial DNA, which codes for key enzymes of the ETC and oxidative phosphorylation, can also be affected, contributing to energy production impairment and mitochondrial dysfunction. For details on the mitochondria hypothesis in AD see the review of Swerdlow (2018). In brief, the mitochondrial cascade hypothesis in AD suggests that mitochondrial dysfunction is a primary event in the disease’s pathogenesis. According to this hypothesis, inherited or acquired mitochondrial defects lead to increased production of ROS, impaired energy metabolism, and the activation of apoptosis. These mitochondrial disturbances contribute to the accumulation of amyloid-β and tau pathology, ultimately resulting in neurodegeneration and the clinical symptoms of AD. In alignment with this hypothesis, a recent research group in the Netherlands found that the phenomenon of super-agers—individuals displaying neuropathological changes yet no cognitive decline—might be due to a high expression of a set of genes associated with the mitochondria of astrocytes (de Vries et al., 2024). However, damage to mitochondria can also result from amyloid-β and tau accumulation (Oliver and Reddy, 2019; Pradeepkiran and Reddy, 2020). Mitochondria maintain a dynamic balance between fusion and fission, which is critical for preserving their structure and function. In AD, mitochondrial fission is increased, while fusion is reduced, a process driven by amyloid-β interacting with the fission protein Drp1 (Morton et al., 2021; Manczak et al., 2011). Additionally, abnormal tau phosphorylation disrupts mitophagy by modulating key receptors such as FKBP8, which are essential for mitochondrial quality control (Isei et al., 2024).

The mitochondria cascade hypothesis raised the possibility of new therapeutic approaches focused on preventing AD-related decline of mitochondrial function, for example through exercise, diet or pharmacological manipulations to enhance brain cells bioenergetics (Atlante et al., 2022). Along these lines, UCPs play a vital role in regulating mitochondrial membrane potential, preventing excessive ROS production, alteration in neuronal activity, and in regulating calcium (Ca2+) homeostasis which ultimately results in the prevention of neuronal loss. In the following sections, we will discuss the neuroprotective role of UCP4 and its connection to AD.




2 Biological role and properties of UCP4


2.1 Mapping functional and binding sites within UCP4

UCPs induce a transient proton leak across the inner mitochondrial membrane, dissipating the protonmotive force and shunting oxidative phosphorylation from ATP synthesis. The dissipation of the protonmotive force is generally converted to heat. A total of five mammalian UCPs have been discovered to date, which are encoded by independent genes (UCP1 or SLC25A7, UCP2 or SLC25A8, UCP3 or SLC25A9, UCP4 and UCP5 or SLC25A14). The most studied UCP is the UCP1 (SCL25A7) that is mostly translated in brown adipose tissue. UCP1 is classically associated with non-shivering thermogenesis. In newborns and infants, who have a higher surface area-to-volume ratio and a greater propensity for heat loss compared to adults, UCP1-mediated thermogenesis in brown adipose tissue is particularly important for maintaining body temperature and thermoregulation (Johnson et al., 2023; Bienboire-Frosini et al., 2023). UCPs presumingly lack basal activity and they are activated by fatty acids (FA) and inhibited by purine nucleotides, like ATP. Cofactors like coenzyme Q (Echtay et al., 2000b) and pH shifts are also involved in regulating UCPs activity (Nicholls, 1976; Klingenberg, 1988). While the lipid binding site in UCPs has not been conclusively identified (Jing et al., 2018), it has been observed that the nucleotide binding to UCP1 requires three Arginine (R) residues in position 84, 183 and 277, which are conserved in all five members of the UCPs. These 3 R residues are located in the even number transmembrane helices (TM-2, −4 and −6). This interaction was confirmed recently by a cryo-electron microscopy study where the central cavity of UCP1 was found open to the cytosolic side and ATP was shown to bind inside this cavity, contacting TM2 and TM6 (Kang and Chen, 2023). Despite similarity in their general structures, far-UV spectra data of reconstituted recombinant UCP4 in the presence or absence of the nucleotides GDP or GTP exhibited diverse patterns, compared to UCP2 and UCP5, implying that binding of nucleotides to UCP4 might occur differently than in other UCPs (Ivanova et al., 2010). Additionally, while UCP2 transported protons at the highest rate in the presence of arachidonic acid, UCP4 and UCP5 achieved their maximum proton transport rates in the presence of oleic acid (Hoang et al., 2015). This test was run among saturated FA (lauric acid and palmitic acid) unsaturated FA (Oleic acid, linolenic acid and linoleic acid) and bulky unsaturated FA (arachidonic acid and docohexaneoic acid). The proton transport of UCPs in presence of sphingoid base lipids has not been studied yet, despite recent studies connecting sphingolipid metabolism to mitochondria homeostasis (Sheridan and Ogretmen, 2021; Bionda et al., 2004).

In Figure 2 recapitulates functional mapping of critical residues in aligned UCPs that are discussed below in more detail. Site-directed mutagenesis on UCP1 highlighted that the carboxyl group of the Aspartic Acid (D) in position 27 (D27) plays a critical role in proton transport (Echtay et al., 2000a). This carboxyl group is within the transmembrane region of the first helix, and it is mostly conserved between UCP members. In UCP4, D27 is substituted with the Glutamic acid (E) which is also a negatively charged residue. Substitution of D27 with E27 maintained UCP1 capacity to transfer protons, even though less efficiently (Echtay et al., 2000a). This is in line with a later study where UCP4 showed a lower H+ transport rate compared to UCP2 and UCP5 (Hoang et al., 2012). Moreover, site-directed substitution of the carboxyl group in position D210 with an uncharged amino acid, decreased the H+ transport of about 80%, uncovering a second critical residue associated to UCP proton transport (Echtay et al., 2000a). D210 is located in proximity of the Histidine (H) in position 214 (H214), which, together with E190, are pH sensors regulating the binding of nucleotides to UCPs. The E190 is the gatekeeper which controls the access of the nucleotides to the binding pocket by protonation (Klingenberg, 2017; Echtay et al., 1997). Meanwhile, the protonation of 214 determines the size of the pocket, where nucleotides bind, facilitating interaction with di- or triphosphate nucleotide (Klingenberg, 2017; Echtay et al., 1998). Also, a pair of H residues in position 145 and 147, which are missing in UCP4, were identified to be fundamental for UCP1 H+ transport (Bienengraeber et al., 1998).
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FIGURE 2
 Sequence alignment of UCPs proteins highlighting percentage of identity and mapping the functional residues. The human protein sequences of UCP1 (Uniprot P25874), UCP2 (Uniprot Uniprot P55851), UCP3 (Uniprot P55916), UCP4 Uniprot (O95847) and UCP5 (Uniprot O95258) were aligned using Jalview software 2.11.3.2 with T-Coffee server, visualizing similarity among sequences with percentage of identity option which colors the residues according to the ([image: inline1] > 80%, [image: inline1] >60%, [image: inline1] > 40%, [image: inline1] < 40%). Residues which have been implicated by site-directed mutagenesis in transport of H+, sensing pH shifts, transport of Cl− or interacting with nucleotide are highlighted across sequences.


UCPs have been shown to conduct anions like Cl−, Br− and NO3− as well (Huang and Klingenberg, 1996). In UCP1 substitution of E167, which is located on the matrix side of the membrane, with Glutamine (Q) reduced drastically Cl− transport without affecting H+ transport (Echtay et al., 2000a). This suggests that proton and anion transport are independent in UCPs. The exact mechanism through which UCPs conduct H+ and Cl− is still unclear. To date, several hypotheses have been proposed: i) biphasic two-state model for proton transport (Ardalan et al., 2021), ii) FA protonophore model (Garlid et al., 1996) and iii) the proton buffering model (Garlid et al., 1998). The biphasic two-state model proposes that UCPs mediate proton transport through two distinct phases. In the first phase, UCPs undergo a cycle of protonation and deprotonation of specific amino acid residues within the protein. In UCP2, where this model was initially tested, protons were proposed to interact with three specific arginine residues (R88, R185, and R279) and an aspartate (D28) that are present close to the center of the protein and can induce a set of conformational changes which facilitate the proton to be released in the matrix side. In the second phase, the protonation/deprotonation cycle induces conformational changes in the UCP protein, leading to the interconversion between cytoplasmic and matrix states (Ardalan et al., 2021).

The FA protonophore model suggests that UCPs mediate proton transport indirectly through the cycling of FA across the inner mitochondrial membrane, thus behaving as cycling protonophores (Garlid et al., 1996).

According to proton buffering model, UCPs facilitate proton transport across the inner mitochondrial membrane by functioning as channel based on the discovery of two H+-conducting histidine residues in UCP1, (H145, and H147) (Bienengraeber et al., 1998). The proton buffering model may coexist with the FA protonophore model and the biphasic proton transport mechanism.

In Figure 3, we used in silico prediction modeling to determine the potential binding site of purine nucleotide [i.e., Guanosine-5′-triphosphate (GTP)] to UCP4, starting from the AlphaFold structure prediction of UCP4. The binding site interaction analysis confirmed the importance of the conserved residues R97, R199, and R299 for GTP binding to UCP4.
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FIGURE 3
 In silico modeling of UCP4 binding site for purine nucleotide triphosphates. (A) AlphaFold protein structure prediction for UPC4 (AF-O95847-F1-model, Uniprot ID O95847) colored by confidence score (pLDDT) and showing membrane position calculated using PPM 3.0 web server. IS, intermembrane space; MM, mitochondria matrix. (B) The superimposition of UCP1 (RCSB_ID 8HBW) with UPC4 (AF-O95847-F1-model) using UCSF ChimeraX version: 1.7 matchmaker which was then rendered by Root Mean Square Deviation (RMSD) attribute (left), the residues of UCP4 with high correspondences with UCP1 are represented in blue (RMSD <1Amstrong) (right). (C) Cytoplasmic view of the GTP-UCP4 interaction with the helix colored. (D) 3D side view of GTP interaction with binding residues of UCP4 (AF-O95847-F1-model) predicted with AutoDock4 version 4.2.6. (E) 2D interaction diagram of GTP-UCP4 interaction using LigPlot+ version 2.2 results representing 2D.




