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Abstract: The mitochondrial pyruvate carrier (MPC) is a transmembrane protein complex
critical for cellular energy metabolism, enabling the transport of pyruvate from the cytosol
into the mitochondria, where it fuels the citric acid cycle. By regulating this essential entry
point of carbon into mitochondrial metabolism, MPC is pivotal for maintaining cellular
energy balance and metabolic flexibility. Dysregulation of MPC activity has been implicated
in several metabolic disorders, including type 2 diabetes, obesity, and cancer, underscoring
its potential as a therapeutic target. This review provides an overview of the MPC complex,
examining its structural components, regulatory mechanisms, and biological functions. We
explore the current understanding of transcriptional, translational, and post-translational
modifications that modulate MPC function and highlight the clinical relevance of MPC
dysfunction in metabolic and neurodegenerative diseases. Progress in the development of
MPC-targeting therapeutics is discussed, with a focus on challenges in designing selective
and potent inhibitors. Emphasis is placed on modern approaches for identifying novel
inhibitors, particularly virtual screening and computational strategies. This review estab-
lishes a foundation for further research into the medicinal chemistry of MPC inhibitors,
promoting advances in structure-based drug design to develop therapeutics for metabolic
and neurodegenerative diseases.

Keywords: MPC (mitochondrial pyruvate carrier); pyruvate transport; energy metabolism;
metabolic disorders (e.g., diabetes, obesity, and cancer); neurodegenerative disorders;
therapeutic target; MPC inhibitors; drug design; virtual screening; medicinal chemistry

1. Introduction

The mitochondrial pyruvate carrier (MPC) is a hetero-dimeric protein complex located
within the inner mitochondrial membrane (IMM), which plays a crucial role in cellular
metabolism. This membrane-bound complex is responsible for the transport of pyruvate,
the final product of glycolysis, across the IMM and into the mitochondrial matrix [1]. In
this section, we will dive deeper into the structure, composition, and localization of MPC,
providing a solid foundation for understanding its biological function and relevance in
metabolic and neurodegenerative disorders.

1.1. Structure and Composition

The MPC complex comprises two main subunits, MPC1 and MPC2, which assemble
into a functional unit responsible for transporting pyruvate into the mitochondria [2]. Both
MPC1 and MPC2 are integral membrane proteins with multiple transmembrane domains,
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enabling them to span the IMM and facilitate pyruvate translocation. These subunits
exhibit a high degree of sequence conservation across various species, underscoring their
essential role in cellular metabolism [3].

Recent mutagenesis experiments and homology modeling have highlighted the im-
portance of specific amino acid residues in MPC function. Notably, the Phe66 residue in
MPC1, as well as Asn100 and Lys49 in MPC2, have been identified as critical to molecular
binding [4]. These residues are thought to contribute to the formation of a substrate-binding
cavity or to directly interact with the pyruvate substrate. The hydrophobic nature of the
Phe66 residue in MPC1 likely supports the creation of an environment conducive to pyru-
vate binding and transport. In MPC2, the polar Asn100 may contribute to a hydrogen
bonding network within the substrate binding site, while the positively charged Lys49
could interact with the carboxylate group of pyruvate, stabilizing the binding interaction.
These residues are thought to contribute to the formation of a substrate-binding cavity
or to directly interact with the pyruvate substrate. The hydrophobic nature of Phe66
in MPC1 likely supports the creation of an environment conducive to pyruvate binding
and transport.

In addition to the canonical MPC1 and MPC2 subunits, recent studies have identified
additional MPC orthologs, such as MPC3 and MPC4, which display distinct tissue-specific
expression patterns. These orthologs may modulate the activity of the MPC complex
in a context-dependent manner, potentially influencing pyruvate transport in specific
physiological or pathological states [5-7]. Further research is needed to elucidate the
functional implications of these orthologs and to investigate their roles in the regulation of
MPC-mediated pyruvate transport.

1.2. Localization

MPC is embedded within the IMM (Figure 1), which separates the mitochondrial
matrix from the intermembrane space [8]. This specific localization is essential for the
proper functioning of the complex, as it facilitates the efficient transport of pyruvate into
the mitochondrial matrix, where pyruvate acts as a crucial substrate for several metabolic
pathways. The IMM is highly impermeable to ions and metabolites, requiring specialized
transporters like the MPC to facilitate the regulated transport of specific molecules across
the membrane [9].

The targeting of MPC subunits to the IMM is directed by conserved amino acid se-
quences within their transmembrane domains, which function as mitochondrial targeting
signals [10]. Once imported into the mitochondria, the MPC1 and MPC2 subunits assemble
into a functional complex, embedded within the IMM. This complex is strategically posi-
tioned near other key components of mitochondrial metabolism, including the pyruvate
dehydrogenase complex and enzymes of the tricarboxylic acid cycle, facilitating efficient
metabolic integration.

The structure, composition, and precise localization of the MPC complex underscore
its essential role in cellular metabolism and highlight its potential as a therapeutic target for
treating metabolic disorders. Gaining a detailed understanding of the MPC complex and
its interactions with other mitochondrial components is crucial for the rational design and
development of novel MPC inhibitors with enhanced efficacy and selectivity. For a more
comprehensive review of MPC’s structure, composition, and biological function, readers
are encouraged to refer to the recent work by Tuvolari et al. [11], which provides in-depth
insights into the MPC complex.
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Figure 1. Overview of MPC localization and function. MPC facilitates the transport of pyruvate
into the inner matrix. Pyruvate is then converted to acetyl-CoA by the pyruvate dehydrogenase
complex (PDC). Citrate (CIT), isocitrate (ICIT), x-ketoglutarate (x-KA) (also known as 2-oxoglutarate),
succinyl-CoA (SUC-CoA), succinate (SUC), fumarate (FUM), malate (MAL), and oxaloacetate (OAA).

2. Biological Functions of MPC

The primary function of the MPC is to facilitate the transport of pyruvate into the
mitochondrial matrix, where it serves as a crucial substrate for multiple metabolic pathways
(Figure 2). By mediating pyruvate entry across the IMM, MPC plays an essential role in
regulating mitochondrial respiration, metabolic flux, and overall cellular metabolism. In
this section, we will explore the biological functions of MPC, highlighting its central role in
coordinating and integrating metabolic processes.
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Figure 2. Diagram illustrating the structure of mitochondria with MPC proteins located in the IMM,
the metabolic pathway of pyruvate in mitochondria, and other related metabolic processes such as

fatty acid synthesis, protein metabolism, and gluconeogenesis.

2.1. Pyruvate Transport and Mitochondrial Respiration

Pyruvate, the end product of glycolysis, is an essential substrate for mitochondrial
oxidative metabolism. Initially, pyruvate is transported through the outer mitochondrial
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membrane into the inter-membrane space by a voltage-dependent anion channel (VDAC).
From there, the MPC facilitates its transport across the IMM into the mitochondrial matrix.
Once inside the matrix, pyruvate undergoes oxidative decarboxylation by the pyruvate
dehydrogenase complex (PDC), yielding acetyl-CoA, which enters the tricarboxylic acid
(TCA) cycle [12,13]. The TCA cycle, in turn, generates reducing equivalents in the form
of NADH and FADH2, which drive the electron transport chain, ultimately producing
adenosine triphosphate (ATP), the primary energy currency of the cell.

By controlling pyruvate availability for oxidative metabolism, MPC acts as a key
gatekeeper for mitochondrial respiration and cellular energy production. Inhibition or
downregulation of MPC activity can reduce pyruvate import into the matrix, potentially
limiting ATP production and impacting cellular energetics.

2.2. Metabolic Flux Regulation

Beyond the central role in regulating mitochondrial respiration, MPC contributes to
maintaining metabolic homeostasis by modulating the balance between different metabolic
pathways, including glycolysis, fatty acid oxidation, and gluconeogenesis (Figure 2) [14].
By controlling pyruvate entry into the mitochondrial matrix, MPC indirectly influences
the activity of these pathways, playing a pivotal role in the overall regulation of cellu-
lar metabolism.

A reduction in MPC activity and the resulting decrease in pyruvate availability for
mitochondrial oxidation can trigger a compensatory increase in fatty acid oxidation [15].
This shift may enhance the production of ketone bodies and alter lipid metabolism, with
potential implications for metabolic health.

MPC’s control over the pyruvate influx into the mitochondria also impacts glycolysis
and gluconeogenesis [16]. By modulating mitochondrial pyruvate levels, MPC indirectly
affects the cytosolic pyruvate pool, thereby influencing the glycolytic rate. In conditions
such as fasting or intense exercise, when gluconeogenesis is upregulated, the availability of
mitochondrial pyruvate, partly regulated by MPC, can impact glucose production [17].

As pyruvate is a primary input for the TCA cycle, the regulation of its transport into
the mitochondrial matrix by MPC has direct implications on the rate of this vital metabolic
pathway [18]. The TCA cycle, in turn, provides energy-rich molecules, such as ATP, and
intermediates for biosynthetic pathways. By controlling pyruvate transport, MPC can thus
influence cellular energy production and biosynthesis [19].

Pyruvate also serves as a substrate in transamination reactions, contributing to the
metabolism of several amino acids [20]. By regulating mitochondrial pyruvate levels, MPC
influences the availability of pyruvate for these reactions, impacting amino acid metabolism.

Interestingly, while pyruvate is not directly involved in fatty acid oxidation, MPC
activity indirectly affects this process [21]. High pyruvate levels, facilitated by MPC,
promote its conversion to acetyl-CoA, which enters the TCA cycle, thereby reducing the
need for acetyl-CoA derived from fatty acid oxidation.

Post-translational modifications (PTMs) are dynamic, covalent alterations to proteins
that regulate their activity and stability [22,23]. Lysine acetylation of MPC subunits sig-
nificantly reduces pyruvate transport efficiency. In diabetic heart systems, acetylation
of MPC2 at lysine 19 and 26 reduces pyruvate transport efficiency by 70% [24]. In neu-
rons, acetylation of MPC1 at lysine 45 and 46 impairs mitochondrial pyruvate uptake,
and acetyl-mimetic mutants confirm the functional significance of this modification in
regulating synaptic transmission [25]. Sirtuin 3 (SIRT3) counteracts this modification by
deacetylating MPC [26]. This deacetylation protects against cardiac hypertrophy and
ischemia—reperfusion injury [27]. PTMs also affect MPC subunit stability, with acetylation
leading to decreased subunit abundance [28]. Additionally, glucose rerouting due to altered
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MPC activity can elevate O-GlcNAcylation, contributing to maladaptive cellular growth,
particularly in heart failure and other pathologies [25].

3. The Role of MPC in Metabolic Disorders, Neurodegenerative Diseases,
and Clinical Significance

Dysregulation of MPC function has been implicated in the pathogenesis of various
metabolic disorders, including type 2 diabetes, obesity, and non-alcoholic fatty liver dis-
ease (NAFLD) [29], as well as in heart failure [24]. In these conditions, changes in MPC
expression or activity led to impaired pyruvate transport and disruptions in mitochondrial
metabolism. Emerging evidence highlights the critical role of MPC in neurodegenera-
tive diseases, demonstrating its importance in maintaining neuronal energy homeostasis
and mitochondrial function, which are key factors in understanding conditions such as
Alzheimer’s disease and Parkinson’s disease. In this section, we will discuss the pathophys-
iological implications of MPC dysregulation in metabolic disorders and neurodegeneration,
as well as its clinical significance in the context of therapeutic interventions.