2.2 Tissue distribution and function of UCP4

Even though one of the less studied UCPs, UPC4 resulted to be the ancestral UCP from which other mammalian and plant UCPs probably diverged (Hanak and Jezek, 2001). In mammals, the protein sequences of UCP4 analogues are highly conserved, suggesting that the biological functions of this protein are largely preserved across mammalian species (Figure 4A). For instance, an identity matrix generated using UniProt alignment shows that the homology between human and mouse UCP4 exceeds 95%, indicating that these sequences are nearly identical (Figure 4B). In contrast, the homology of UCP4 analogues in C. elegans and Drosophila melanogaster with the human UCP4 is lower, at 49 and 37%, respectively, but still significant (Pearson, 2013). UCP4 was firstly described in 1999 as brain specific mitochondrial protein with uncoupling function (Mao et al., 1999). For this reason, UCP4 has been defined as neuronal UCP, together with UCP2 and UCP5. Unlike UCP1, these proteins (UCP2, UCP4, and UCP5) are not constitutive uncouplers and are not crucial for non-shivering thermogenesis. Of notice, while UCP2 and UCP5 have a wider tissue distribution, recent studies using immunolabelling approaches confirmed that UCP4 is almost exclusively expressed in the brain, with the highest protein levels found in the cortex (Smorodchenko et al., 2009). Cellular expression of UCP4 was localized in neurons and astrocytes and it was absent in microglia (Smorodchenko et al., 2009). Interestingly, UCP4 is highly expressed during early embryogenesis in mice, day 12–14, a critical period for neuronal development and differentiation. Conversely, the UCP4 protein levels decline with aging (Mao et al., 1999; Smorodchenko et al., 2009).
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FIGURE 4
 Sequence alignment of UCP4 in different species. (A) The UCP4 protein sequences from humans (Homo sapiens, UniProt ID: O95847), monkeys (Macaca mulatta, UniProt ID: F6QG76), mice (Mus musculus, UniProt ID: Q9D6D0), rats (Rattus norvegicus, UniProt ID: A6JJ30), nematodes (Caenorhabditis elegans), and flies (Drosophila melanogaster, UniProt ID: Q9VMK1), were aligned using Jalview software 2.11.3.2 with T-Coffee server, visualizing similarity among sequences with percentage of identity option which colors the residues according to the ([image: inline1] > 80%, [image: inline1] >60%, [image: inline1] > 40%, [image: inline1] < 40%). (B) The identity matrix between UCP4 sequences was generated using UniProt.


In vitro and in vivo data suggest that UCP4 might have broader functions than solely depolarizing mitochondria electrochemical potential. Chu et al. (2009) reported that overexpression of UCP4 in human neuroblastoma cells conferred protection against mitotoxic signals such as MPP+ (1-methyl-4-phenylpyridinium), a compound that interferes with oxidative phosphorylation by inhibiting mitochondrial complex I. This neuroprotection mediated by UCP4 against induced oxidative stress did not involve canonical uncoupling effects, but rather it was created by a fine tuning of H+ flow in both direction of the mitochondria inner membrane, which preserved ATP synthesis (Chu et al., 2009). This confirms the work of Klotzsch et al. (2015), which concluded that UCP4 cannot uncouple phosphorylation from proton pumping because of its position in the inner mitochondrial membrane distant from the F0F1-ATP synthase. Klotzsch et al. (2015) further observed that UCP4 is preferentially localized in close vicinity to the mitochondrial voltage-dependent anion channel (VDAC). Moreover, UCP4 exhibits the lowest average proton transport among the neuronal UCPs, when reconstituted in liposomes (Hoang et al., 2015). Nonetheless, UCP4 can effectively shortcut excessive transmembrane proton gradients for regulating ROS production (Klotzsch et al., 2015). Characterization of the promoter region of human UCP4 identified a potent nuclear factor (NF)-κB response element binding site within this region (Ho et al., 2010). Therefore, UCP4 expression is significantly regulated via activation and inhibition of NF-κB signaling and seems to act as one of the effector of the NF-κB c-Rel pro-survival pathway against oxidative stress (Ho J. W. et al., 2012). So, it is not surprising that UCP4 confers neuroprotection under several cell stress conditions. For instance, UCP4 protected neurons from oxidative stress by regulating mitochondrial Ca2+ homeostasis and sensitivity, during induced depletion of Ca2+ in the endoplasmic reticulum (ER) (Chan et al., 2006). Mitochondria buffers Ca2+ during Ca2+ release from the ER or Ca2+influx from the plasma membrane, preventing cytosolic Ca2+ overload. At the same time, excessive Ca2+ levels in the matrix of mitochondria results in an increase of ROS that promotes apoptosis (Chen et al., 2017). UCP4 stably reduced neuronal mitochondria membrane potential, avoiding mitochondria overload during Ca2+ store depletion-induced toxicity (Chan et al., 2006). Conversely, the depletion of UCP4 expression in primary hippocampal neurons culminates in mitochondrial Ca2+ increase and subsequent cell death (Liu et al., 2006). This raises the question on how UCP4 senses or interferes with Ca2+ signaling. This topic is further discussed in the next subsection.

Another mechanism through which UCP4 is preserving neuronal function is by increasing ATP synthesis by interacting with complex II (Ho P. W. et al., 2012). Neuron-like-cells stably expressing UCP4 exhibited higher oxygen consumption and increased ATP production compared to controls. Additionally, in these cells, complex II activity was significantly higher but not the activity of complex I and IV. This highlights a unique role of UCP4 as a potential regulatory target to modulate mitochondrial Complex II and ATP output to preserve neurons against energy crisis (Ho P. W. et al., 2012).

Interestingly, overexpression of UCP4 in astrocytes seems also to achieve neuroprotection (Perreten Lambert et al., 2014). This study shows that overexpressing UCP4 in astrocytes reduces mitochondrial electrical potential together with oxygen peroxide release, and most importantly it enhanced secretion of lactate which likely mediated pro survival effect in neurons. Astrocytes produced more lactate because of enhanced glycolysis, which was triggered by the diminished levels of mitochondrial respiration. However, UCP4 did not increase lactate production in response to glutamate (Perreten Lambert et al., 2014). This is compatible with an additional hypothesis, where lactate release is increased in UCP4 overexpressing astrocytes due to changes in plasma membrane permeability to lactate. It has been, shown that during thermogenesis in brown adipocytes the plasma membrane increases its permeability to lactate by upregulating monocarboxylate transporters MCT1 and MCT4, which are lactate transporters (Petersen et al., 2017).



2.3 Neuronal Ca2+ sensor 1 (NCS1) and mitochondrial UCP4

A biological link was found between the Ca2+ sensor, neuronal Ca2+ sensor 1 (NCS1), and UCP4 (Simons et al., 2019). NCS1/frequenin belongs to the family of neuronal calcium sensors. Neurons express a wide variety of calcium sensors characterized by different Ca2+ binding affinities. NCS1 contains the EF hand Ca2+ binding motif which is activated by sub-micromolar changes of Ca2+ concentration. This allows rapid cellular responses to small fluctuations in cytosolic Ca2+ levels (Burgoyne, 2007). Genetic knock-out (KO) of NCS1 in mice resulted in a lower expression of mitochondrial UCP4 in dopaminergic neurons of the substantia nigra, which are highly vulnerable to Parkinson’s disease (Simons et al., 2019). This suggests that UCP4 gene transcription or its mRNA stabilization might be regulated by NCS1 (Simons et al., 2019). A similar correlation was observed between NCS1 and other UCPs, like UCP2 and UCP3 in cardiomyocytes. In brief, NCS1 KO myocytes displayed reduced expression of mitochondrial proteins involved in oxidative phosphorylation as well as UCPs, causing impaired mitochondrial respiration and increased susceptibility to oxidative stress (Nakamura et al., 2016). How NCS1 affects the expression and function of mitochondrial proteins is not completely understood. The perinuclear localization of NCS1 and its ability to regulate nuclear Ca2+ signaling, suggest a rapid modulation of mitochondrial UCP4 levels by NCS1 (Figure 5a) (Simons et al., 2019; Nakao et al., 2015; Xu et al., 2018; Guzman et al., 2010). As a response to the rise in cytosolic Ca2+, NCS1 binds to inositol trisphosphate receptor (IP3R) receptors located in the perinuclear region and affect Ca2+ dependent gene expression via modulation of transcription factors as cAMP response element-binding protein (CREB) (Nakao et al., 2015). Alternatively, NSC1 interacts with IP3R activates signaling pathways such as PGC-1α and/or PI3-K-Akt, which regulate mitochondrial biogenesis and cellular survival mechanisms (Figure 5b) (Nakamura et al., 2016; Nakamura et al., 2019). Besides NSC1 controlling UCP4 expression, recent publication suggests a functional association between the two proteins. Efficient Ca2+ transfer from ER to mitochondria at contact sites requires orchestrated activation of proteins involved in ER Ca2+ release (NCS1/IP3R) and mitochondrial Ca2+ uptake [VDAC1/2 and mitochondrial Ca2+ uniporter (MCU)] (Angebault et al., 2018). The mechanism is recapitulated in Figure 5c. While activation of NCS1/IP3R/VDAC1 and MCU provides Ca2+ transfer from ER to mitochondria, UCP4 regulates the ability of mitochondria to buffer Ca2+ via modulation of mitochondrial membrane potential and its pH. Thus, NCS1-UCP4 interaction seems to be involved in proper Ca2+ transmission from ER to mitochondria, preventing mitochondrial Ca2+ overload and cellular oxidative stress.
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FIGURE 5
 NCS1 regulates UCP4 protein levels and mitochondrial Ca2+ homeostasis. NCS1 might regulate UCP4 gene expression in two ways: a) via a cytosolic Ca2+ concentration dependent manner or b) independent from cytosolic Ca2+. (a) Cytosolic Ca2+ activates NSC1 initiating interaction with IP3R located in the perinuclear region. IP3R increases nuclear Ca2+ targeting transcription factors like CREB. (b) NSC1 interacts with IP3R inducing Ca2+ release from ER (endoplasmic reticulum) which activates CaMKII. CaMKII promotes PGC-1α translocation to the nuclei, where it regulates mitochondrial biogenesis and cellular survival mechanisms. (c) NCS1/UCP4 can regulate mitochondrial Ca2+ stabilizing its uptake. Efficient Ca2+ transfer from ER to mitochondria at contact sites requires orchestrated activation of proteins involved in ER Ca2+ release (NCS1/IP3R) and mitochondrial Ca2+ uptake (VDAC1/2 and MCU). While activation of NCS1/IP3R/VDAC1 and MCU provides Ca2+ transfer from ER to mitochondria, UCP4 regulates the ability of mitochondria to buffer Ca2+ via modulation of mitochondrial membrane potential and its pH.





3 The impact of UCP4 in the pathophysiology and treatment of AD


3.1 Evidence of UCP4 involvement in AD pathology

As mentioned above, oxidative stress and mitochondrial dysfunction are becoming recognized not only as critical molecular features of AD but also to occur at early stages of the disease. Gene expression analysis, performed on the prefrontal lobe of AD patient, manifesting different level of severity determined by Braak Stage, revealed reduce levels of respiration chain proteins, while markers for oxidative stress such as nitric oxide synthase were increased (de la Monte and Wands, 2006). Interestingly, the levels of the neuronal UCPs, UCP2, 4 and 5 were significantly reduced in postmortem AD brain tissue (de la Monte and Wands, 2006). In 2016, it was reported that a specific UCP4 variant contributes to the risk of developing AD (Montesanto et al., 2016). The authors observed that the UCP4 variant rs9472817 increased 1.50-fold the risk to develop AD, when affecting one allele, and of 2.24-fold when variation was present in both alleles. This gene dosage dependent effect was true for both late onset and familial AD. Another intriguing aspect of this study highlighted is that UCP4 variant rs9472817 seems to be biologically associated to apolipoprotein E-ε4 (APOE4) alleles, since the highest risk was found for patients carrying APOE4 and the UCP4 variant. What remains unanswered is which type of functional change does rs9472817 UCP4 variant cause to the protein and which biological link exist between UCP4 and APOE4. Answering these questions is now even more relevant considering the new findings where APOE4 homozygosity might be consider as a distinct genetic form of AD (Fortea et al., 2024).

In AD, UCP4 is downregulated probably in response to pro-inflammatory signals, like protein glia maturation factor or nitric oxide, released by glia cells (Thangavel et al., 2017). The authors proposed that downregulation of UCP4 is probably downstream to NF-κB p65 signaling. Aβ oligomers, which are produce in the early phase of the AD, are known to activate NF-κB in neurons and glia via the Toll-like receptor 4 (Kaltschmidt et al., 1997). Additionally having one or two APOE4 alleles, which is a strong genetic risk factor for the development AD (Corder et al., 1993), primes microglial cells toward a phagocytic and proinflammatory state in normal aging as well as in AD (Serrano-Pozo et al., 2021).



3.2 Targeting UCPs/mitochondria metabolism during AD

Cho et al. (2016) found that Caenorhabditis elegans (C. elegans) defective of UCP4 exhibited increased mitochondrial membrane potential, which was associated with enhanced neuronal defects during aging. Conversely, overexpression of UCP4 mitigated neuronal defects. Additionally, the UCP4-knock-out showed resistance to the pathogen Staphylococcus aureus, possibly due to high levels of ROS. However, susceptibility to the pathogen increased with age in the UCP4- knock-out, suggesting a complex interplay between ROS and immunity. These findings highlight the role of UCP4 in regulating mitochondrial function, neuronal health, and immune response in C. elegans, during aging.

Recently, our group discovered that overexpression of UCP4 in astrocytic mitochondria prevented multilevel dysfunction in a mouse model of AD (Rosenberg et al., 2023). Viral particles delivering the murine variant of UCP4 in astrocytes, via the GFAP promoter, were injected into 2-month-old triple-transgenic AD mice (3 × Tg-AD). The 3 × Tg-AD mice, harboring PS1M146V, APPSwe, and tauP301L transgenes, manifest slow but progressive development of amyloid-β plaques and tangles (Oddo et al., 2003). Synaptic dysfunction, including deficits in long-term potentiation, occurs in an age-related manner but precedes plaque and tangle pathology (Oddo et al., 2003). Metabolomic analysis of the hippocampus showed that 1–2 month post-viral injection, astrocytic overexpression of UCP4 normalized a series of metabolites related to the TCA cycle, glycolysis, and amino acid metabolism (Rosenberg et al., 2023).

Intriguingly, long-term overexpression of UCP4 in astrocytes prevented dendritic loss and aberrant electrical properties of subicular neurons, hippocampal atrophy, and decline in spatial memory in the 3xTg-AD mouse model (Rosenberg et al., 2023). Computational modeling further supported our experimental observations by predicting a reduction in neuronal Ca2+ entry at low voltages in mice treated with UCP4. This reduction was attributed to the modulation of T-type voltage-gated calcium (Cav) channels, which play a crucial role in burst activity generation in subicular neurons (Aguado et al., 2016). T-type Cav channels are activated at low membrane potentials (around −70 mV) and participate in the generation of burst activity in subicular neurons (Joksimovic et al., 2017). The reduction in Ca2+ influx at low voltages in 3xTg-AD mice suggested by computational modeling strongly correlates with experimental data. Firstly, the expression levels of T-type Cav3.1 channels decline during aging and AD in both humans and mouse models (Rice et al., 2014). Furthermore, pharmacological downregulation of T-type Cav channels increased Aβ production, while stimulating their activity improved cognitive function in 3xTg-AD mice, indicating a biological link between T-type Cav function and AD-associated memory dysfunction (Moriguchi et al., 2012; Green et al., 2011). More broadly, dorsal subiculum-specific knockdown of the T-type Cav3.1 channel led to spatial memory deficits in mice, confirming the relevance of T-type Cav channels in memory (Joksimovic et al., 2023).

Additionally, Ca2+ influx via voltage-gated T-type Ca2+ channels was shown to modulate Ca2+-sensitive K+ channel activation, leading to membrane potential hyperpolarization and a consequential decrease in neuronal activity (Poetschke et al., 2015). Thus, the interplay of voltage-gated Ca2+ and Ca2+-sensitive K+ channels serves as a negative feedback mechanism, leading to the reduction of neuronal activity and activity-related Ca2+ entry. Besides Cav channels, Ca2+-sensitive K+ channels are also modulated by Ca2+ released from intracellular Ca2+ stores (Stutzmann et al., 2006). Along these lines, experimental data and computational modeling suggested a reduction in K+ conductance in UCP4-overexpressing 3xTg-AD mice. Additionally, subicular neurons from UCP4-overexpressing 3xTg-AD mice were characterized by a smaller afterhyperpolarization compared to control virus-expressing 3xTg-AD mice. This finding, together with computational modeling, suggests that UCP4 might correct neuronal activity via modulation of Ca2+-sensitive K+ channels.

The implications of our findings extend beyond AD, as emerging evidence suggests the therapeutic potential of uncoupling mitochondria in astrocytes for other brain disorders such as depression. Du et al. demonstrated that UCP2 deficiency exacerbates depressive symptoms in mice, leading to impaired neurogenesis and increased astrocyte loss (Du et al., 2016). Moreover, UCP2 knockout (KO) mice exhibited enhanced NLRP3 inflammasome activation, mitochondrial dysfunction, ROS production, and activation of the TXNIP-NLRP3 pathway in astrocytes (Du et al., 2016). Conversely, UCP2 overexpression in astrocytes partially reversed these effects, highlighting the role of UCP2 in ameliorating depression-related mechanisms.

Transitioning to the next subsection, we will explore the rising field of pharmacology aimed at specifically activating UCPs to harness their potential therapeutic benefits.



3.3 The rising of a new pharmacology to specifically activate UCPs

The two compounds 2,4 dinitrophenol (DNP) and cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) have been indispensable experimental tools for controlling mitochondrial respiration by acting as protonophores. However, in 2022 it was discovered that their mechanism of action might have been at least partly misunderstood. Bertholet et al. (2022) found, by using patch-clamp techniques, that DNP and FCCP have a preference towards the mitochondrial inner membrane (IMM) where they initiate proton currents. Conversely, DNP and FCCP induced proton currents were not detected in plasma membrane preparations, where UCPs are absent. When UCP1 inhibitors like guanosine 5′-diphosphate were introduced to the set-up H+ currents were strongly supressed in the IMMs. In addition, the induction of H+ currents by DNP and FCCP was also absent in UCPs deficient IMMs. Thus, protonophoric uncouplers are synthetic activators of H+ currents and require UCPs for their mode of action. It was further discovered that, in the UCP1 protein the binding site of DNP is in proximity to that of ATP, suggesting that DNP competes and can displace ATP blockade, resulting in the induction of the proton-conducting activity of UCPs.

In Figure 6 we report the chemical structure of the known uncouplers. Protonophoric uncouplers have shown to be effective in combating obesity, diabetes, and steatosis in animal models (Perry et al., 2015). Furthermore, DNP reduces postnatal hypoxia by preventing ROS formation in the brain (Villa et al., 2023). Despite the encouraging data, the clinical potential of uncouplers for treating human disease is limited due to indiscriminately increasing H+ conductance across all biological membranes, causing adverse side effects (Grundlingh et al., 2011). However, safety and efficacy of DNP may be achieved by designing control release system of the drug that maintain plasma levels of DNP in the range 1 to 5 μM (Perry et al., 2015). Additionally, now that the DNP binding pocket in UCPs has been identified new DNP derivatives could be designed with modified pharmacokinetics and pharmacodynamics to minimize off-target effects (Kang and Chen, 2023). Interestingly, by screening small molecule chemical library Kenwood et al. (2014) identified and validated a novel mitochondrial protonophore uncoupler named BAM15 that does not depolarize the plasma membrane. Compared to FCCP, an uncoupler of equal potency, BAM15 treatment of cultured cells was shown to stimulate a higher maximum rate of mitochondrial respiration and to be less cytotoxic. Importantly, BAM15 is bioactive in vivo (Kenwood et al., 2014). Recent research suggests that BAM15 holds promise in alleviating neurodegeneration and extending lifespan in aged Caenorhabditis elegans (Cho et al., 2022). Treatment with BAM15 or DNP, significantly reduces neuronal defects and preserves sensory functions in aging worms. Interestingly, even mutants lacking UCP4 respond positively to BAM15 by extending their lifespan (Cho et al., 2022). Surprisingly, BAM15 like other chemical unclouplers such as niclosamide and CCCP has inhibitory effect on NLRP3 inflammasome activation through inhibiting NFκB nuclear translocation suggesting potential anti-inflammatory effects (Hu et al., 2021). The finding of the mode of action of protonophore and their binding pocket in UCPs might pave the way for the development of less toxic, more potent and specific mitochondrial uncouplers that will hopefully reignite interest in pharmacological uncoupling for the treatment of diseases that are associated with altered mitochondrial function.
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FIGURE 6
 Chemical structure of known uncouplers. Chemical structures were drawn using ChemSketch (Freeware) 2023.1.2.





4 Conclusion and future perspectives

The exploration of UCPs’ function in the brain is still in its early stages, yet a mounting body of evidence underscores their critical role in regulating brain metabolism and influencing brain function. In this comprehensive review, we explored the bioenergetic interconnection between astrocytes and neurons, and the emerging significance of UCPs in AD. Within astrocytes, UCPs play a pivotal role in modulating inflammatory responses via NLRP3 inflammasome activation and facilitating neurotransmission. Interestingly, the UCP4-knock-out showed resistance to the pathogen Staphylococcus aureus, possibly due to high levels of ROS. However, susceptibility to the pathogen increased with age in the UCP4- knock-out, suggesting a complex interplay between UCPs protein levels, ROS and immunity. The mechanism of this interplay remains vastly unexplored. The downregulation of UCPs in AD pathology highlights its potential as a therapeutic target for mitigating the progression of critical aspects of the disease. Indeed, the work of Rosenberg et al. (2023) provided compelling data that mild uncoupling via overexpression of UCP4 in astrocytes can prevent dendritic loss, aberrant neuronal activity, and cognitive decline in AD mouse models. However, this data also underscores how our knowledge about the function of UCPs in the brain remains limited, such as the differing functions of UCPs depending on brain cell type. The next significant step forward will rely on the development of cell-specific UCPs knockouts.