3.1. MPC in Type 2 Diabetes

Type 2 diabetes is characterized by insulin resistance and impaired glucose homeosta-
sis, resulting in chronic hyperglycemia. Emerging evidence suggests that alterations in
MPC activity may contribute to the development of insulin resistance and the progression
of type 2 diabetes [30]. In vivo studies have shown that treatment with the MPC inhibitor
MSDC-0602 improves insulin sensitivity and glycemic control in humans [31]. A Phase 2b
clinical trial involving patients with NASH reported that MSDC-0602K, the potassium salt
form of MSDC-0602, led to statistically significant reductions in hemoglobin Alc (HbAlc)
levels, fasting plasma glucose, and fasting plasma insulin, indicating enhanced insulin
sensitivity and improved glycemic control.

Reduced MPC expression or activity has been observed in diabetic animal models and
human subjects, resulting in impaired mitochondrial pyruvate transport and a metabolic
shift toward increased glycolysis, gluconeogenesis, and fatty acid oxidation [32]. Dysregu-
lation of MPC in type 2 diabetes may exacerbate insulin resistance by limiting pyruvate
availability for mitochondrial oxidation and promoting the accumulation of metabolic
intermediates, such as diacylglycerols and ceramides, which are known to interfere with
insulin signaling pathways [33]. Furthermore, reduced MPC activity may enhance hepatic
glucose production via increased gluconeogenesis, further exacerbating hyperglycemia.
These findings underscore the potential of targeting MPC as a therapeutic strategy in type
2 diabetes to restore metabolic balance and improve insulin sensitivity.

3.2. MPC in Obesity

Obesity, a major risk factor for type 2 diabetes and other metabolic disorders, is
characterized by an excessive accumulation of adipose tissue and disrupted metabolism.
Emerging evidence suggests that MPC expression and activity are modulated by nutritional
status and adiposity, with reduced MPC function observed in models of high-fat diet-
induced obesity. In a recent in vivo study, MPC inhibitors such as Zaprinast and 7ACC2
were shown to improve glucose tolerance in diet-induced obese mice, highlighting their
potential as therapeutic agents [34].

The downregulation of MPC in obesity may contribute to insulin resistance by promot-
ing a metabolic shift toward increased fatty acid oxidation and the accumulation of lipid
intermediates that interfere with insulin signaling pathways. Furthermore, impaired MPC
function may exacerbate adipose tissue dysfunction and inflammation, two key factors
in the development of metabolic complications associated with obesity. These findings
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underscore the potential of targeting MPC to mitigate metabolic dysfunction and improve
outcomes in obesity-related disorders.

3.3. MPC in Non-Alcoholic Fatty Liver Disease

Non-alcoholic fatty liver disease (NAFLD) is characterized by the excessive accumula-
tion of lipids in the liver, which can progress to more severe conditions such as non-alcoholic
steatohepatitis (NASH), fibrosis, cirrhosis, and even hepatocellular carcinoma [35]. Dys-
regulation of MPC has been implicated in the pathogenesis and progression of NAFLD,
with reduced MPC expression and activity observed in both animal models and human
cases [36]. In vivo studies have demonstrated that MPC inhibitors, such as MSDC-0602
and DRX-065, may alleviate disease symptoms, underscoring their potential as therapeutic
agents for the treatment of NAFLD [37].

Impaired MPC function in NAFLD may exacerbate hepatic steatosis by limiting
pyruvate availability for mitochondrial oxidation, thus redirecting metabolic flux toward
lipogenesis and triglyceride synthesis [38]. Moreover, reduced MPC activity may contribute
to mitochondrial dysfunction, oxidative stress, and inflammation, which are pivotal drivers
of NAFLD progression and associated liver injury. These findings highlight the importance
of MPC in maintaining hepatic metabolic balance and suggest a promising therapeutic
strategy for mitigating NAFLD and its complications.

3.4. MPC in Neurodegenerative Diseases

Neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS), are characterized
by progressive neuronal loss and inflammation often linked to disruptions in mitochondrial
metabolism [39,40]. The pivotal role of MPC in regulating metabolic pathways has sparked
interest in its therapeutic potential, particularly its viability as a drug target without
compromising ATP production or TCA cycle functionality (Figure 3).
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Figure 3. Potential pathways of MPC inhibition in neurodegenerative disorders.

Studies have revealed surprising metabolic flexibility in cells with inhibited MPC
activity, where alternative pathways can adapt to sustain TCA cycle function and support
cellular growth [41]. For example, MPC inhibition activates glutamate dehydrogenase
(GDH)), redirecting glutamine metabolism to maintain the TCA cycle and lipid synthe-
sis [42].
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Recent evidence suggests that MPC inhibition could offer therapeutic benefits for neu-
rodegenerative diseases [43-49]. In AD, the accumulation of amyloid-beta and Tau proteins
is a hallmark of disease pathology. A study by Ceyzeriat and coworkers demonstrated that
knocking out or inhibiting MPC in astrocytes reduced amyloid-beta and Tau aggregates in
the brain [50]. This reduction in neurofibrillary tangles and amyloid deposits points to a
potential therapeutic approach for slowing the progression of AD pathology.

Similarly, research by Ghosh et al. showed that the insulin sensitizer MSDC-0160, a
thiazolidinedione (TZD) class MPC inhibitor, protected against neuronal degradation in
mouse and rat models exposed to neurotoxic compounds [51]. The neuroprotective effects
of MSDC-0160 are thought to involve modulation of the mammalian target of rapamycin
(mTOR) pathway, which enhances autophagy—a process linked to benefits in aging and
neurodegeneration [52,53]. It was found that knocking out various components of the
mTOR pathway (AKT-1, RHEB-1, or LET-363) in nematodes disrupted the neuroprotective
effects of MSDC-1060 on dopaminergic neurons expressing the A53T x-synuclein [54]. This
highlights that MPC modulation downregulates the mTOR pathway. Therefore, MPC
inhibition can stimulate autophagy.

Additionally, Divakaruni et al. explored the impact of MPC inhibition on excitotoxic
neuronal death in rat cortical neurons. They found that treatment with the MPC inhibitor
UK-5099 maintained neuronal viability for over three days, even with reduced pyruvate
oxidation [55]. The neurons adapted by oxidizing non-glucose substrates, such as leucine
and B-hydroxybutyrate, which sustained TCA cycle activity and mitigated glycolytic and
ATP production changes. Interestingly, in nutrient-rich conditions, glucose-derived carbon
incorporation into the TCA cycle decreased without significant lactate accumulation or
increased oxidation of alternative substrates, highlighting metabolic flexibility in response
to MPC inhibition.

Cells increase reliance on alternative fuels, such as fatty acids and amino acids, to
maintain energy production when pyruvate transport is compromised [19,56,57]. This shift
can help maintain mitochondrial function but also induces oxidative stress by promoting
excess ROS production, particularly through altered TCA cycle activity [58].

In conditions like Parkinson’s disease, oxidative stress plays a role in neuronal damage.
MPC inhibition can enhance oxidative stress by increasing the reliance on pathways like
glutaminolysis and fatty acid oxidation. These processes increase mitochondrial ROS
production, which, although adaptive at first, can lead to cellular damage if not tightly
regulated [57,59]. The increased ROS levels, though contributing to neuronal stress, may
also activate protective responses, such as the unfolded protein response, which helps
manage the oxidative burden [57].

The dysregulation of mitochondrial function due to MPC inhibition can affect au-
tophagy pathways. In neurodegenerative diseases, defective mitophagy (a selective form
of autophagy) exacerbates mitochondrial dysfunction. For example, in Parkinson’s disease,
mutations in genes like parkin, which play a role in mitophagy, can worsen the impact of
oxidative stress on neurons [60].

Although these findings underscore the potential of MPC as a therapeutic target for
neurodegenerative diseases, further research is needed to elucidate its precise mechanisms
of action in disease models. Additionally, these therapeutic approaches must be validated
through human clinical trials to evaluate their safety and efficacy.

3.5. Clinical Significance and Therapeutic Potential

The pivotal role of MPC dysregulation in metabolic disorders has positioned it as a
promising therapeutic approach. Pharmacological modulation of MPC activity, whether
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through enhancement or selective inhibition, offers potential to ameliorate the metabolic
imbalances characteristic of type 2 diabetes, obesity, and NAFLD.

In preclinical models, MPC inhibitors have demonstrated substantial therapeutic
benefits. These include improvements in insulin sensitivity, reductions in hepatic steatosis,
and attenuation of inflammation, highlighting their therapeutic potential for metabolic and
neurodegenerative disorders. Specifically, in type 2 diabetes models, MPC inhibition has
been shown to lower blood glucose levels, improve glucose tolerance, and enhance insulin
sensitivity [61]. Similarly, in NAFLD models, MPC inhibitors have reduced hepatic lipid
accumulation and inflammation, providing evidence of their utility in ameliorating disease
progression [62].

Studies show that high glucose levels increase the acetylation of MPC2, impairing its
normal function [63]. This disruption causes pyruvate accumulation in the cytoplasm, de-
creases mitochondrial membrane potential, and leads to mitochondrial damage, ultimately
inducing apoptosis. Additionally, inhibition or knockdown of MPC2 has been shown to
exacerbate mitochondrial dysfunction and apoptotic pathways in podocytes, indicating
the role of MPC in maintaining mitochondrial health and preventing apoptosis under
metabolically stressful conditions [63].

Many cancer cells rely heavily on aerobic glycolysis to meet their energy and biosyn-
thetic demands [64]. This metabolic reprogramming often involves reduced mitochondrial
pyruvate transport via MPC downregulation, allowing cancer cells to avoid oxidative stress
and apoptosis while enhancing lactate production to support the tumor microenvironment.

Beyond its pharmacological significance, MPC expression and activity have been
proposed as potential biomarkers for diagnosis and monitoring of metabolic conditions.
Changes in MPC expression or activity in response to treatment could serve as indicators
of therapeutic efficacy or disease progression, offering a valuable tool for personalized
medicine [65]. Moreover, deepening our understanding of the molecular mechanisms
regulating MPC and its role in metabolic disorders could unveil new druggable targets
within affected pathways. This knowledge could pave the way for the development
of more precise and effective treatment strategies tailored to the specific metabolic or
neurodegenerative conditions of individual patients.

4. Medicinal Chemistry Approaches to MPC Inhibition

The therapeutic potential of the mitochondrial pyruvate carrier (MPC) in treating
metabolic disorders and neurodegenerative diseases underscores the pressing need for
the development of potent, selective, and clinically relevant MPC inhibitors. Achieving
this goal demands a multidisciplinary approach within medicinal chemistry, leveraging
structure-based drug design and structure-activity relationship (SAR) studies. These efforts
must be guided by detailed insights into the mechanisms and characteristics of known
MPC inhibitors. This section delves into these critical aspects, aiming to advance the
development of effective MPC-targeting therapeutics and unlock new possibilities for
treating complex metabolic and neurodegenerative conditions.