Furthermore, the discovery of the mode of action of DNP and FCCP and their binding pocket in UCPs offer exciting opportunities for the development of new less toxic and isoform specific UCP modulators of mitochondrial bioenergetics that may be employed in the clinic. The small molecule BAM15, a relatively new uncoupler, already demonstrated less off-target unwanted effects and yet promising efficacy in combating neurodegeneration in aged C elegans.

In summary, the elucidation of the role of UCPs, particularly UCP4, in neurodegenerative disorders represents a significant advancement in our understanding of brain energy metabolism and offers promising prospects for the development of novel therapeutic strategies for AD and other neurological conditions. Continued research in this field is essential to translate these findings into effective treatments that can improve the lives of patients affected by these devastating diseases.



Author contributions

SC: Writing – original draft, Writing – review & editing. AG: Writing – original draft, Writing – review & editing. JYC: Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by the Dementia Research Synapsis Foundation Switzerland (grant# 2020-PI06) and by the Swiss National Science Foundation (grant# 310030_212432).



Conflict of interest

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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations


GLUTs, Glucose transporters; TCA, Tricarboxylic acid cycle; NADPH’, 1,4-dihydronicotinamide adenine dinucleotide; ATP, Adenosine triphosphate; ETC, Electron transport chain; UCPs, Mitochondrial uncoupling proteins; SCL25, Solute carrier family 25; LDH, Lactate dehydrogenase; NKA, Na+/K+ ATPase; ROS, Reactive oxygen species; Nrf2, Nuclear factor-erythroid 2-related factor-2; GSH, Glutathione; CD38, Cluster of differentiation 38; cADPR, Cyclic adenosine diphosphate ribose; AD, Alzheimer’s disease; MCTs, Monocarboxylate Transporters; NMDA receptor, N-methyl-D-aspartate receptor; Ca2+, Calcium; FA, Fatty acids; R, Arginine; D, Aspartic Acid; E, Glutamic acid; H, Histidine; Q, Glutamine; GTP, Guanosine-5′-triphosphate; MPP+, 1-methyl-4-phenylpyridinium; VDAC, Mitochondrial voltage-dependent anion channel; NF-κB, Nuclear factor-κB; ER, Endoplasmic reticulum; NCS1, Neuronal Ca2+ sensor 1; KO, Knock-out; CREB, cAMP response element-binding protein; IP3R - Inositol trisphosphate receptor; MCU, Mitochondrial Ca2+ uniporter; APOE4, Apolipoprotein E-ε4; C. elegans, Caenorhabditis elegans; Cav, Voltage-gated calcium; NLRP3, NLR family pyrin domain containing 3; DNP, 2,4 Dinitrophenol; FCCP, Cyanide-4-(trifluoromethoxy) phenylhydrazone; IMM, Mitochondrial inner membrane.



References

 Aguado, C., Garcia-Madrona, S., Gil-Minguez, M., and Lujan, R. (2016). Ontogenic changes and differential localization of T-type ca(2+) channel subunits Cav3.1 and Cav3.2 in mouse Hippocampus and cerebellum. Front. Neuroanat. 10:83. doi: 10.3389/fnana.2016.00083

 Almeida, A., Moncada, S., and Bolanos, J. P. (2004). Nitric oxide switches on glycolysis through the AMP protein kinase and 6-phosphofructo-2-kinase pathway. Nat. Cell Biol. 6, 45–51. doi: 10.1038/ncb1080 

 Angebault, C., Fauconnier, J., Patergnani, S., Rieusset, J., Danese, A., Affortit, C. A., et al. (2018). ER-mitochondria cross-talk is regulated by the Ca2+ sensor NCS1 and is impaired in Wolfram syndrome. Sci. Signal. 11:eaaq1380. doi: 10.1126/scisignal.aaq1380 

 Ardalan, A., Sowlati-Hashjin, S., Oduwoye, H., Uwumarenogie, S. O., Karttunen, M., Smith, M. D., et al. (2021). Biphasic proton transport mechanism for uncoupling proteins. J. Phys. Chem. B 125, 9130–9144. doi: 10.1021/acs.jpcb.1c04766 

 Atlante, A., Amadoro, G., Latina, V., and Valenti, D. (2022). Therapeutic potential of targeting mitochondria for Alzheimer’s disease treatment. J. Clin. Med. 11:6742. doi: 10.3390/jcm11226742 

 Belanger, M., Allaman, I., and Magistretti, P. J. (2011). Brain energy metabolism: focus on astrocyte-neuron metabolic cooperation. Cell Metab. 14, 724–738. doi: 10.1016/j.cmet.2011.08.016 

 Bell, K. F., Al-Mubarak, B., Fowler, J. H., Baxter, P. S., Gupta, K., Tsujita, T., et al. (2011). Mild oxidative stress activates Nrf2 in astrocytes, which contributes to neuroprotective ischemic preconditioning. Proc. Natl. Acad. Sci. USA 108, E1–E2. doi: 10.1073/pnas.1015229108 

 Bertholet, A. M., Natale, A. M., Bisignano, P., Suzuki, J., Fedorenko, A., Hamilton, J., et al. (2022). Mitochondrial uncouplers induce proton leak by activating AAC and UCP1. Nature 606, 180–187. doi: 10.1038/s41586-022-04747-5 

 Bienboire-Frosini, C., Wang, D., Marcet-Rius, M., Villanueva-Garcia, D., Gazzano, A., Dominguez-Oliva, A., et al. (2023). The role of Brown adipose tissue and energy metabolism in mammalian thermoregulation during the perinatal period. Animals (Basel) 13:2173. doi: 10.3390/ani13132173

 Bienengraeber, M., Echtay, K. S., and Klingenberg, M. (1998). H+ transport by uncoupling protein (UCP-1) is dependent on a histidine pair, absent in UCP-2 and UCP-3. Biochemistry 37, 3–8. doi: 10.1021/bi972463w 

 Bionda, C., Portoukalian, J., Schmitt, D., Rodriguez-Lafrasse, C., and Ardail, D. (2004). Subcellular compartmentalization of ceramide metabolism: MAM (mitochondria-associated membrane) and/or mitochondria? Biochem. J. 382, 527–533. doi: 10.1042/BJ20031819 

 Bolanos, J. P. (2016). Bioenergetics and redox adaptations of astrocytes to neuronal activity. J. Neurochem. 139, 115–125. doi: 10.1111/jnc.13486

 Bozluolcay, M., Andican, G., Firtina, S., Erkol, G., and Konukoglu, D. (2016). Inflammatory hypothesis as a link between Alzheimer’s disease and diabetes mellitus. Geriatr Gerontol Int 16, 1161–1166. doi: 10.1111/ggi.12602 

 Burgoyne, R. D. (2007). Neuronal calcium sensor proteins: generating diversity in neuronal Ca2+ signalling. Nat. Rev. Neurosci. 8, 182–193. doi: 10.1038/nrn2093 

 Butterfield, D. A., and Halliwell, B. (2019). Oxidative stress, dysfunctional glucose metabolism and Alzheimer disease. Nat. Rev. Neurosci. 20, 148–160. doi: 10.1038/s41583-019-0132-6 

 Cater, M., and Holter, S. M. (2022). A pathophysiological intersection of diabetes and Alzheimer’s disease. Int. J. Mol. Sci. 23:11562. doi: 10.3390/ijms231911562 

 Chamberlain, K. A., Huang, N., Xie, Y., LiCausi, F., Li, S., Li, Y., et al. (2021). Oligodendrocytes enhance axonal energy metabolism by deacetylation of mitochondrial proteins through transcellular delivery of SIRT2. Neuron 109, 3456–3472.e8. doi: 10.1016/j.neuron.2021.08.011 

 Chan, S. L., Liu, D., Kyriazis, G. A., Bagsiyao, P., Ouyang, X., and Mattson, M. P. (2006). Mitochondrial uncoupling protein-4 regulates calcium homeostasis and sensitivity to store depletion-induced apoptosis in neural cells. J. Biol. Chem. 281, 37391–37403. doi: 10.1074/jbc.M605552200 

 Chen, W., Yang, J., Chen, S., Xiang, H., Liu, H., Lin, D., et al. (2017). Importance of mitochondrial calcium uniporter in high glucose-induced endothelial cell dysfunction. Diab. Vasc. Dis. Res. 14, 494–501. doi: 10.1177/1479164117723270 

 Chen, Z., and Zhong, C. (2013). Decoding Alzheimer’s disease from perturbed cerebral glucose metabolism: implications for diagnostic and therapeutic strategies. Prog. Neurobiol. 108, 21–43. doi: 10.1016/j.pneurobio.2013.06.004 

 Cho, I., Hwang, G. J., and Cho, J. H. (2016). Uncoupling protein, UCP-4 may be involved in neuronal defects during aging and resistance to pathogens in Caenorhabditis elegans. Mol. Cells 39, 680–686. doi: 10.14348/molcells.2016.0125 

 Cho, I., Song, H. O., Ji, H. E., Yang, S., and Cho, J. H. (2022). BAM15 relieves neurodegeneration in aged Caenorhabditis elegans and extends lifespan. Meta 12:1129. doi: 10.3390/metabo12111129 

 Chu, A. C., Ho, P. W., Kwok, K. H., Ho, J. W., Chan, K. H., Liu, H. F., et al. (2009). Mitochondrial UCP4 attenuates MPP+ − and dopamine-induced oxidative stress, mitochondrial depolarization, and ATP deficiency in neurons and is interlinked with UCP2 expression. Free Radic. Biol. Med. 46, 810–820. doi: 10.1016/j.freeradbiomed.2008.12.015 

 Corder, E. H., Saunders, A. M., Strittmatter, W. J., Schmechel, D. E., Gaskell, P. C., Small, G. W., et al. (1993). Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset families. Science 261, 921–923. doi: 10.1126/science.8346443 

 Crivelli, S. M., Quadri, Z., Vekaria, H. J., Zhu, Z., Tripathi, P., Elsherbini, A., et al. (2023). Inhibition of acid sphingomyelinase reduces reactive astrocyte secretion of mitotoxic extracellular vesicles and improves Alzheimer’s disease pathology in the 5xFAD mouse. Acta Neuropathol. Commun. 11:135. doi: 10.1186/s40478-023-01633-7 

 Cummings, J., Zhou, Y., Lee, G., Zhong, K., Fonseca, J., and Cheng, F. (2023). Alzheimer’s disease drug development pipeline: 2023. Alzheimers Dement (NY) 9:e12385. doi: 10.1002/trc2.12385 