4.1. Structure-Based Drug Design and Ligand-Based Virtual Screening

Structure-based drug design leverages detailed molecular and structural information
about a biological target to guide the development of novel therapeutics [66]. For MPC,
the lack of a resolved crystal structure poses a significant challenge. However, advances
in homology modeling and mutagenesis studies have provided critical insights into the
structural features of MPC [67]. With the advent of advanced machine learning algorithms,
such as AlphaFold, newly predicted MPC structures may provide valuable models for
virtual screening and the identification of potential inhibitors [68].
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In cases where structural information is limited, ligand-based virtual screening pro-
vides an effective alternative route for identifying novel MPC inhibitors [69]. This approach
relies on the structural characteristics of known active compounds rather than the target’s
structure, making it particularly suited to the current understanding of MPC. Among
ligand-based virtual screening methods, developing pharmacophore hypothesis models
is widely employed [70]. A pharmacophore represents the spatial and electronic features
required for a molecule to optimally interact with a specific biological target, facilitat-
ing activation or inhibition. Key features of pharmacophores typically include hydrogen
bond donors or acceptors, aromatic rings, and other functional groups involved in critical
interactions with the target site.

Additionally, computational techniques like molecular docking and molecular dynam-
ics simulations can enhance predictions of potential binding sites and interactions between
MPC and small-molecule inhibitors [71]. These methods are invaluable for characterizing
inhibitor-target interactions, though their accuracy remains constrained by the absence of
a crystal structure for MPC. When integrated with ligand-based virtual screening, these
computational approaches provide a robust framework for identifying and designing novel
MPC inhibitors, advancing therapeutic development for metabolic and neurodegenera-
tive disorders.

4.2. SAR and QSAR Studies

The development of MPC inhibitors relies heavily on understanding the intricate
relationship between chemical structure and biological activity. Structure—activity relation-
ship (SAR) studies involve the systematic modifications of lead compounds to assess how
changes in their chemical structure influence biological activity. These studies help identify
critical structural features essential for MPC inhibition, providing valuable insights into
the molecular mechanisms of MPC inhibition and informing the design of inhibitors with
improved pharmacological profiles [72].

Complementing traditional SAR approaches, quantitative structure-activity relation-
ship (QSAR) analyses offer a more in-depth understanding of structural optimization [73].
QSAR models establish quantitative relationships between the physicochemical properties
or theoretical molecular descriptors of compounds and their biological activities. These
models allow for the prediction of activity in novel compounds and guide candidate
selection and refinement. Classical QSAR methods such as linear regression, multiple
linear regression (MLR), and partial least squares (PLS) provide a foundation for analysis,
while advanced machine learning techniques, such as support vector machines (SVM)
and artificial neural networks (ANN), significantly enhance predictive accuracy [74,75].
Moreover, the three-dimensional QSAR (3D-QSAR) model, which incorporates steric ef-
fects, electrostatic interactions, and hydrophobicity, delivers more precise predictions and
deeper insights into the molecular determinants of activity [76,77]. In the absence of a
crystal structure for MPC, ligand-based QSAR models are particularly useful, aiding in the
identification and optimization of new inhibitors.

Together, SAR and QSAR studies, when combined with robust biological assays, serve
as essential tools for identifying and optimizing MPC inhibitors. These approaches help
identify off-target effects and potential liabilities, ultimately enhancing the therapeutic
index of MPC inhibitors. By providing a systematic and quantitative framework, SAR and
QSAR analyses advance the rational design and selection of promising drug candidates,
driving progress in MPC-targeting therapeutics.
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4.3. Known MPC Inhibitors

A common approach in medicinal chemistry is to leverage insights from the structures
and target interactions of known inhibitors to guide the design of new therapeutics. This
approach is particularly valuable for ligand-based virtual screening, which relies on de-
tailed knowledge of active compound structures [4]. Several MPC inhibitors have been
reported in the literature, including UK5099, Rosiglitazone, GW604714X, GW450863X,
Lonidamine, and Zaprinast [78-80]. A thorough understanding of these inhibitors’ chemi-
cal structures, mechanisms of action, and pharmacological properties can guide the design
and development of next-generation MPC inhibitors with enhanced therapeutic profiles.
An exploration of the structural development and classification of MPC-known inhibitors
will be covered in Section 5.

In developing MPC-targeting therapeutics, these medicinal chemistry approaches are
critical. A robust understanding of structure-based drug design, SAR studies, and known
MPC inhibitors will enable the refinement of MPC inhibitors, ultimately aiding in the
treatment of metabolic and neurodegenerative diseases. Future research in this field holds
promise for creating novel MPC-targeting therapeutics with the potential to transform the
clinical management of these conditions.

5. Recent Advances in the Medicinal Chemistry of MPC Inhibitors

Given the central role of the MPC in metabolic regulation and its involvement in
various metabolic disorders, MPC has emerged as an attractive target for the develop-
ment of novel therapeutics. In recent years, several small-molecule MPC inhibitors have
been identified, with promising therapeutic effects demonstrated in cellular and animal
models [79,81]. In this section, we will discuss the progress made in the development of
MPC-targeting therapeutics, the challenges faced, and future directions for research in
this area.

5.1. Small-Molecule MPC Inhibitors: Discovery and Development

Several small-molecule inhibitors of MPC, such as UK-5099 (Figure 4) [82] and MSDC-
0602 [83], have been identified, offering insights into the structure—activity relationships
and pharmacological properties of these compounds. These inhibitors effectively modulate
MPC activity, resulting in a metabolic shift favoring glycolysis, fatty acid oxidation, and
gluconeogenesis. In preclinical models of type 2 diabetes and NAFLD, MPC inhibitors have
shown promise in enhancing insulin sensitivity, reducing hepatic steatosis, and attenuating
inflammatory responses.

Aromatic Core

@ Head Group

Aromatic Side Group

Figure 4. Structure of UK-5099. Cyanoacetic acid head group (green). Indole aromatic core (blue).
Phenyl aromatic side group (orange).

Structural similarities among known MPC inhibitors suggest a classification based
on shared features, offering a framework for systematic exploration and design. To fully
realize their therapeutic potential, it is crucial to investigate the diverse structural classes
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of MPC inhibitors. Each class is defined by unique characteristics that influence inhibitor
efficacy, selectivity, and pharmacological profiles. Such exploration will not only deepen
our understanding of MPC inhibition mechanisms but also guide the development of more
effective and targeted therapeutics.

5.2. UK-5099 (Cyano-Cinnamate) Derivatives

UK-5099 is widely regarded as the gold standard in MPC inhibition, serving as a
foundational compound for research into the therapeutic potential of targeting the mito-
chondrial pyruvate carrier. Known for its potent inhibitory activity, the structure of UK-5099
has inspired a range of derivatives, each designed to enhance the original compound’s
efficacy or address its limitations.

Derivatives of UK-5099 are structurally composed of three key regions (Figure 4). The
a-cyano-cinnamate head group, an aromatic core, and an aromatic side group. The head
group, resembling pyruvate, is critical for MPC recognition of the inhibitor. While ester
derivatives of this moiety, such as BE1988 and JXLO011, do not inhibit MPC in vitro, they
may offer advantages as prodrugs for in vivo drug delivery.

The aromatic core is one of the most varied regions across this class of MPC inhibitors,
encompassing both bicyclic structures (e.g., indoles, azaindoles, etc.) and monocyclic
cores (e.g., benzenes, furans, pyrazoles, thiophenes). This core can also be modified with
additional substituents; however, the removal of the aromatic core significantly diminished
potency. This is exemplified by a-cyano-4-methyl-2-pentanoate (Entry 6, Table 1), which
was found to be inactive.

By blocking pyruvate transport into mitochondria, UK-5099 inhibits mitochondrial
oxidative phosphorylation and enhances glycolysis [84]. Halestrap’s 1974 study on struc-
tural modifications of UK-5099 highlighted the essential role of the nitrile group and the
aromatic core in MPC inhibition, as shown by high ICs, values in analogs like x-cyano-
4-methyl-2-pentanoate, x-fluorocinnamate, and x-thio-2-furanpyruvate [85]. Halestrap
proposed that the hydrophobic aromatic moiety stabilizes the cyanoacetic acid moiety in a
favorable binding orientation within the MPC.

Recent computational studies by Hegazy et al. [4] and Tavoulari et al. [86] have
independently identified a new scaffold of MPC inhibitors. This scaffold retains the cyano-
cinnamate moiety but expands the structure to include a furan and an additional aromatic
ring. Initial screenings indicate that these novel compounds exhibit nanomolar ICs; values,
suggesting promising inhibitory potency.

Our group recently developed a novel MPC inhibitor scaffold incorporating a pyrazole
ring into the aromatic core. This series demonstrated high potency against MPC, combined
with excellent solubility and metabolic stability. Notably, these compounds showed no
affinity for PPAR-y and were active in attenuating hepatic stellate cell activation, suggesting
potential in hepatic disease management [87]. SAR studies indicated a preference for
hydrophobic groups in the aromatic side chain, with substituents such as dibromo-phenyl,
dichloro-pheny], trifluoromethylphenyl, and naphthyl groups being well tolerated.

Another series of UK-5099 derivatives was reported by Jung and coworkers for the
treatment of hair loss [88]. Known as the JXL series (entries 9-18, Table 1), these inhibitors
aim to restrict pyruvate entry into mitochondria, thereby diverting pyruvate towards
alternative pathways, such as lactate production via lactate dehydrogenase (LDH). Studies
demonstrated a correlation between LDH activity and hair follicle stem cell activation,
suggesting that MPC inhibition may support hair regrowth through this mechanism. These
compounds retain the indole core of UK-5099 while extending the aromatic side group
by one carbon. They found that a 3,5-di(trifluoromethyl)benzene side group significantly
improved potency in MPC oxygen consumption assays. Additional modifications to the
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head group, including diethyl (cyanomethyl) phosphates, thiazolidinediones, and bis-
nitriles, were explored but did not enhance MPC inhibition.

In traditional medicinal chemistry, x-cyano-cinnamate derivatives have typically been
deemed unsuitable for further development, due to the cyanoacetic-acetic acid moiety’s
double bond functioning as a Michael acceptor. This characteristic raises concerns about
off-target interactions, prompting research into reversible cysteine-targeting approaches. A
study by Serafimova et al. showed that electron-deficient olefins, including acrylamides,
could be chemically modified to reversibly interact with cysteine thiols [89].

Interestingly, introducing a nitrile group enhanced the reactivity of these olefins
while simultaneously preventing the formation of irreversible adducts. Interestingly, the
molecular structures analyzed in this study were notably similar to those investigated
by Halestrap in 1979. Building on these insights, our group recently conducted a similar
NMR study using a pyrazole-based scaffold, observing comparable reversibility [90]. These
findings indicate a low propensity for Michael acceptor binding, suggesting minimal
covalent interactions with off-target proteins. This approach provides a promising avenue
for designing MPC inhibitors with a reduced risk of unintended interactions.

Table 1. x-Cyano-cinnamate MPC inhibitors.