 Davis, C. H., Kim, K. Y., Bushong, E. A., Mills, E. A., Boassa, D., Shih, T., et al. (2014). Transcellular degradation of axonal mitochondria. Proc. Natl. Acad. Sci. USA 111, 9633–9638. doi: 10.1073/pnas.1404651111 

 de la Monte, S. M., and Wands, J. R. (2006). Molecular indices of oxidative stress and mitochondrial dysfunction occur early and often progress with severity of Alzheimer’s disease. J. Alzheimers Dis. 9, 167–181. doi: 10.3233/JAD-2006-9209 

 de Vries, L. E., Jongejan, A., Monteiro Fortes, J., Balesar, R., Rozemuller, A. J. M., Moerland, P. D., et al. (2024). Gene-expression profiling of individuals resilient to Alzheimer’s disease reveals higher expression of genes related to metallothionein and mitochondrial processes and no changes in the unfolded protein response. Acta Neuropathol. Commun. 12:68. doi: 10.1186/s40478-024-01760-9 

 Dienel, G. A., and Rothman, D. L. (2020). Reevaluation of astrocyte-neuron energy metabolism with astrocyte volume fraction correction: impact on cellular glucose oxidation rates, glutamate-glutamine cycle energetics, glycogen levels and utilization rates vs. exercising muscle, and Na(+)/K(+) pumping rates. Neurochem. Res. 45, 2607–2630. doi: 10.1007/s11064-020-03125-9 

 Domingues, R., Pereira, C., Cruz, M. T., and Silva, A. (2021). Therapies for Alzheimer’s disease: a metabolic perspective. Mol. Genet. Metab. 132, 162–172. doi: 10.1016/j.ymgme.2021.01.011

 Dringen, R., Gutterer, J. M., and Hirrlinger, J. (2000). Glutathione metabolism in brain metabolic interaction between astrocytes and neurons in the defense against reactive oxygen species. Eur. J. Biochem. 267, 4912–4916. doi: 10.1046/j.1432-1327.2000.01597.x

 Dringen, R., Hoepken, H. H., Minich, T., and Ruedig, C. (2007). “1.3 pentose phosphate pathway and NADPH metabolism” in Handbook of neurochemistry and molecular neurobiology: Brain energetics integration of molecular and cellular processes. eds. A. Lajtha, G. E. Gibson, and G. A. Dienel (Boston, MA: Springer US), 41–62.

 Du, R. H., Wu, F. F., Lu, M., Shu, X. D., Ding, J. H., Wu, G., et al. (2016). Uncoupling protein 2 modulation of the NLRP3 inflammasome in astrocytes and its implications in depression. Redox Biol. 9, 178–187. doi: 10.1016/j.redox.2016.08.006 

 Echtay, K. S., Bienengraeber, M., and Klingenberg, M. (1997). Mutagenesis of the uncoupling protein of brown adipose tissue. Neutralization of E190 largely abolishes pH control of nucleotide binding. Biochemistry 36, 8253–8260. doi: 10.1021/bi970513r

 Echtay, K. S., Bienengraeber, M., Winkler, E., and Klingenberg, M. (1998). In the uncoupling protein (UCP-1) His-214 is involved in the regulation of purine nucleoside triphosphate but not diphosphate binding. J. Biol. Chem. 273, 24368–24374. doi: 10.1074/jbc.273.38.24368

 Echtay, K. S., Winkler, E., Bienengraeber, M., and Klingenberg, M. (2000a). Site-directed mutagenesis identifies residues in uncoupling protein (UCP1) involved in three different functions. Biochemistry 39, 3311–3317. doi: 10.1021/bi992448m 

 Echtay, K. S., Winkler, E., and Klingenberg, M. (2000b). Coenzyme Q is an obligatory cofactor for uncoupling protein function. Nature 408, 609–613. doi: 10.1038/35046114

 Fortea, J., Pegueroles, J., Alcolea, D., Belbin, O., Dols-Icardo, O., Vaque-Alcazar, L., et al. (2024). APOE4 homozygozity represents a distinct genetic form of Alzheimer’s disease. Nat. Med. 30, 1284–1291. doi: 10.1038/s41591-024-02931-w 

 Garcia-Nogales, P., Almeida, A., and Bolanos, J. P. (2003). Peroxynitrite protects neurons against nitric oxide-mediated apoptosis. A key role for glucose-6-phosphate dehydrogenase activity in neuroprotection. J. Biol. Chem. 278, 864–874. doi: 10.1074/jbc.M206835200 

 Garlid, K. D., Jaburek, M., and Jezek, P. (1998). The mechanism of proton transport mediated by mitochondrial uncoupling proteins. FEBS Lett. 438, 10–14. doi: 10.1016/S0014-5793(98)01246-0

 Garlid, K. D., Orosz, D. E., Modriansky, M., Vassanelli, S., and Jezek, P. (1996). On the mechanism of fatty acid-induced proton transport by mitochondrial uncoupling protein. J. Biol. Chem. 271, 2615–2620. doi: 10.1074/jbc.271.5.2615 

 Green, K. N., Khashwji, H., Estrada, T., and LaFerla, F. M. (2011). ST101 induces a novel 17kDa APP cleavage that precludes Aβ generation in vivo. Ann. Neurol. 69, 831–844. doi: 10.1002/ana.22325 

 Grundlingh, J., Dargan, P. I., El-Zanfaly, M., and Wood, D. M. (2011). 2,4-dinitrophenol (DNP): a weight loss agent with significant acute toxicity and risk of death. J. Med. Toxicol. 7, 205–212. doi: 10.1007/s13181-011-0162-6 

 Gustavsson, A., Norton, N., Fast, T., Frolich, L., Georges, J., Holzapfel, D., et al. (2023). Global estimates on the number of persons across the Alzheimer’s disease continuum. Alzheimers Dement. 19, 658–670. doi: 10.1002/alz.12694 

 Guzman, J. N., Sanchez-Padilla, J., Wokosin, D., Kondapalli, J., Ilijic, E., Schumacker, P. T., et al. (2010). Oxidant stress evoked by pacemaking in dopaminergic neurons is attenuated by DJ-1. Nature 468, 696–700. doi: 10.1038/nature09536 

 Habas, A., Hahn, J., Wang, X., and Margeta, M. (2013). Neuronal activity regulates astrocytic Nrf2 signaling. Proc. Natl. Acad. Sci. USA 110, 18291–18296. doi: 10.1073/pnas.1208764110 

 Hanak, P., and Jezek, P. (2001). Mitochondrial uncoupling proteins and phylogenesis – UCP4 as the ancestral uncoupling protein. FEBS Lett. 495, 137–141. doi: 10.1016/S0014-5793(01)02338-9 

 Hayakawa, K., Esposito, E., Wang, X., Terasaki, Y., Liu, Y., Xing, C., et al. (2016). Transfer of mitochondria from astrocytes to neurons after stroke. Nature 535, 551–555. doi: 10.1038/nature18928 

 Herrero-Mendez, A., Almeida, A., Fernandez, E., Maestre, C., Moncada, S., and Bolanos, J. P. (2009). The bioenergetic and antioxidant status of neurons is controlled by continuous degradation of a key glycolytic enzyme by APC/C-Cdh1. Nat. Cell Biol. 11, 747–752. doi: 10.1038/ncb1881 

 Ho, J. W., Ho, P. W., Liu, H. F., So, D. H., Chan, K. H., Tse, Z. H., et al. (2012). UCP4 is a target effector of the NF-kappaB c-Rel prosurvival pathway against oxidative stress. Free Radic. Biol. Med. 53, 383–394. doi: 10.1016/j.freeradbiomed.2012.05.002 

 Ho, P. W., Ho, J. W., Tse, H. M., So, D. H., Yiu, D. C., Liu, H. F., et al. (2012). Uncoupling protein-4 (UCP4) increases ATP supply by interacting with mitochondrial complex II in neuroblastoma cells. PLoS One 7:e32810. doi: 10.1371/journal.pone.0032810 

 Ho, J. W., Ho, P. W., Zhang, W. Y., Liu, H. F., Kwok, K. H., Yiu, D. C., et al. (2010). Transcriptional regulation of UCP4 by NF-kappaB and its role in mediating protection against MPP+ toxicity. Free Radic. Biol. Med. 49, 192–204. doi: 10.1016/j.freeradbiomed.2010.04.002 

 Hoang, T., Kuljanin, M., Smith, M. D., and Jelokhani-Niaraki, M. (2015). A biophysical study on molecular physiology of the uncoupling proteins of the central nervous system. Biosci. Rep. 35:e00226. doi: 10.1042/BSR20150130 

 Hoang, T., Smith, M. D., and Jelokhani-Niaraki, M. (2012). Toward understanding the mechanism of ion transport activity of neuronal uncoupling proteins UCP2, UCP4, and UCP5. Biochemistry 51, 4004–4014. doi: 10.1021/bi3003378 

 Hogan, K. A., Chini, C. C. S., and Chini, E. N. (2019). The multi-faceted Ecto-enzyme CD38: roles in immunomodulation, Cancer, aging, and metabolic diseases. Front. Immunol. 10:1187. doi: 10.3389/fimmu.2019.01187 

 Hu, N., Fu, Y., Li, W. F., Yang, X. R., Cao, M., Li, F. F., et al. (2021). Chemical mitochondrial uncouplers share common inhibitory effect on NLRP3 inflammasome activation through inhibiting NFkappaB nuclear translocation. Toxicol. Appl. Pharmacol. 414:115426. doi: 10.1016/j.taap.2021.115426 

 Huang, S. G., and Klingenberg, M. (1996). Chloride channel properties of the uncoupling protein from brown adipose tissue mitochondria: a patch-clamp study. Biochemistry 35, 16806–16814. doi: 10.1021/bi960989v 

 Isei, M. O., Crockett, M., Chen, E., Rodwell-Bullock, J., Caroll, T., Girardi, P. A., et al. (2024). Tau phosphorylation suppresses oxidative stress-induced mitophagy via FKBP8 receptor modulation. bioRxiv. [Preprint]. doi: 10.1101/2024.07.05.602170

 Ivanova, M. V., Hoang, T., McSorley, F. R., Krnac, G., Smith, M. D., and Jelokhani-Niaraki, M. (2010). A comparative study on conformation and ligand binding of the neuronal uncoupling proteins. Biochemistry 49, 512–521. doi: 10.1021/bi901742g 

 Jacobs, H. T. (2023). A century of mitochondrial research, 1922-2022. Enzyme 54, 37–70. doi: 10.1016/bs.enz.2023.07.002 

 Jiang, D., and Lu, H. (2022). Cerebral oxygen extraction fraction MRI: techniques and applications. Magn. Reson. Med. 88, 575–600. doi: 10.1002/mrm.29272 

 Jimenez-Blasco, D., Santofimia-Castano, P., Gonzalez, A., Almeida, A., and Bolanos, J. P. (2015). Astrocyte NMDA receptors’ activity sustains neuronal survival through a Cdk5-Nrf2 pathway. Cell Death Differ. 22, 1877–1889. doi: 10.1038/cdd.2015.49 

 Jing, Y., Niu, Y., Liu, C., Zen, K., and Li, D. (2018). In silico identification of lipid-binding alpha helices of uncoupling protein 1. Biomed Rep. 9, 313–317. doi: 10.3892/br.2018.1133 

 Johnson, J. M., Peterlin, A. D., Balderas, E., Sustarsic, E. G., Maschek, J. A., Lang, M. J., et al. (2023). Mitochondrial phosphatidylethanolamine modulates UCP1 to promote brown adipose thermogenesis. Sci. Adv. 9:eade7864. doi: 10.1126/sciadv.ade7864

 Joksimovic, S. M., Eggan, P., Izumi, Y., Joksimovic, S. L., Tesic, V., Dietz, R. M., et al. (2017). The role of T-type calcium channels in the subiculum: to burst or not to burst? J. Physiol. 595, 6327–6348. doi: 10.1113/JP274565 

 Joksimovic, S. M., Ghodsi, S. M., Heinsbroek, J. A., Orfila, J. E., Busquet, N., Tesic, V., et al. (2023). CaV3.1 T-type calcium channels are important for spatial memory processing in the dorsal subiculum. Neuropharmacology 226:109400. doi: 10.1016/j.neuropharm.2022.109400

 Kaltschmidt, B., Uherek, M., Volk, B., Baeuerle, P. A., and Kaltschmidt, C. (1997). Transcription factor NF-kappaB is activated in primary neurons by amyloid beta peptides and in neurons surrounding early plaques from patients with Alzheimer disease. Proc. Natl. Acad. Sci. USA 94, 2642–2647. doi: 10.1073/pnas.94.6.2642 

 Kang, Y., and Chen, L. (2023). Structural basis for the binding of DNP and purine nucleotides onto UCP1. Nature 620, 226–231. doi: 10.1038/s41586-023-06332-w 

 Kapogiannis, D., and Avgerinos, K. I. (2020). Brain glucose and ketone utilization in brain aging and neurodegenerative diseases. Int. Rev. Neurobiol. 154, 79–110. doi: 10.1016/bs.irn.2020.03.015 

 Kenwood, B. M., Weaver, J. L., Bajwa, A., Poon, I. K., Byrne, F. L., Murrow, B. A., et al. (2014). Identification of a novel mitochondrial uncoupler that does not depolarize the plasma membrane. Mol Metab. 3, 114–123. doi: 10.1016/j.molmet.2013.11.005

 Klingenberg, M. (1988). Nucleotide binding to uncoupling protein. Mechanism of control by protonation. Biochemistry 27, 781–791. doi: 10.1021/bi00402a044 

 Klingenberg, M. (2017). UCP1 - a sophisticated energy valve. Biochimie 134, 19–27. doi: 10.1016/j.biochi.2016.10.012 

 Klotzsch, E., Smorodchenko, A., Lofler, L., Moldzio, R., Parkinson, E., Schutz, G. J., et al. (2015). Superresolution microscopy reveals spatial separation of UCP4 and F0F1-ATP synthase in neuronal mitochondria. Proc. Natl. Acad. Sci. USA 112, 130–135. doi: 10.1073/pnas.1415261112 

 Kyrtata, N., Emsley, H. C. A., Sparasci, O., Parkes, L. M., and Dickie, B. R. (2021). A systematic review of glucose transport alterations in Alzheimer’s disease. Front. Neurosci. 15:626636. doi: 10.3389/fnins.2021.626636

 Lee, Y., Morrison, B. M., Li, Y., Lengacher, S., Farah, M. H., Hoffman, P. N., et al. (2012). Oligodendroglia metabolically support axons and contribute to neurodegeneration. Nature 487, 443–448. doi: 10.1038/nature11314

 Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C. J., Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by activated microglia. Nature 541, 481–487. doi: 10.1038/nature21029 

 Liu, D., Chan, S. L., de Souza-Pinto, N. C., Slevin, J. R., Wersto, R. P., Zhan, M., et al. (2006). Mitochondrial UCP4 mediates an adaptive shift in energy metabolism and increases the resistance of neurons to metabolic and oxidative stress. NeuroMolecular Med. 8, 389–414. doi: 10.1385/NMM:8:3:389 

 Magistretti, P. J., and Allaman, I. (2018). Lactate in the brain: from metabolic end-product to signalling molecule. Nat. Rev. Neurosci. 19, 235–249. doi: 10.1038/nrn.2018.19 

 Magistretti, P. J., and Chatton, J. Y. (2005). Relationship between L-glutamate-regulated intracellular Na+ dynamics and ATP hydrolysis in astrocytes. J. Neural Transm. (Vienna) 112, 77–85. doi: 10.1007/s00702-004-0171-6 

 Manczak, M., Calkins, M. J., and Reddy, P. H. (2011). Impaired mitochondrial dynamics and abnormal interaction of amyloid beta with mitochondrial protein Drp1 in neurons from patients with Alzheimer’s disease: implications for neuronal damage. Hum. Mol. Genet. 20, 2495–2509. doi: 10.1093/hmg/ddr139 

 Mao, W., Yu, X. X., Zhong, A., Li, W., Brush, J., Sherwood, S. W., et al. (1999). UCP4, a novel brain-specific mitochondrial protein that reduces membrane potential in mammalian cells. FEBS Lett. 443, 326–330. doi: 10.1016/S0014-5793(98)01713-X

 Montesanto, A., Crocco, P., Anfossi, M., Smirne, N., Puccio, G., Colao, R., et al. (2016). The genetic variability of UCP4 affects the individual susceptibility to late-onset Alzheimer’s disease and modifies the Disease’s risk in APOE-varepsilon4 carriers. J. Alzheimers Dis. 51, 1265–1274. doi: 10.3233/JAD-150993 

 Moriguchi, S., Shioda, N., Yamamoto, Y., Tagashira, H., and Fukunaga, K. (2012). The T-type voltage-gated calcium channel as a molecular target of the novel cognitive enhancer ST101: enhancement of long-term potentiation and CaMKII autophosphorylation in rat cortical slices. J. Neurochem. 121, 44–53. doi: 10.1111/j.1471-4159.2012.07667.x

 Morton, H., Kshirsagar, S., Orlov, E., Bunquin, L. E., Sawant, N., Boleng, L., et al. (2021). Defective mitophagy and synaptic degeneration in Alzheimer’s disease: focus on aging, mitochondria and synapse. Free Radic. Biol. Med. 172, 652–667. doi: 10.1016/j.freeradbiomed.2021.07.013 

 Mosconi, L., Andrews, R. D., and Matthews, D. C. (2013). Comparing brain amyloid deposition, glucose metabolism, and atrophy in mild cognitive impairment with and without a family history of dementia. J. Alzheimers Dis. 35, 509–524. doi: 10.3233/JAD-121867 

 Nakamura, T. Y., Nakao, S., and Wakabayashi, S. (2016). Neuronal ca(2+) sensor-1 contributes to stress tolerance in cardiomyocytes via activation of mitochondrial detoxification pathways. J. Mol. Cell. Cardiol. 99, 23–34. doi: 10.1016/j.yjmcc.2016.08.013 

 Nakamura, T. Y., Nakao, S., and Wakabayashi, S. (2019). Emerging roles of neuronal ca(2+) Sensor-1 in cardiac and neuronal tissues: a Mini review. Front. Mol. Neurosci. 12:56. doi: 10.3389/fnmol.2019.00056 

 Nakao, S., Wakabayashi, S., and Nakamura, T. Y. (2015). Stimulus-dependent regulation of nuclear Ca2+ signaling in cardiomyocytes: a role of neuronal calcium sensor-1. PLoS One 10:e0125050. doi: 10.1371/journal.pone.0125050 

 Neumann, K. F., Rojo, L., Navarrete, L. P., Farias, G., Reyes, P., and Maccioni, R. B. (2008). Insulin resistance and Alzheimer’s disease: molecular links & clinical implications. Curr. Alzheimer Res. 5, 438–447. doi: 10.2174/156720508785908919

 Nicholls, D. G. (1976). Hamster brown-adipose-tissue mitochondria. Purine nucleotide control of the ion conductance of the inner membrane, the nature of the nucleotide binding site. Eur. J. Biochem. 62, 223–228. doi: 10.1111/j.1432-1033.1976.tb10151.x

 Oddo, S., Caccamo, A., Shepherd, J. D., Murphy, M. P., Golde, T. E., Kayed, R., et al. (2003). Triple-transgenic model of Alzheimer’s disease with plaques and tangles: intracellular Abeta and synaptic dysfunction. Neuron 39, 409–421. doi: 10.1016/S0896-6273(03)00434-3

 Oliver, D. M. A., and Reddy, P. H. (2019). Molecular basis of Alzheimer’s disease: focus on mitochondria. J. Alzheimers Dis. 72, S95–S116. doi: 10.3233/JAD-190048 

 Pearson, W. R. (2013). An introduction to sequence similarity (“homology”) searching. Curr. Protoc. bioinformatics 3, 3.1.1–3.1.8. doi: 10.1002/0471250953.bi0301s42

 Pellerin, L., Bouzier-Sore, A. K., Aubert, A., Serres, S., Merle, M., Costalat, R., et al. (2007). Activity-dependent regulation of energy metabolism by astrocytes: an update. Glia 55, 1251–1262. doi: 10.1002/glia.20528 

 Pellerin, L., and Magistretti, P. J. (1994). Glutamate uptake into astrocytes stimulates aerobic glycolysis: a mechanism coupling neuronal activity to glucose utilization. Proc. Natl. Acad. Sci. USA 91, 10625–10629. doi: 10.1073/pnas.91.22.10625 

 Perreten Lambert, H., Zenger, M., Azarias, G., Chatton, J. Y., Magistretti, P. J., and Lengacher, S. (2014). Control of mitochondrial pH by uncoupling protein 4 in astrocytes promotes neuronal survival. J. Biol. Chem. 289, 31014–31028. doi: 10.1074/jbc.M114.570879 

 Perry, R. J., Zhang, D., Zhang, X. M., Boyer, J. L., and Shulman, G. I. (2015). Controlled-release mitochondrial protonophore reverses diabetes and steatohepatitis in rats. Science 347, 1253–1256. doi: 10.1126/science.aaa0672 

 Petersen, C., Nielsen, M. D., Andersen, E. S., Basse, A. L., Isidor, M. S., Markussen, L. K., et al. (2017). MCT1 and MCT4 expression and lactate flux activity increase during white and Brown Adipogenesis and impact adipocyte metabolism. Sci. Rep. 7:13101. doi: 10.1038/s41598-017-13298-z 