Entry Name Structure ICsp Bioassay Ref.
COyH
A 2 Oxygen
1. UK-5099 % 0.140 uM consumatonrate 159
PH
- COzH
2. x-Cyano-cinnamate m 200.0 nM Oxygen uptake [9]
CO,H
a-Cyano-4- A
3 hydroxycinnamate HO m 1.5 uM Oxygen uptake [°]
HO CO,H
o-Cyano-3- N
4. hydroxycinnamate m 1ouM Oxygen uptake Bl
CO,H
a-Cyano-5-phenyl-2,4- NN
5. pentadienoate N 200 nM Oxygen uptake [9]
x-Cyano-4-methyl-2- N COH .
6. ia. Oxygen uptake [9]
pentanoate CN
- CO2H
7. «-Fluorocinnamate m ia. Oxygen uptake [9]
«-Thio-2- N0 .
8. £ ia. Oxygen uptake [9]
uranpyruvate \ e} SH
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Entry Name Structure ICs Bioassay Ref.
%COZEt
F5C
N CN Not
9. JXLO11 Reported N/A [88]
FsC
%COZH
F5;C CN
10. JXL020 N 16.6 nM Oxygen [88]
consumption rate
FsC
kj . ] - CO2H
11. JTXL069 N 42.8nM Oxygen [88]
consumption rate
FsC
Cl
’ o CO2H
F3C
N CN Not
12. JXL050 @J Reported N/A [88]
FsC
Br
I ~COH
FsC
N CN Not
13. JXL051 Q,/ Reported N/A [88]
FsC
F
I ~COH
F5C
N CN Not
14. JXL052 @// Reported N/A 88]
FsC
IOFL/OEt
Xy “OEt
15 JXL086 e NI CN Not N/A [88]
’ Reported

F3

O
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Table 1. Cont.
Entry Name Structure ICs Bioassay Ref.
0]
N NH,
16 JXL094 e N o Not N/A [88]
' Reported
F3C
FsC
Not
17. JXL095 Reported N/A [88]
FsC
N 0] N CO,H
18. BE1976 \ \ I 33.0nM Pyruvate OCR [4]
S CN
X CO.H
19. BE1978 N 117 nM Pyruvate OCR [4]
N= CN
CO,H
20. BE1980 @N TN 162 nM Pyruvate OCR [4]
N= CN
N COsH
21. BE1984 N 1.533 uM Pyruvate OCR [4]
22. BE1985 638 nM Pyruvate OCR [4]
23. BE1988 ia. Pyruvate OCR [4]
Ph
24, BE2617 J ] N C02H 39 nM Pyruvate OCR [4]
HN-N CN
25. BE2623 731 nM Pyruvate OCR [4]
/ ; N CO,H
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Table 1. Cont.

Entry Name Structure ICs Bioassay Ref.
H
N
| CO,H
26. BE1975 ia. Pyruvate OCR [4]
NH ¥
V/go
O COzH
X Pyruvate transport
27. Compound 2 \ / N 12.4 nM inhibition [86]
Br 0 COH
28. Compound 3 | Not Reported N/A [86]
P \ ON P
. 0 COsH
29. Compound 4 \ | N Not Reported N/A [86]
30. Compound 5 \ | oN Not Reported N/A [86]
FsC
31 Compound 6 o COH Not Reported N/A [86]
\ / CN
0 CO,H
|
32. Compound 7 \ N 5.4nM Pyruy ate ’Frgnsport [86]
N=0 inhibition
Og ®
O COQH
33. Compound 8 \ ’ N Not Reported N/A [86]
Cl
O COzH
© \ !
34. Compound 9 CN Not Reported N/A [86]
P 0-N® p
o
OO CO,H
35. BE2625 — CN 212.0nM Pyruvate OCR [87]
N.
N
H
Cl
CO,H
Cl —
36. BE2639 { CN 107.0 nM Pyruvate OCR [87]
/




Biomolecules 2025, 15, 223 16 of 28
Table 1. Cont.
Entry Name Structure ICs Bioassay Ref.
CO,H
FsC —
37. BE2645 T CN 108.0 nM Pyruvate OCR [87]
N.
N
H
Br
CO.H
38. BE2647 Br - CN 70.0 nM Pyruvate OCR [87]
I\
°N
H
39. BE2648 7.771 uM Pyruvate OCR [87]
40. BE2650 o 18.26 uM Pyruvate OCR [87]
CN
I\
"N
H
41. BE2659 7\ CN 789 nM Pyruvate OCR [87]
N<
N
Ph

5.3. Thiazolidinediones

Thiazolidinediones (TZDs) are a class of drugs historically recognized for their role as
insulin sensitizers in the treatment of type 2 diabetes [90,91]. Their primary mechanism
of action involves functioning as agonists for peroxisome proliferator-activated receptor-
gamma (PPAR-y). However, PPAR-y activation has been linked to several adverse side
effects, including hypertension, bone loss, and heart failure, prompting the withdrawal of
TZDs from the market in several countries. Interestingly, some TZDs have also been found
to exhibit an inhibitory effect on MPC, offering potential for alternative therapeutic appli-
cations. For example, Rosiglitazone, a TZD previously approved by the FDA, was found
to induce a rapid dose-dependent reduction in pyruvate-driven, uncoupler-simulated
respiration in C2C12 myoblasts [81]. A similar effect was observed with UK-5099, further
supporting the notion that TZDs can effectively inhibit MPC.

Among TZD derivatives, MSDC-0160 (Mitoglitazone), developed by Metabolic Solu-
tions Development Company, was reported to modulate both PPAR-y and MPC activity. A
related compound, MSDC-0602K, exhibited reduced affinity for PPAR-y while maintaining
comparable binding affinity for MPC. This profile positions MSDC-0602K as a promis-
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ing candidate with the potential to minimize PPAR-y-related side effects while retaining
effective MPC modulation [92].

Central to every TZD molecule is the thiazolidinedione ring, a five-membered ring
structure containing one sulfur atom and two oxygen atoms, which defines the TZD
class (Figure 5). Typically, TZDs feature one or more aromatic rings attached to the core
thiazolidinedione structure extending from the 5th position on the ring. This aromatic
group is commonly a phenyl ring, often modified with various substituents.

TZD Core

Linker Region

Aromatic Tail

Figure 5. Structure of Rosiglitazone. Thiazolidinedione core (green). Linker region (blue). Aromatic
tail (orange).

Additionally, many TZDs include a linker region that connects the core ring to a
secondary aromatic system. This linker generally consists of ether and /or ketone chains,
typically spanning from four to five carbons in length. The “tail” region of TZDs is
usually composed of substituted aromatic rings, such as benzene or pyridine. The 5th
position of the thiazolidinedione ring also functions as a stereocenter. While most TZDs
are administered as a racemic mixture, recent work has explored methods to control or
eliminate stereochemistry, potentially enhancing their pharmacological properties [93].

Compounds such as (E)-5-(4-hydroxybenzylidene) thiazolidine-2,4-dione (Entry 1,
Table 2) and (E)-5-(3-hydroxy-4-mthoxybenzylidene) thiazolidine-2,4-dione (Entry 2, Table 2)
were reported to have similar inhibitory effects on mitochondrial respiration similar to
UK-5099. Additionally, a deuterated (R)-Pioglitazone, which utilizes deuterium to establish
the stereochemistry of the fifth position, has shown markedly reduced binding affinity for
PPAR-y and is currently under clinical evaluations, albeit not as an MPC inhibitor [94].

Table 2. Thiazolidinedione (TZD) MPC inhibitors.

Entry Name Structure I1Csp Bioassay Ref.
(E)-5+( {
E)-5-(4- . .
1. Hydroxybenzylidene) MNH 762.0 nM Métocﬁﬁi?r;al [93]
thiazolidine-2,4-dione HO \\<O esprratio
(@]
(E)-5-(3-Hydroxy-4- HO N
2. Methoxy benzylidene) s NH Not reported N/A [93]
thiazolidine-2 4-dione (I) %O
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Table 2. Cont.
Entry Name Structure ICs Bioassay Ref.
D (@]
/ o
3. PXL065 4 MNH Not reported N/A [94]
N o =
O
0]
o | WNH Binding affinity
4, Rosiglitazone N - S\ﬁ 1.18 uM to mouse MPC [81]
| & o)
~
(0]
_O
5. MSDC-0602K ©\N/\ L _NH N/A N/A [92]
0 ~
Io) O
(0]
Lo = Binding affinity
6. Pioglitazone | /©/\(U\NH 1.20 uM [81]
N o S\\< to mouse MPC
(0]
(0]
Displacement of
. . =z P
7. 121{2?]%2{%21063)6 - | /©/\S([<NH 1.20 uM photoprobe [81]
N o \\< from MPC
O
O
8. MSDC-1437 ia. ... [92]
9. GW450863X Not reported N/A [95]
10. GW504714X Not reported N/A [95]
o)
NH
11. Nitrofurantoin N\ O y Pyruvate transport

Q
o g/ N\@/\\N, N fo 33 M inhibition [86]

5.4. Miscellaneous MPC Inhibitors

Over the years, several other structural classes have been identified as active MPC
inhibitors (Table 3). Lonidamine (Entry 1, Table 3), an anti-cancer drug, is known to
enhance tumor sensitivity to chemotherapy, hyperthermia, and radiotherapy. Its primary
mechanism of action includes the inhibition of MPC, monocarboxylate transporter (MCT),
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and succinate—ubiquinone reductase activities. Studies have confirmed that Lonidamine
effectively inhibits MPC activity in isolated rat liver mitochondria [95].

Zaprinast, (Entry 2, Table 3) originally developed as a phosphodiesterase 5/6
(PDE5/PDES) inhibitor and the precursor to sildenafil (Viagra), has also been identified as
an MPC inhibitor [96]. Zaprinast inhibits pyruvate-driven oxygen consumption in brain
mitochondria and disrupts MPC function in liver mitochondria. However, there has been
limited exploration of Zaprinast derivatives specifically for MPC inhibition. Finck et al.
further confirmed Zaprinast’s ability to inhibit MPC activity and showed it can improve glu-
cose tolerance in diet-induced obese mice. Zaprinast’s effects extend beyond hepatic MPC
inhibition, indicating peripheral metabolic benefits potentially linked to other mechanisms,
such as increased glucose uptake in skeletal muscle or its action as a phosphodiesterase
(PDE) inhibitor. These findings underscore Zaprinast’s multifaceted metabolic influence,
albeit with potential off-target effects that may limit its direct therapeutic use [34].

Compound 7ACC2 (Entry 4, Table 3) is recognized for its potent monocarboxylate
transporter (MCT) inhibition [97]. Its primary function involves blocking extracellular lac-
tate uptake into the mitochondria of cancer cells, ultimately inducing cell death. Moreover,
7ACC2 has been identified as a potent MPC inhibitor, effectively suppressing hepatic gluco-
neogenesis and improving glucose tolerance in diet-induced obese mice. Unlike Zaprinast,
the effects of 7ACC2 are specifically tied to hepatic MPC2 activity, with minimal peripheral
action observed. This specificity makes 7ACC2 a promising tool for investigating MPC
inhibition and its role in metabolic regulation. However, limitations such as poor solubility
and a short half-life pose significant challenges for its therapeutic application.

Recently, Schumacher and coworkers developed a series of novel cancer therapeutics
derived from 7ACC2 [98]. Among these, compounds FACC2 (Entry 6, Table 3) and FACC3
(Entry 7, Table 3) demonstrated sub-micromolar potency in pyruvate-driven OCR assays,
while FACC1 (Entry 5, Table 3) showed activity with an IC5y above 1 uM. These derivatives
feature 4-fluorophenyl expansions on the amino moiety of 7ACC2, enhancing their activity.