 Philips, T., and Rothstein, J. D. (2017). Oligodendroglia: metabolic supporters of neurons. J. Clin. Invest. 127, 3271–3280. doi: 10.1172/JCI90610 

 Poetschke, C., Duda, J., Benkert, J., Dragicevic, E., Snutch, T. P., Striessnig, J., et al. (2015). Compensatory T-type calcium channel activity alters dopamine D2-autoreceptor responses of dopamine neurons from Cav1.3 L-type calcium channel deficient mice. Acta Physiol. 213:13688. doi: 10.1038/srep13688

 Pradeepkiran, J. A., and Reddy, P. H. (2020). Defective mitophagy in Alzheimer’s disease. Ageing Res. Rev. 64:101191. doi: 10.1016/j.arr.2020.101191

 Rice, R. A., Berchtold, N. C., Cotman, C. W., and Green, K. N. (2014). Age-related downregulation of the CaV3.1 T-type calcium channel as a mediator of amyloid beta production. Neurobiol. Aging 35, 1002–1011. doi: 10.1016/j.neurobiolaging.2013.10.090 

 Rosenberg, N., Reva, M., Binda, F., Restivo, L., Depierre, P., Puyal, J., et al. (2023). Overexpression of UCP4 in astrocytic mitochondria prevents multilevel dysfunctions in a mouse model of Alzheimer’s disease. Glia 71, 957–973. doi: 10.1002/glia.24317 

 Ruprecht, J. J., and Kunji, E. R. S. (2020). The SLC25 mitochondrial carrier family: structure and mechanism. Trends Biochem. Sci. 45, 244–258. doi: 10.1016/j.tibs.2019.11.001 

 Saab, A. S., Tzvetanova, I. D., and Nave, K. A. (2013). The role of myelin and oligodendrocytes in axonal energy metabolism. Curr. Opin. Neurobiol. 23, 1065–1072. doi: 10.1016/j.conb.2013.09.008

 Saab, A. S., Tzvetavona, I. D., Trevisiol, A., Baltan, S., Dibaj, P., Kusch, K., et al. (2016). Oligodendroglial NMDA receptors regulate glucose import and axonal energy metabolism. Neuron 91, 119–132. doi: 10.1016/j.neuron.2016.05.016 

 Serrano-Pozo, A., Li, Z., Noori, A., Nguyen, H. N., Mezlini, A., Li, L., et al. (2021). Effect of APOE alleles on the glial transcriptome in normal aging and Alzheimer’s disease. Nat. Aging 1, 919–931. doi: 10.1038/s43587-021-00123-6 

 Sheridan, M., and Ogretmen, B. (2021). The role of ceramide metabolism and signaling in the regulation of Mitophagy and Cancer therapy. Cancers (Basel) 13:2475. doi: 10.3390/cancers13102475 

 Simons, C., Benkert, J., Deuter, N., Poetschke, C., Pongs, O., Schneider, T., et al. (2019). NCS-1 deficiency affects mRNA levels of genes involved in regulation of ATP synthesis and mitochondrial stress in highly vulnerable substantia nigra dopaminergic neurons. Front. Mol. Neurosci. 12:252. doi: 10.3389/fnmol.2019.00252 

 Smorodchenko, A., Rupprecht, A., Sarilova, I., Ninnemann, O., Brauer, A. U., Franke, K., et al. (2009). Comparative analysis of uncoupling protein 4 distribution in various tissues under physiological conditions and during development. Biochim. Biophys. Acta 1788, 2309–2319. doi: 10.1016/j.bbamem.2009.07.018

 Stutzmann, G. E., Smith, I., Caccamo, A., Oddo, S., LaFerla, F. M., and Parker, I. (2006). Enhanced ryanodine receptor recruitment contributes to Ca2+ disruptions in young, adult, and aged Alzheimer’s disease mice. J. Neurosci. 26, 5180–5189. doi: 10.1523/JNEUROSCI.0739-06.2006 

 Swerdlow, R. H. (2018). Mitochondria and mitochondrial cascades in Alzheimer’s disease. J. Alzheimers Dis. 62, 1403–1416. doi: 10.3233/JAD-170585 

 Thangavel, R., Kempuraj, D., Zaheer, S., Raikwar, S., Ahmed, M. E., Selvakumar, G. P., et al. (2017). Glia maturation factor and mitochondrial uncoupling proteins 2 and 4 expression in the temporal cortex of Alzheimer’s disease brain. Front. Aging Neurosci. 9:150. doi: 10.3389/fnagi.2017.00150 

 Vaccari-Cardoso, B., Antipina, M., Teschemacher, A. G., and Kasparov, S. (2022). Lactate-mediated signaling in the brain-an update. Brain Sci. 13:49. doi: 10.3390/brainsci13010049 

 Villa, B. R., George, A. G., Shutt, T. E., Sullivan, P. G., Rho, J. M., and Teskey, G. C. (2023). Postictal hypoxia involves reactive oxygen species and is ameliorated by chronic mitochondrial uncoupling. Neuropharmacology 238:109653. doi: 10.1016/j.neuropharm.2023.109653 

 Willette, A. A., Bendlin, B. B., Starks, E. J., Birdsill, A. C., Johnson, S. C., Christian, B. T., et al. (2015). Association of Insulin Resistance with Cerebral Glucose Uptake in late middle-aged adults at risk for Alzheimer disease. JAMA Neurol. 72, 1013–1020. doi: 10.1001/jamaneurol.2015.0613

 Xu, S. Q., Yang, X. D., Qian, Y. W., and Xiao, Q. (2018). Parkinson’s disease-related DJ-1 modulates the expression of uncoupling protein 4 against oxidative stress. J. Neurochem. 145, 312–322. doi: 10.1111/jnc.14297 


Copyright
 © 2024 Crivelli, Gaifullina and Chatton. 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(s) 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/xhtml/Nav.xhtml




Contents





		Cover



		Exploring the role of mitochondrial uncoupling protein 4 in brain metabolism: implications for Alzheimer’s disease



		1 Background



		1.1 Energy dynamics in the brain



		1.2 Bioenergetic crosstalk between astrocytes and neurons



		1.3 Energy metabolism disbalance in Alzheimer’s disease (AD)









		2 Biological role and properties of UCP4



		2.1 Mapping functional and binding sites within UCP4



		2.2 Tissue distribution and function of UCP4



		2.3 Neuronal Ca2+ sensor 1 (NCS1) and mitochondrial UCP4









		3 The impact of UCP4 in the pathophysiology and treatment of AD



		3.1 Evidence of UCP4 involvement in AD pathology



		3.2 Targeting UCPs/mitochondria metabolism during AD



		3.3 The rising of a new pharmacology to specifically activate UCPs









		4 Conclusion and future perspectives



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Abbreviations



		References



















OPS/images/fnins-18-1483708-i004.jpg





OPS/images/fnins-18-1483708-i003.jpg





OPS/images/cover.jpg
'frontiers Frontiers in Neuroscience

Exploring the role of
mitochondrial uncoupling protein
4 in brain metabolism:
implications for Alzheimer's
disease












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
, frontiers Frontiers in Neuroscience






OPS/images/fnins-18-1483708-g005.jpg
Extracellular space

ER to mitochondria
Ca?" transmission

{3 NCS1 : neuronal Ca2+ sensor
0 carchannel
B IP3R : Inositol 3-trisphosphate receptor

Wifseneai al PGC-1a: peroxisome proliferator-activated
T e receptor gamma coactivator 1-a
@ CaMKil : Ca2+/calmodulin-dependent
protein kinase Il
) () MCU : Mitochondrial Ca2+ uniporter
Targeting 1 ' VDAC1/2 : Mitochondrial voltage-dependent
gene transcription RS anion channel

UCP4 : Mitochondrial uncoupling
protein 4

s CREB : CAMP response
element-binding protein





OPS/images/fnins-18-1483708-g006.jpg
F16

SBMF oH CCCP
N
- ]
N/
NH
— /
N
" j\—\\
) N= \N
NH
ol
CH,
¢ F
Ppc 1 Niclosamide
A
Hie” X N0~
i CIAQ
\o
/ AN o
HN,
Z )
o
Hie” Hye” CHy i OH
DNPME OPC-163493 Malonoben

N——NH
o
+

O=N

=)\
OH
o—N/  0—CH \ OHs
i IO
H
\\o \N © CHy
F

HyC






OPS/images/fnins-18-1483708-g003.jpg
o

W Very high (LODT > 90) W Missing values

1 High (90 > pLDDT > 70) 2y ucpt RMSD
1 Low (70 > pLODT > 50) - —

K /M Very ow L00T <50
s

i

Arg199(A)

Ser296(A) %‘:‘Gm

@@ Ligand bond His 53 Non-ligand residues involved in
@—@ Non-ligand bond hydrophobic contacts
@-~-@ Hydrogen bond

Corresponding atoms involvded
in hydrophobic contacts

and s lenght





OPS/images/fnins-18-1483708-g004.jpg
A

Homo sapiens
Macaca mulatta

Mus musculus

Rattus norvegicus
Caenorhabditis elegans
Drosophila melanogaster

Homo sapiens
Macaca mulatta

Mus musculus

Rattus norvegicus
Caenorhabditis elegans
Drosophila melanogaster

Homo sapiens

Macaca mulatta

Mus musculus

Rattus norvegicus
Caenorhabditis elegans
Drosophila melanogaster

Homo sapiens
Macaca mulatia

Mus musculus

Rattus norvegicus
Caenorhabditis elegans
Drosophila melanogaster

Homo sapiens
Macaca mulatta

Mus musculus

Rattus norvegicus
Caenorhabditis elegans
Drosophila melanogaster

Homo sapiens

Macaca mulatta

Mus musculus

Rattus norvegicus
Caenorhabditis elegans
Drosophila melanogaster

B

'l -BEERULE - TRRWE - RASH - - - - - FLESG CARTVAEL ATFP
M -B-ERLLEL - TQRWE - RASK - - - - - FLLSGCAATVAELATEP
| -B-ExLLPL - TQRWE -RTSK- - - - - FLLSGCAATVAELATEP
| -B-EstolL - TORWE - RTSK - - - - - FLLSGCAATVAELATER
I MSSAVTS - - -T5-DSTABGNSRITFRKK IATH- - - - - v isic TN L AR T ViR YR
I MDKABRD YWHLRSLE TEEE-PRFPBIT -NVADB- LTARNLFQLYVNTF 1 GRIN LA c v
40 /L FRAFREOM QGEANLARLGDGA RE SAP YRGMVRFA LG 1  EEGHL K EWQGY T PAN Y R
39 LDLTKTRLQMQGEAALARLGDGARE SAP YRGMVRTALG I IQEEGELKLWQGVTRAIYRH
9 LDLTKTRLOMQGEAALARLGDGA VD SAP YRGMVRTALGIVQEEGELKLWQGVTPAIYRH
3 LDLTKTRLOMQGEAALAKLGDGAME SAP YRGMMRTALGIVQEEGELKLWQGVTRALYRH