Using a bioluminescence-based MPC activity assay, Finck et al. screened a chemical
library and identified 35 novel potential MPC modulators [42]. Employing a pharma-
cophore model based on 7ACC2, they prioritized hits for further investigation. Among
these, 7ACC1, carsalam, and six quinolone antibiotics (Entries 3, 8-14, Table 3) were found
to share a structural pharmacophore with 7ACC2. Experimental validation confirmed
these compounds as MPC inhibitors. Specifically, mitochondrial respiration studies using
pyruvate as a substrate demonstrated that nalidixic acid, 7ACC1, and carsalam were the
most effective inhibitors at a concentration of 10 uM. Dose-response analyses revealed
that 7ACC1 was nearly as potent as 7ACC2, with an IC50 comparable to UK-5099, while
nalidixic acid and carsalam exhibited approximately 50% inhibition at the same concentra-
tion. Further, 7ACC1, nalidixic acid, and carsalam potently suppressed glucose production
in isolated hepatocytes at 10 pM concentrations. Notably, nalidixic acid improved glu-
cose tolerance in vivo in obese mice. These findings highlight the therapeutic potential of
targeting MPC for diabetes treatment and provide scaffolds for developing potent, novel
MPC inhibitors.

Kuniji et al. identified entacapone (Entry 16, Table 3), a drug commonly used in Parkin-
son’s disease therapy, as a novel MPC inhibitor [86]. Using a refined pharmacophore model,
entacapone was shown to fit the essential binding motifs of MPC inhibitors. Thermostabil-
ity assays demonstrated significant shifts in the melting temperature of the MPC complex,
indicating strong binding affinity. Functional validation through a ['*C]-pyruvate homo-
exchange assay with MPC1L/MPC2 proteoliposomes confirmed its inhibitory activity,
with an ICsg of approximately 630 nM. These findings underscore entacapone’s potential
off-target effects and suggest its utility as a scaffold for developing new MPC inhibitors.
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Recent work from Wenes et al. introduced MITO-66 (Entry 17, Table 3) as a novel MPC
inhibitor designed to enhance the efficacy of CD19-CAR T cells in antitumor treatment [99].
MITO-66 inhibits MPC with an ICsq of 119 nM, though its molecular structure has not been
reported. The compound was shown to induce a stem cell-like memory phenotype in CAR
T cells derived from healthy donors and patients with relapsed /refractory B-cell malig-
nancies. CAR T cells conditioned with MITO-66 demonstrated superior antitumor activity,
effectively controlling human pre-B cell acute lymphoblastic leukemia in mouse models.
These cells retained a memory phenotype after transfer, provided protection against tumor
rechallenge, and outperformed clinical-stage AKT and PI3K$ inhibitors in a leukemia stress
model. This study provides compelling preclinical evidence supporting the use of MITO-66
during CAR T cell manufacturing to significantly enhance antitumor efficacy.

Table 3. Miscellaneous MPC inhibitors.

Entry Name Structure ICs Bioassay Ref.
Cl
. . Pyruvate
L Lonidamine Q/N\N/ OH 4.6 uM transport inhibition [86,95]
Cl 0
@)
Hfj\ N
, NH O Pyruvate
i N, y
2. Zaprinast N | 7 321 nM fransport inhibition [86,98]
)
N OH
3. 7ACC1 L Not reported Oxygen [34]
N o o consumption rate
O
A OH
4, 7ACC2 /©\/r‘\ Not reported Oxygen [34]
N o Yo consumption rate
|
O
N o O -dri
5. FACC1 >1 uM OXPym"ate driven [97]
ygen consumption
F
O
h OH Pyruvate-driven
6. FACC2 16.6 nM ox . [97]
ygen consumption
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Entry Name Structure ICs Bioassay Ref.
0]
F N OH P te-dri
7. FACC3 \©\ 147.6 nM yruvate-driven [97]
oxygen consumption
N o "0
|
(0]
8. Carsalam /"i‘l Not reported RESPYR [34]
o O
O O
F
| OH
9. Clinafloxacin Not reported RESPYR [34]
N N
HoN
D
O O
F
| OH
, N N
10. Sarafloxacin Not reported RESPYR [34]
HN
F
O O
F
| OH
11. Nadifloxacin /Q Not reported RESPYR [34]
N N
HO
O O
F
OH
12. Pefloxacine K\ | Not reported RESPYR [34]
N N
N N
O O
= OH
13. Nalidixic Acid ~ | | Not reported RESPYR [34]
N N
14. Moxifloxican Not reported RESPYR [34]

o o
F
OH
! |
%/ N N
o A
NHH
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Entry Name Structure ICs Bioassay Ref.
9 (0]
®
~N PN
0) ~ N
15. Entacapone © 630.0 M Puruvate [86]
HO CN transport inhibition
OH
16. MITO-66 Not Reported 119 nM Oxygen [99]

6. Conclusions and Perspectives

The development of optimized MPC inhibitors represents a promising but challenging
frontier in the treatment of metabolic and neurodegenerative diseases. Achieving high po-
tency and selectivity remains critical to minimizing off-target effects and potential toxicities.
A deeper exploration of the SAR of MPC inhibitors is essential to identify compounds with
improved selectivity, efficacy, and safety profiles.

As discussed, TZDs can bind both MPC and PPAR-~y. While their potential as MPC
inhibitors remains underexplored, their high affinity for PPAR-y complicates further devel-
opment within this class due to significant off-target effects. Future efforts should focus
on optimizing TZD-based MPC inhibitors to enhance selectivity for MPC while reducing
PPAR-y binding, thus mitigating associated adverse effects.

The optimization of ADME properties of MPC inhibitors is another critical priority
to ensure adequate drug exposure at target sites and to minimize systemic side effects.
Furthermore, given MPC’s central role in cellular metabolism and energy homeostasis, the
long-term safety and tolerability of MPC inhibitors must be rigorously evaluated in both
preclinical and clinical settings.

To accelerate therapeutic advancements targeting MPC, the following key research
directions should be pursued: (1) Structural Insights: Determining the crystal structure
of the MPC complex would provide a deeper understanding of its molecular architecture,
enabling rational drug design through structure-based approaches, as discussed earlier.
(2) Innovative Screening: High-throughput screening and computational approaches can
be employed to discover novel scaffolds beyond those covered in this review. (3) Medicinal
Chemistry: Advances in medicinal chemistry are essential to refine current scaffolds and
develop next-generation inhibitors with superior properties.

MPC-targeting therapeutics hold significant promise for treating various metabolic
and neurodegenerative disorders, including type 2 diabetes, obesity, NAFLD, AD, PD, and
ALS. By resolving current challenges in MPC inhibitor development and pursuing these
innovative research avenues, the translation of basic research findings can be significantly
accelerated, offering hope to patients afflicted with these debilitating conditions.

This review has provided a comprehensive overview of the mitochondrial pyruvate
carrier (MPC), covering its structure, composition, localization, and key biological functions.

We have highlighted the clinical relevance of MPC dysregulation in metabolic and
neurodegenerative disorders and underscored its potential as a therapeutic target. Finally,
we reviewed recent advances in the development of MPC-targeting therapeutics, addressed
existing challenges, and proposed future research priorities to guide ongoing and future
studies in this exciting field. This section is not mandatory but can be added to the
manuscript if the discussion is unusually long or complex.
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The following abbreviations are used in this manuscript:
AD Alzheimer’s disease

ADME  absorption, distribution, metabolism, and excretion

ALS amyotrophic lateral sclerosis
ATP adenosine triphosphate
HbAlc  hemoglobin Alc

HD Huntington’s disease

PD Parkinson’s disease

PDC pyruvate dehydrogenase complex
PPAR-y peroxisome proliferator-activated receptor gamma
IFD induced fit docking

OMM outer mitochondrial membrane
IMS inner mitochondrial space

IMM inner mitochondrial matrix

x-KG a-ketoglutarate

FAO fatty acid oxidation

OAA oxaloacetate

ETC electron transport chain

GGAA  glucogenic amino acid

KGAA  ketogenic amino acid

MCT monocarboxylate transporter
MPC mitochondrial pyruvate carrier
mTOR  mechanistic target of rapamycin
NAFLD non-alcoholic fatty liver disease
NASH  non-alcoholic steatohepatitis
QSAR  quantitative structure—activity relationship
SAR structure-activity relationship
TZD thiazolidinedione

VDAC  voltage-dependent anion channel



Biomolecules 2025, 15, 223 24 of 28

References

1. Herzig, S.; Raemy, E.; Montessuit, S.; Veuthey, J.-L.; Zamboni, N.; Westermann, B.; Kunji, E.R.; Martinou, J.-C. Identification and
functional expression of the mitochondrial pyruvate carrier. Science 2012, 337, 93-96. [CrossRef] [PubMed]

2. Bricker, D.K,; Taylor, E.B.; Schell, ].C.; Orsak, T.; Boutron, A.; Chen, Y.-C.; Cox, ].E.; Cardon, C.M.; Van Vranken, ].G.; Dephoure,
N.; et al. A mitochondrial pyruvate carrier required for pyruvate uptake in yeast, drosophila, and humans. Science 2012, 337,
96-100. [CrossRef] [PubMed]

3. Tavoulari, S.; Thangaratnarajah, C.; Mavridou, V.; Harbour, M.E.; Martinou, J.C.; Kunji, E.R.S. The yeast mitochondrial pyruvate
carrier is a hetero dimer in its functional state. EMBO J. 2019, 38, €100785. [CrossRef] [PubMed]

4. Hegazy, L.; Gill, L.E,; Pyles, K.D.; Kaiho, C.; Kchouk, S.; Finck, B.N.; McCommis, K.S.; Elgendy, B. Identification of novel
mitochondrial pyruvate carrier inhibitors by homology modeling and pharmacophore-based Virtual Screening. Biomedicines 2022,
10, 365. [CrossRef]

5. Xu, L,; Phelix, C.E; Chen, L.Y. Structural insights into the human mitochondrial pyruvate carrier complexes. J. Chem. Inf. Model.
2021, 61, 5614-5625. [CrossRef]

6. Le, X.H.; Lee, C.P,; Millar, A.H. The mitochondrial pyruvate carrier (MPC) complex mediates one of three pyruvate-supplying
pathways that sustain Arabidopsis respiratory metabolism. Plant Cell 2021, 33, 2776-2793. [CrossRef]

7. Bender, T.; Pena, G.; Martinou, J.C. Regulation of mitochondrial pyruvate uptake by alternative pyruvate carrier complexes.
EMBO ]. 2015, 34, 911-924. [CrossRef]

8. Kiihlbrandt, W. Structure and function of mitochondrial membrane protein complexes. BMC Biol. 2015, 13, 89. [CrossRef]

9.  Halestrap, A.P.; Denton, R.M. Specific inhibition of pyruvate transport in rat liver mitochondria and human erythrocytes by
a-cyano-4-hydroxycinnamate (short communication). Biochem. J. 1974, 138, 313-316. [CrossRef]

10. Gyimesi, G.; Hediger, M.A. Sequence Features of Mitochondrial Transporter Protein Families. Biomolecules 2020, 10, 1611.
[CrossRef]

11. Tavoulari, S.; Sichrovsky, M.; Kunji, E.R. Fifty Years of the Mitochondrial Pyruvate Carrier: New Insights into Its Structure,
Function, and Inhibition. Acta Physiol. 2023, 238, €14016. [CrossRef] [PubMed]

12. Papa, S.; Francavilla, A ; Paradies, G.; Meduri, B. The transport of pyruvate in rat liver mitochondria. FEBS Lett. 1971, 12, 285-288.
[CrossRef] [PubMed]

13. Cappel, D.A; Deja, S.; Duarte JA, G.; Kucejova, B.; Ifiigo, M.; Fletcher, J.A.; Fu, X.; Berglund, E.D,; Liu, T.; Elmquist, ].K,; et al.
Pyruvate-Carboxylase-Mediated Anaplerosis Promotes Antioxidant Capacity by Sustaining TCA Cycle and Redox Metabolism in
Liver. Cell Metab. 2019, 29, 1291-1305.€8. [CrossRef]

14. Vanderperre, B.; Bender, T.; Kunji ER, S.; Martinou, J.-C. Mitochondrial pyruvate imports and its effects on homeostasis. Curr.
Opin. Cell Biol. 2015, 33, 35—41. [CrossRef]

15. Zangari, J.; Petrelli, F; Maillot, B.; Martinou, J.C. The Multifaceted Pyruvate Metabolism: Role of the Mitochondrial Pyruvate
Carrier. Biomolecules 2020, 10, 1068. [CrossRef]

16. Gray, L.R;; Sultana, M.R.; Rauckhorst, A.J.; Oonthonpan, L.; Tompkins, S.C.; Sharma, A.; Fu, X.; Miao, R.; Pewa, A.D.; Brown, K.S.;
et al. Hepatic mitochondrial pyruvate carrier 1 is required for efficient regulation of gluconeogenesis and whole-body glucose
homeostasis. Cell Metab. 2015, 22, 669—681. [CrossRef]

17.  Gray, L.R.; Tompkins, S.C.; Taylor, E.B. Regulation of pyruvate metabolism and human disease. Cell. Mol. Life Sci. CMLS 2014, 71,
2577-2604. [CrossRef]

18.  Arnold, PK,; Finley LW, S. Regulation and function of the mammalian tricarboxylic acid cycle. J. Biol. Chem. 2023, 299, 102838.
[CrossRef]

19. Vacanti, N.M.; Divakaruni, A.S.; Green, C.R.; Parker, S.J.; Henry, R.R; Ciaraldi, T.P.; Murphy, A.N.; Metallo, C.M. Regulation of
substrate utilization by the mitochondrial pyruvate carrier. Mol. Cell 2014, 56, 425-435. [CrossRef]

20. Ricci, L.; Stanley, FU.; Eberhart, T.; Mainini, F.; Sumpton, D.; Cardaci, S. Pyruvate Transamination and Nad Biosynthesis
Enable Proliferation of Succinate Dehydrogenase-Deficient Cells by Supporting Aerobic Glycolysis. Cell Death Dis. 2023, 14, 403.
[CrossRef]

21. Zou, S; Lang, T.; Zhang, B.; Huang, K.; Gong, L.; Luo, H.; Xu, W.; He, X. Fatty acid oxidation alleviates the energy deficiency
caused by the loss of MPC1 in MPC1+/ — mice. Biochem. Biophys. Res. Commun. 2018, 495, 1008-1013. [CrossRef] [PubMed]

22. Salas-Lloret, D.; Gonzélez-Prieto, R. Insights in Post-Translational Modifica-tions: Ubiquitin and SUMO. Int. |. Mol. Sci. 2022,
23, 3281. [CrossRef] [PubMed]

23.  Zhang, N.; Wu, J.; Zheng, Q. Chemical Proteomics Approaches for Protein Post-Translational Modification Studies. BBA-Proteins
Proteom. 2024, 1872, 141017. [CrossRef]

24. Fernandez-Caggiano, M.; Eaton, P. Heart Failure—Emerging Roles for the Mi-tochondrial Pyruvate Carrier. Cell Death Differ. 2021,

28, 1149-1158. [CrossRef]


https://doi.org/10.1126/science.1218530
https://www.ncbi.nlm.nih.gov/pubmed/22628554
https://doi.org/10.1126/science.1218099
https://www.ncbi.nlm.nih.gov/pubmed/22628558
https://doi.org/10.15252/embj.2018100785
https://www.ncbi.nlm.nih.gov/pubmed/30979775
https://doi.org/10.3390/biomedicines10020365
https://doi.org/10.1021/acs.jcim.1c00879
https://doi.org/10.1093/plcell/koab148
https://doi.org/10.15252/embj.201490197
https://doi.org/10.1186/s12915-015-0201-x
https://doi.org/10.1042/bj1380313
https://doi.org/10.3390/biom10121611
https://doi.org/10.1111/apha.14016
https://www.ncbi.nlm.nih.gov/pubmed/37366179
https://doi.org/10.1016/0014-5793(71)80200-4
https://www.ncbi.nlm.nih.gov/pubmed/11945601
https://doi.org/10.1016/j.cmet.2019.03.014
https://doi.org/10.1016/j.ceb.2014.10.008
https://doi.org/10.3390/biom10071068
https://doi.org/10.1016/j.cmet.2015.07.027
https://doi.org/10.1007/s00018-013-1539-2
https://doi.org/10.1016/j.jbc.2022.102838
https://doi.org/10.1016/j.molcel.2014.09.024
https://doi.org/10.1038/s41419-023-05927-5
https://doi.org/10.1016/j.bbrc.2017.11.134
https://www.ncbi.nlm.nih.gov/pubmed/29175325
https://doi.org/10.3390/ijms23063281
https://www.ncbi.nlm.nih.gov/pubmed/35328702
https://doi.org/10.1016/j.bbapap.2024.141017
https://doi.org/10.1038/s41418-020-00729-0

Biomolecules 2025, 15, 223 25 of 28

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

Tiwari, A.; Myeong, J.; Hashemiaghdam, A.; Stunault, M.L; Zhang, H.; Niu, X.; Laramie, M.A_; Sponagel, J.; Shriver, L.P; Patti, G ;
et al. Mitochondrial Pyruvate Transport Regulates Presynaptic Metabolism and Neurotransmission. Sci. Adv. 2024, 10, eadp7423.
[CrossRef]

Tiwari, A.; Hashemiaghdam, A.; Laramie, M.A.; Maschi, D.; Haddad, T.; Stunault, M.I.; Bergom, C.; Javaheri, A.; Klyachko,
V.; Ashrafi, G. Sirtuin3 Ensures the Metabolic Plasticity of Neurotransmission during Glucose Deprivation. J. Cell Biol. 2024,
223, €202305048. [CrossRef]

Hebert, A.S.; Dittenhafer-Reed, K.E.; Yu, W.; Bailey, D.J.; Selen, E.S.; Boersma, M.D.; Carson, ].J.; Tonelli, M.; Balloon, A.].; Higbee,
AlJ.; et al. Calorie Restriction and SIRT3 Trigger Global Reprogramming of the Mitochondrial Protein Acetylome. Mol. Cell 2013,
49, 186-199. [CrossRef]

Vadvalkar, S.S.; Matsuzaki, S.; Eyster, C.A.; Giorgione, ].R.; Bockus, L.B.; Kinter, C.S.; Kinter, M.; Humphries, K.M. Decreased
Mitochondrial Pyruvate Transport Activity in the Diabetic Heart: Role of Mitochondrial Pyruvate Carrier 2 (MPC2) Acetylation.
J. Biol. Chem. 2017, 292, 4423-4433. [CrossRef]

Bender, T.; Martinou, J.-C. The mitochondrial pyruvate carrier in health and disease: To carry or not to carry? Biochim. Biophys.
Acta (BBA)-Mol. Cell Res. 2016, 1863, 2436-2442. [CrossRef]

Ferguson, D.; Eichler, S.J.; Yiew NK, H.; Colca, J.R.; Cho, K.; Patti, G.J.; Shew, T.M.; Lutkewitte, A.J.; Mukherjee, S.; McCommis,
K.S.; et al. Mitochondrial pyruvate carrier inhibition initiates metabolic crosstalk to stimulate branched chain amino acid
catabolism. Mol. Metab. 2023, 70, 101694. [CrossRef]

Harrison, S.A.; Alkhouri, N.; Davison, B.A.; Sanyal, A.; Edwards, C.; Colca, J.R.; Lee, B.H.; Loomba, R.; Cusi, K.; Kolterman, O.;
et al. Insulin Sensitizer MSDC-0602K in Non-Alcoholic Steatohepatitis: A Randomized, Double-Blind, Placebo-Controlled Phase
Iib Study. J. Hepatol. 2020, 72, 613-626. [CrossRef] [PubMed]

Zhu, H.; Wan, H.; Wu, L.; Li, Q.; Liu, S.; Duan, S.; Huang, Z.; Zhang, C.; Zhang, B.; Xing, C.; et al. Mitochondrial pyruvate carrier:
A potential target for diabetic nephropathy. BMC Nephrol. 2020, 21, 274. [CrossRef] [PubMed]

Petersen, K.F,; Dufour, S.; Befroy, D.; Garcia, R.; Shulman, G.I. Impaired mitochondrial activity in the insulin-resistant offspring of
patients with type 2 diabetes. N. Engl. . Med. 2004, 350, 664—671. [CrossRef] [PubMed]

Hodges, W.T.; Jarasvaraparn, C.; Ferguson, D.; Griffett, K,; Gill, L.E.; Chen, Y.; Ilagan MX, G.; Hegazy, L.; Elgendy, B.; Cho, K,;
et al. Mitochondrial pyruvate carrier inhibitors improve metabolic parameters in diet-induced obese mice. J. Biol. Chem. 2022,
298, 101554. [CrossRef]

McCommis, K.S.; Hodges, W.T.; Brunt, E.M.; Nalbantoglu, I.; McDonald, W.G.; Holley, C.; Fujiwara, H.; Schaffer, ].E.; Colca, ].R,;
Finck, B.N. Targeting the mitochondrial pyruvate carrier attenuates fibrosis in a mouse model of nonalcoholic steatohepatitis.
Hepatology 2017, 65, 1543-1556. [CrossRef]

Esler, W.P.,; Bence, K.K. Metabolic Targets in Nonalcoholic Fatty Liver Disease. Cell. Mol. Gastroenterol. Hepatol. 2019, 8, 247-267.
[CrossRef]

Gao, R,; Li, Y;; Xu, Z.; Zhang, F.; Xu, J.; Hu, Y,; Yin, J.; Yang, K.; Sun, L.; Wang, Q.; et al. Mitochondrial Pyruvate Carrier 1 Regulates
Fatty Acid Synthase Lactylation and Mediates Treatment of Nonalcoholic Fatty Liver Disease. Hepatology 2023, 78, 1800-1815.
[CrossRef]

Jacques, V.; Bolze, S.; Hallakou-Bozec, S.; Czarnik, A.W.; Divakaruni, A.S.; Fouqueray, P.; Murphy, A.N.; Van der Ploeg LH, T.;
DeWitt, S. Deuterium-Stabilized (R)-Pioglitazone (PXL065) Is Responsible for Pioglitazone Efficacy in NASH yet Exhibits Little to
No PPARYy Activity. Hepatol. Commun. 2021, 5, 1412-1425. [CrossRef]