44 B0 | IRTREQ [ A RNK - FTKGEMVOQ VT YDIIR REGAMA BT GV A AT T R
57 Bl v A KSRV v D GBI QMK - X THIKA -M - - P TFR- - - ABL TNMUIR vEGEK SEYAGF s AMVTRN

99 v VN SGGRMV TYEH LRE VVEGRSE - - pEHYPEWRSV | 6GMMAG vIilc OFDANPFDUVKVOM
9% VVYSGGRMVTYEHLREVVEGKSE - - DEHYPLWKSVIGGMMAGVIGQFLANPTDL VK VQM
98 VVYSGGRMVTYEHLREVVEGKSE - - DKHYPLWKSVIGGMMAGVIGQFLANPTDL VK VOM
9% VVYSGGRMVTYEHLREVVEGKSE - - DEHYPLWKSVIGGMMAGVIGQFLANPTDL VK VOM
91 v IMTE ! RMGANEQ IR L TENKEY - - EX s FBEWKRSM L CBAF sB L i[A O A A s BEDEVEVOM
109 FIFNSLRVEILMD vFRIRP FLYQNEIRNEBVLK I YMALGC s F 7HIGIC A O EEARER ¥ B 1 MKW R M

156 QMIEG K R B EGK PERF RGVHHRFAKNLA EGG | RGDWAGW v PN | QRAAT VNMGD L TEYD TV
155 QMEGKRKLEGKPLRFRGVHHAFAKILAEGG I RGLWAGW VPN I QRAAL VNMGDLTTYD TV
155 QMEGKRRLEGKPLRFRGVHHAFAKILAEGG | RGLWAGW | PN 1QRAALVNMGDLTTYD TV
155 QMEGKRRLEGKPLRFRGVHHAFAKILAEGG I RGLWAGW | PN 1 QRAAL VNMGDLTTYD TV
143 QMG L RRIEQ K Q BIER Y TG TD CHR s L YR TQEF F G | W PN c QIRAAIE L NM A D 1 A BN s M
168 QTG RIRRQ L@ YD VRl VN sMvQEEvDMY R REGIL P sMMKE VG Bl's cvRM CBMT TEBIvG sEBl 1 s

215 R YEVLNT P HEDN | v TG LSS L € G VASIEG TPADVIKSE | MNOPRDKQGR - - - - - - -
214 KM YLVLNTPLEDN [MTHGLSSLCSGLVASILGTPADVIKSR IMNQPRDKQGR - - - - - - -
214 KHYLVLNTPLEDN I STHGLSSLCSGLVASILGTPADVIKSR IMNQPRDKQGR - - - - - - -
214 KHYLVLNTALEDN [ ATHGLSSLCSGLVASILGTPADVIKSR IMNQPRDKQGR - - - - - - -
207 KRG 1 DNF E [Hx DINw L A v A A €A GIBA A v s LB s DV VI TRVM DR 1 IR E LD AKMMEKKN
27 RRTFKRLLDIEEG L P L RF vEISM G GIS T IS v  ERUDNAKISIR MO VBl s@ik - - - - - - -

207 - - GIDVK S§ 1L o ANQ G EGHM SEVKGFUPSW L RV 1 PWSM vEWE T VEK IRV sGVEP
206 - - GLLYKSSTDCLIQAVQGEGEMSLYKGFLPSWLRMTPWSMVEWLTYEKIREMSGVSP F
206 - - GLLYKSSADCLIQAVQGEGELSLYKGFLPSWLRMTPWSMVEWLTYEKIREMSGVSPE
26 - - GLLYKSSTDCVIQAVQGEGFE L SLYKGELPSWLRMTPWSMVEWLTYEKIROLSGVSPE
266 TH VDINRIG v v Y IllK 1 1 K N G F SENVKGELPS v 1 M A BWS L 7EW v s VB £ iRk w6 A 8 s B
279 - - NEYIRINEIC DIV Rk LBER £ BV L TN L v T R G B F SV LB s VIElo LIRo w el Sl B

Drosophila melanogaster 3151% 37.78% 3744% 37.34% 37.14%

Caenorhablis elegans

Rattus norvegicus

Mus musculus

Homo Sapiens

Macaca mulatta






OPS/images/fnins-18-1483708-i002.jpg





OPS/images/fnins-18-1483708-gr0001.jpg
Mild mitochondrial

Alzheimer’s disease . Q
uncoupling

Compromised brain metabolism™ gevents neuronal dendritic loss

]

Increased oxidative stress 77& >

Reactive astrocytes
UCP:
U
UcCl

Progressive neuronal degeneration





OPS/images/fnins-18-1483708-i001.jpg





OPS/images/fnins-18-1483708-g001.jpg
.-:o Glutamate
.-x, Lactate
LDH : Lactate dehydrogenase

‘ MCTs: Lactate Transporters
' GLUTs : Glucose Transporters.

. GluR : Glutamate Receptors

. EAATSs : Excitatory Amino Acid Transporter

Capillary () NavK-ATPase

Astrocyte

& ‘Tumor protein p53

) Cyclin-dependent kinase 5
INif2 Nuclear factor-erythroid 2-related factor-2

. GIluR : Glutamate Receptors

i: GSH : Glutathione

Ca*

Astrocyte

@ W CD38 : Cluster of differentiation 38
& Ca*t

Mitovesicles @





OPS/images/fnins-18-1483708-g002.jpg
UCP11-307
UCP2 1-309
UCP3 1-312
UCP4 1-323
UCP5 1-323

UCP1 1-307
UCP2 1-309
UCP3 1-312
UCP4 1-323
UCP5 1-323

UCP1 1-307
UCP2 1-309
UCP3 1-312
UCP4 1-323
UCPS 1-323

UCP1 1-307
UCP2 1-309
UCP3 1-312
UCP4 1-323
UCP5 1-323

UCP1 1-307
UCP2 1-309
UCP31-312
UCP4 1-323
UCP5 1-323

UCP1 1-307
UCP2 1-309
UCP3 1-312
UCP4 1-323
UCPS 1-323

1 MGGLTASD- - -VHPTLGV- - - ---QLFSABIHACL 26

1 MVGFKATD- - -VPPTATV- - - - - -KFLGAGTAAC| 26

1 MVGLKPSD- - - VPPTMAV- - - - - -KFLGAGTAACF 26

1 MSVPEEEERLLPLTQRWP -RAS - = = = - = = = <= === oo == o oo oo oo KFLLSBCAATV 32

1MGIF-PGI------- IL I FLRVKFATAAV | VSGHQKS TTVSHEMSGLNWKPEVYGBLAS IV 53
*

- TSSVIRFKBVLGT | TAVVK TEGRMKLYSBLPA 80
27 ADL | TEPLDTAKVRLEQ | @GESQGPV - - - RATASAQYRGVMGT | L TMVRTEGPRSLYNGLVA 84
27 ADL VITEPLD TAKVREQ | @BENQAV - - - - QTARL VQYREVLGT | L TMVRTEGPCSPYNBLVA 83
33 AELATFPLBL TKTREGVAGE AAL ARLGDGARES APYREMVRTALG | | EEEGFLKEWQGVTP 93
54 AE FGRER VDL TKTREQVAGQS I DAR- - - - - FKE |IKNREMFHAL FR | CKEEGVL ALYS@ | AP 109
A
81 GLQRQ | SSASLRIGLND TVQE FLTAGKET - APSEGSK | LABL TTEBGVAVF | GOPIiE VWRVR 140
85 GLQRQMS FAS VR | GL ¥DS VKQF YTKGS - E - HAS | GSRLLAGS TTEAL AVAVAQPTDVVKVR 143
84 GLQRQVS FAS | R IGL¥DS VKQVYTPKGAD - NSSLTTR | LAGCTTEAMAVTCAQPTDVVKVR 143
94 Al YRHVVYSGGRMVTYEHLRE VVFGKSEDEHYPLWKS V | GEBMMAGY | GQF L ANPTDL VKVQ 154
110 ALLRQASYGT IKIIG | MQSLKRLFVERLED- -ETLL INMICBVVSEV ISST I ANBTDVLK IR 168
* ok $ A #
141 L@AQSHL - - HG- - IKPRYTGT - YNAYR | [JAT TEGL TEBBWKET TBNL MRS VIl | NCTELVINB 196
144 FAAQARA- - GG- - - GRRYQS T - VNAYK TIIAREEGFRELWKETSPNVARNA | VNCAEL VTYD 198
144 F@AS IHL - - GPSRSDRKYSGT - MDAYRT| AREEGVRGLWKET LN | MRNA | VNCAE VVT¥B 201
155 MAME GKRK LEG- - KPLRFRGV - HHAF AK|IIL AEGE | RGBEWAGWVPN | QRAAL VNVMGDL TTYD 212
169 MAAQGS - - - LFQGSMIGSF | DIllYQQEG TRELWREV VR T AQRAAIVVGVELP VIR 219
*k  #
197 LMRE AFVKNN | LABDVPCHL VBAL | ABFCATAMSSBVBWVKTRF | NSPPG- - - - - -
199 L I KDAELKANLMTBDLPCHF TSAFGAGFCTTV | ASBVDVVKTRYMNSALG-
202 | LKEKLLDYHL L TANFPCHF VSAFGAGFCATVVASPVDVVKTRYMNSPPG- - - - - -
213 TVKHYLVLNTPLEBN IMTHGLESLCSEL VAS | LGTRADV | KSR | MNQPRDKQGRGL L¥KSS 273
220 | TKKHL | LSGMMGBT | L THF VS F TCBL AGAL ASNBVDVMVRTRMMNQRA - | VGHVDLNYKG 279

A

27 ADV I FEPLBTAKVREQVAGECP - - -

252 PNCAMKVFTNEGP TAF FKEL VPS FERLGSWNV | MFVC FEQLKRE LSKSRQTMDCAT 307
254 GHCAL TMLQKEGPRAF YKEGFMPS FERLGSWNVVMF VT YEQLKRALMAACTSRE AP F 309
257 LDCM I KMVAQEGP TAF YKGF TPS FERLGSWNVVME VT YEQLKRALMK VQMLRESP F 312
274 TDCL | QAVQGEGFMS L YKGF L BSWERMTPWS MVFWL TYEK | REMSG- - - VSPF 323

280 VDG | LKMAKHEGF FAL YKEGFWENWERLGPWN | | FE | TYEQLKRLQI - - - e 325

* Transport of H* $ Transport of CI # pH sensor ANucleotide binding residues