McCommis, K.S.; Finck, B.N. Treating hepatic steatosis and fibrosis by modulating mitochondrial pyruvate metabolism. Cell. Mol.
Gastroenterol. Hepatol. 2019, 7, 275-284. [CrossRef]

Yin, F; Sancheti, H.; Patil, I.; Cadenas, E. Energy Metabolism and Inflammation in Brain Aging and Alzheimer’s Disease. Free
Radic. Biol. Med. 2016, 100, 108-122. [CrossRef]

Scheltens, P.; De Strooper, B.; Kivipelto, M.; Holstege, H.; Chételat, G.; Teunissen, C.E.; Cummings, ]J.; van der Flier, WM.
Alzheimer’s Disease. Lancet 2021, 397, 1577-1590. [CrossRef] [PubMed]

Yang, C.; Ko, B.; Hensley, C.T.; Jiang, L.; Wasti, A.T,; Kim, J.; Sudderth, ]J.; Calvaruso, M.A.; Lumata, L.; Mitsche, M.; et al.
Glutamine Oxidation Maintains the TCA Cycle and Cell Survival during Impaired Mitochondrial Pyruvate Transport. Mol. Cell
2014, 56, 414-424. [CrossRef] [PubMed]

Yang, C.; Sudderth, J.; Dang, T.; Bachoo, R.G.; McDonald, J.G.; DeBerardinis, R.J. Glioblastoma Cells Require Glutamate
Dehydrogenase to Survive Impairments of Glucose Metabolism or Akt Signaling. Cancer Res. 2009, 69, 7986-7993. [CrossRef]
Tang, B.L. Targeting the Mitochondrial Pyruvate Carrier for Neuroprotection. Brain Sci. 2019, 9, 238. [CrossRef]

Liu, Y; Yu, X,; Jiang, W. The Role of Mitochondrial Pyruvate Carrier in Neurological Disorders. Mol. Neurobiol. 2024; Online ahead
of print. [CrossRef]

Colca, J.R.; Finck, B.N. Metabolic Mechanisms Connecting Alzheimer’s and Parkinson’s Diseases: Potential Avenues for Novel
Therapeutic Approaches. Front. Mol. Biosci. 2022, 9, 929328. [CrossRef]


https://doi.org/10.1126/sciadv.adp7423
https://doi.org/10.1083/jcb.202305048
https://doi.org/10.1016/j.molcel.2012.10.024
https://doi.org/10.1074/jbc.M116.753509
https://doi.org/10.1016/j.bbamcr.2016.01.017
https://doi.org/10.1016/j.molmet.2023.101694
https://doi.org/10.1016/j.jhep.2019.10.023
https://www.ncbi.nlm.nih.gov/pubmed/31697972
https://doi.org/10.1186/s12882-020-01931-5
https://www.ncbi.nlm.nih.gov/pubmed/32664896
https://doi.org/10.1056/NEJMoa031314
https://www.ncbi.nlm.nih.gov/pubmed/14960743
https://doi.org/10.1016/j.jbc.2021.101554
https://doi.org/10.1002/hep.29025
https://doi.org/10.1016/j.jcmgh.2019.04.007
https://doi.org/10.1097/HEP.0000000000000279
https://doi.org/10.1002/hep4.1723
https://doi.org/10.1016/j.jcmgh.2018.09.017
https://doi.org/10.1016/j.freeradbiomed.2016.04.200
https://doi.org/10.1016/S0140-6736(20)32205-4
https://www.ncbi.nlm.nih.gov/pubmed/33667416
https://doi.org/10.1016/j.molcel.2014.09.025
https://www.ncbi.nlm.nih.gov/pubmed/25458842
https://doi.org/10.1158/0008-5472.CAN-09-2266
https://doi.org/10.3390/brainsci9090238
https://doi.org/10.1007/s12035-024-04435-7
https://doi.org/10.3389/fmolb.2022.929328

Biomolecules 2025, 15, 223 26 of 28

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

Rossi, A.; Rigotto, G.; Valente, G.; Giorgio, V.; Basso, E.; Filadi, R.; Pizzo, P. Defective Mitochondrial Pyruvate Flux Affects Cell
Bioenergetics in Alzheimer’s Disease-Related Models. Cell Rep. 2020, 30, 2332-2348.e10. [CrossRef]

Mallet, D.; Goutaudier, R.; Barbier, E.L.; Carnicella, S.; Colca, ]J.R.; Fauvelle, E; Boulet, S. Re-Routing Metabolism by the
Mitochondrial Pyruvate Carrier Inhibitor MSDC-0160 Attenuates Neurodegeneration in a Rat Model of Parkinson’s Disease. Mol.
Neurobiol. 2022, 59, 6170-6182. [CrossRef]

Mansour, H.M.; Fawzy, H.M.; El-Khatib, A.S.; Khattab, M.M. Inhibition of Mitochondrial Pyruvate Carrier 1 by Lapatinib
Ditosylate Mitigates Alzheimer’s-like Disease in D-Galactose/Ovariectomized Rats. Neurochem. Int. 2021, 150, 105178. [CrossRef]
Quansah, E.; Peelaerts, W.; Langston, ].W.; Simon, D.K.; Colca, J.; Brundin, P. Targeting Energy Metabolism via the Mitochondrial
Pyruvate Carrier as a Novel Approach to Attenuate Neurodegeneration. Mol. Neurodegener. 2018, 13, 28. [CrossRef]

Ceyzériat, K.; Badina, A.M.; Petrelli, F.; Montessuit, S.; Nicolaides, A.; Millet, P.; Savioz, A.; Martinou, J.-C.; Tournier, B.B.
Inhibition of the mitochondrial pyruvate carrier in astrocytes reduces amyloid and tau accumulation in the 3xtgad mouse model
of alzheimer’s disease. Neurobiol. Dis. 2024, 200, 106623. [CrossRef]

Ghosh, A.; Tyson, T.; George, S.; Hildebrandt, E.N.; Steiner, ].A.; Madaj, Z.; Schulz, E.; Machiela, E.; McDonald, W.G.; Escobar
Galvis, M.L,; et al. Mitochondrial Pyruvate Carrier Regulates Autophagy, Inflammation, and Neurodegeneration in Experimental
Models of Parkinson’s Disease. Sci. Transl. Med. 2016, 8, 368ral74. [CrossRef] [PubMed]

Perluigi, M.; Di Domenico, F.; Butterfield, D.A. MTOR Signaling in Aging and Neurodegeneration: At the Crossroad between
Metabolism Dysfunction and Impairment of Autophagy. Neurobiol. Dis. 2015, 84, 39-49. [CrossRef] [PubMed]

Jahrling, J.; Laberge, R.-M. Age-Related Neurodegeneration Prevention through Mtor Inhibition: Potential Mechanisms and
Remaining Questions. Curr. Top. Med. Chem. 2015, 15, 2139-2151. [CrossRef]

Divakaruni, A.S.; Wallace, M.; Buren, C.; Martyniuk, K.; Andreyev, A.Y.; Li, E.; Fields, ].A.; Cordes, T.; Reynolds, L].; Bloodgood,
B.L.; et al. Inhibition of the Mitochondrial Pyruvate Carrier Protects from Excitotoxic Neuronal Death. . Cell Biol. 2017, 216,
1091-1105. [CrossRef]

Tauffenberger, A.; Fiumelli, H.; Almustafa, S.; Magistretti, P]. Lactate and Py-ruvate Promote Oxidative Stress Resistance through
Hormetic ROS Signaling. Cell Death Dis. 2019, 10, 653. [CrossRef]

Vinokurov, A.Y,; Stelmashuk, O.A.; Ukolova, P.A.; Zherebtsov, E.A.; Abramov, A.Y. Brain Region Specificity in Reactive Oxygen
Species Production and Maintenance of Redox Balance. Free Radic. Biol. Med. 2021, 174, 195-201. [CrossRef]

Dias, V.; Junn, E.; Mouradian, M.M. The Role of Oxidative Stress in Parkinson’s Disease. |. Parkinson’s Dis. 2013, 3, 461-491.
[CrossRef]

Tai, Y.Y,; Cao, F; Li, M; Li, P,; Xu, T.; Wang, X.; Yu, Y.; Gu, B,; Yu, X,; Cai, X; et al. Enhanced Mitochondrial Pyruvate Transport
Elicits a Robust ROS Production to Sensi-tize the Antitumor Efficacy of Interferon-y in Colon Cancer. Redox Biol. 2019, 20, 451-457.
[CrossRef]

Feng, J.; Ma, Y.; Chen, Z.; Hu, J.; Yang, Q.; Ding, G. Mitochondrial pyruvate carrier 2 mediates mitochondrial dysfunction and
apoptosis in high glucose-treated po-docytes. Life Sci. 2019, 237, 116941. [CrossRef]

Patterson, ].N.; Cousteils, K.; Lou, ].W.; Manning Fox, J.E.; MacDonald, P.E.; Joseph, ].W. Mitochondrial metabolism of pyruvate is
essential for regulating glucose-stimulated insulin secretion. J. Biol. Chem. 2014, 289, 13335-13346. [CrossRef]

Ferguson, D.; Finck, B.N. Emerging therapeutic approaches for the treatment of NAFLD and type 2 diabetes mellitus. Nat. Rev.
Endocrinol. 2021, 17, 484-495. [CrossRef] [PubMed]

Buchanan, J.; Taylor, E. Mitochondrial pyruvate carrier function in health and disease across the lifespan. Biomolecules 2020,
10, 1162. [CrossRef] [PubMed]

Ruiz-Iglesias, A.; Mafies, S. The importance of mitochondrial pyruvate carrier in cancer cell metabolism and tumorigenesis.
Cancers 2021, 13, 1488. [CrossRef] [PubMed]

Xue, C.; Li, G.; Bao, Z.; Zhou, Z.; Li, L. Mitochondrial pyruvate carrier 1: A novel prognostic biomarker that predicts favourable
patient survival in cancer. Cancer Cell Int. 2021, 21, 288. [CrossRef]

Anderson, A.C. The process of structure-based drug design. Chem. Biol. 2003, 10, 787-797. [CrossRef]

Vyas, V.K.; Ukawala, R.D.; Ghate, M.; Chintha, C. Homology modeling a fast tool for drug discovery: Current perspectives. Indian
J. Pharm. Sci. 2012, 74, 1-17. [CrossRef]

Lyu, J.; Kapolka, N.; Gumpper, R.; Alon, A.; Wang, L.; Jain, M.K.; Barros-Alvarez, X.; Sakamoto, K.; Kim, Y.; DiBerto, J.; et al.
Alphafold2 Structures Guide Prospective Ligand Discovery. Science 2024, 370, 861-865. [CrossRef]

Ripphausen, P.; Nisius, B.; Bajorath, J. State-of-the-art ligand-based virtual screening. Drug Discov. Today 2011, 16, 372-376.
[CrossRef]

Giordano, D.; Biancaniello, C.; Argenio, M.A.; Facchiano, A. Drug Design by Pharmacophore and Virtual Screening Approach.
Pharmaceuticals 2022, 15, 646. [CrossRef]

Meng, X.Y.; Zhang, H.X.; Mezei, M.; Cui, M. Molecular docking: A powerful approach for structure-based drug discovery. Curr.
Comput.-Aided Drug Des. 2011, 7, 146-157. [CrossRef]

Guha, R. On exploring structure-activity relationships. Methods Mol. Biol. 2013, 993, 81-94. [CrossRef] [PubMed]


https://doi.org/10.1016/j.celrep.2020.01.060
https://doi.org/10.1007/s12035-022-02962-9
https://doi.org/10.1016/j.neuint.2021.105178
https://doi.org/10.1186/s13024-018-0260-x
https://doi.org/10.1016/j.nbd.2024.106623
https://doi.org/10.1126/scitranslmed.aag2210
https://www.ncbi.nlm.nih.gov/pubmed/27928028
https://doi.org/10.1016/j.nbd.2015.03.014
https://www.ncbi.nlm.nih.gov/pubmed/25796566
https://doi.org/10.2174/1568026615666150610125856
https://doi.org/10.1083/jcb.201612067
https://doi.org/10.1038/s41419-019-1877-6
https://doi.org/10.1016/j.freeradbiomed.2021.08.014
https://doi.org/10.3233/JPD-130230
https://doi.org/10.1016/j.redox.2018.10.024
https://doi.org/10.1016/j.lfs.2019.116941
https://doi.org/10.1074/jbc.M113.521666
https://doi.org/10.1038/s41574-021-00507-z
https://www.ncbi.nlm.nih.gov/pubmed/34131333
https://doi.org/10.3390/biom10081162
https://www.ncbi.nlm.nih.gov/pubmed/32784379
https://doi.org/10.3390/cancers13071488
https://www.ncbi.nlm.nih.gov/pubmed/33804985
https://doi.org/10.1186/s12935-021-01996-8
https://doi.org/10.1016/j.chembiol.2003.09.002
https://doi.org/10.4103/0250-474X.102537
https://doi.org/10.1126/science.adn6354
https://doi.org/10.1016/j.drudis.2011.02.011
https://doi.org/10.3390/ph15050646
https://doi.org/10.2174/157340911795677602
https://doi.org/10.1007/978-1-62703-342-8_6
https://www.ncbi.nlm.nih.gov/pubmed/23568465

Biomolecules 2025, 15, 223 27 of 28

73.

74.
75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Dudek, A.; Arodz, T.; Galvez, ]. Computational methods in developing quantitative structure-activity relationships (QSAR): A
Review. Comb. Chem. High Throughput Screen. 2006, 9, 213-228. [CrossRef] [PubMed]

Liu, P; Long, W. Current mathematical methods used in QSAR/QSPR studies. Int. ]. Mol. Sci. 2009, 10, 1978-1998. [CrossRef]
Darnag, R.; Minaoui, B.; Fakir, M. QSAR models for prediction study of HIV protease inhibitors using support vector machines,
neural networks and multiple linear regression. Arab. J. Chem. 2017, 10, S600-S608. [CrossRef]

Yoshimori, A.; Tanoue, T.; Bajorath, J. Integrating the structure-activity relationship matrix method with molecular grid maps
and activity landscape models for medicinal chemistry applications. ACS Omega 2019, 4, 7061-7069. [CrossRef]

Verma, J.; Khedkar, V.M.; Coutinho, E.C. 3D-QSAR in drug design—A review. Curr. Top. Med. Chem. 2010, 10, 95-115. [CrossRef]
Cheng-Lai, A.; Levine, A. Rosiglitazone: An agent from the thiazolidinedione class for the treatment of type 2 diabetes. Heart Dis.
2000, 2, 326-333.

Hildyard, ].C.W.,; Ammili, C.; Dukes, I.D.; Thomson, S.A.; Halestrap, A.P. Identification and characterisation of a new class of
highly specific and potent inhibitors of the mitochondrial pyruvate carrier. Biochim. Biophys. Acta (BBA)-Bioenerg. 2005, 1707,
221-230. [CrossRef]

Bourdon, A.K.; Villareal, G.; Perry, G.; Phelix, C.F. Alzheimer’s and parkinson’s disease novel therapeutic target. Int. . Knowl.
Discov. Bioinform. 2017, 7, 68-82. [CrossRef]

Divakaruni, A.S.; Wiley, S.E.; Rogers, G.W.; Andreyev, A.Y.; Petrosyan, S.; Loviscach, M.; Wall, E.A.; Yadava, N.; Heuck, A.P;
Ferrick, D.A,; et al. Thiazolidinediones Are Acute, Specific Inhibitors of the Mitochondrial Pyruvate Carrier. Proc. Natl. Acad. Sci.
USA 2013, 110, 5422-5427. [CrossRef]

Wimer, E.A.; Michels, P.A.; Opperdoes, F.R. The inhibition of pyruvate transport across the plasma membrane of the bloodstream
form of Trypanosoma brucei and its metabolic implications. Biochem. J. 1995, 312 Pt 2, 479-484. [CrossRef] [PubMed]
Rauckhorst, A.].; Pape, D.J.; Colca, ].R.; Taylor, E.B. 768-P: MSDC-0602 Is a Direct Mitochondrial Pyruvate Carrier Inhibitor That
Modulates Central Carbon Metabolism in Mice and Humans. Diabetes 2021, 70 (Suppl. S1), 768-P. [CrossRef]

Zhong, Y.; Li, X;; Yu, D,; Li, X,; Li, Y;; Long, Y.; Yuan, Y,; Ji, Z.; Zhang, M.; Wen, ].-G.; et al. Application of Mitochondrial Pyruvate
Carrier Blocker UK5099 Creates Metabolic Reprogram and Greater Stem-like Properties in LnCap Prostate Cancer Cells in Vitro.
Oncotarget 2015, 6, 37758-37769. [CrossRef]

Halestrap, A.P. The Mitochondrial Pyruvate Carrier. Kinetics and Specificity for Substrates and Inhibitors. Biochem. J. 1975, 148,
85-96. [CrossRef]

Tavoulari, S.; Schirris, T.J.].; Mavridou, V.; Thangaratnarajah, C.; King, M.S.; Jones, D.T.D.; Ding, S.; Fearnley, .M.; Kunji, E.R.S.
Key features of inhibitor binding to the human mitochondrial pyruvate carrier hetero dimer. Mol. Metab. 2022, 60, 101469.
[CrossRef]

Maram, L.; Michael, ].M.; Politte, H.; Srirama, V.S.; Hadji, A.; Habibi, M.; Kelly, M.O.; Brookheart, R.T.; Finck, B.N.; Hegazy, L.;
et al. Advancing mitochondrial therapeutics: Synthesis and pharmacological evaluation of pyrazole-based inhibitors targeting
the mitochondrial pyruvate carrier. Eur. J. Med. Chem. 2025, 283, 117150. [CrossRef]

Liu, X.; Flores, A.; Situ, L.; Gu, W,; Ding, H.; Christofk, H.R.; Lowry, W.E.; Jung, M.E. Development of Novel Mitochondrial
Pyruvate Carrier Inhibitors to Treat Hair Loss. J. Med. Chem. 2021, 64, 2046-2063. [CrossRef]

Serafimova, LM.; Pufall, M. A ; Krishnan, S.; Duda, K.; Cohen, M.S.; Maglathlin, R.L.; McFarland, ].M.; Miller, R M.; Frédin, M.;
Taunton, J. Reversible Targeting of Noncatalytic Cysteines with Chemically Tuned Electrophiles. Nat. Chem. Biol. 2012, 8, 471-476.
[CrossRef]

Soccio, R.E.; Chen, E.R.; Lazar, M.A. Thiazolidinediones and the Promise of Insulin Sensitization in Type 2 Diabetes. Cell Metab.
2014, 20, 573-591. [CrossRef]

Nanjan, M.].; Mohammed, M.; Prashantha Kumar, B.R.; Chandrasekar, M.J.N. Thiazolidinediones as Antidiabetic Agents: A
Critical Review. Bioorganic Chem. 2018, 77, 548-567. [CrossRef]

Chen, Z.; Vigueira, P.A.; Chambers, K.T.; Hall, A.M.; Mitra, M.S.; Qi, N.; McDonald, W.G.; Colca, J.R.; Kletzien, R.E; Finck, B.N.
Insulin Resistance and Metabolic Derangements in Obese Mice Are Ameliorated by a Novel Peroxisome Proliferator-Activated
Receptor y-Sparing Thiazolidinedione. J. Biol. Chem. 2012, 287, 23537-23548. [CrossRef] [PubMed]

Touaibia, M.; St-Coeur, P-D.; Duff, P; Faye, D.C.; Pichaud, N. 5-Benzylidene, 5-Benzyl, and 3-Benzylthiazolidine-2,4-Diones
as Potential Inhibitors of the Mitochondrial Pyruvate Carrier: Effects on Mitochondrial Functions and Survival in Drosophila
Melanogaster. Eur. J. Pharmacol. 2021, 913, 174627. [CrossRef] [PubMed]

Harrison, S.A.; Thang, C.; Bolze, S.; Dewitt, S.; Hallakou-Bozec, S.; Dubourg, J.; Bedossa, P; Cusi, K.; Ratziu, V.; Grouin, ].-M.; et al.
Evaluation of PXL065-Deuterium-Stabilized (r)-Pioglitazone in Patients with Nash: A Phase II Randomized Placebo-Controlled
Trial (Destiny-1). J. Hepatol. 2023, 78, 914-925. [CrossRef] [PubMed]

Nancolas, B.; Guo, L.; Zhou, R.; Nath, K.; Nelson, D.S.; Leeper, D.B.; Blair, .A.; Glickson, ].D.; Halestrap, A.P. The Anti-
Tumour Agent Lonidamine Is a Potent Inhibitor of the Mitochondrial Pyruvate Carrier and Plasma Membrane Monocarboxylate
Transporters. Biochem. J. 2016, 473, 929-936. [CrossRef]


https://doi.org/10.2174/138620706776055539
https://www.ncbi.nlm.nih.gov/pubmed/16533155
https://doi.org/10.3390/ijms10051978
https://doi.org/10.1016/j.arabjc.2012.10.021
https://doi.org/10.1021/acsomega.9b00595
https://doi.org/10.2174/156802610790232260
https://doi.org/10.1016/j.bbabio.2004.12.005
https://doi.org/10.4018/IJKDB.2017070104
https://doi.org/10.1073/pnas.1303360110
https://doi.org/10.1042/bj3120479
https://www.ncbi.nlm.nih.gov/pubmed/8526859
https://doi.org/10.2337/db21-768-P
https://doi.org/10.18632/oncotarget.5386
https://doi.org/10.1042/bj1480085
https://doi.org/10.1016/j.molmet.2022.101469
https://doi.org/10.1016/j.ejmech.2024.117150
https://doi.org/10.1021/acs.jmedchem.0c01570
https://doi.org/10.1038/nchembio.925
https://doi.org/10.1016/j.cmet.2014.08.005
https://doi.org/10.1016/j.bioorg.2018.02.009
https://doi.org/10.1074/jbc.M112.363960
https://www.ncbi.nlm.nih.gov/pubmed/22621923
https://doi.org/10.1016/j.ejphar.2021.174627
https://www.ncbi.nlm.nih.gov/pubmed/34774497
https://doi.org/10.1016/j.jhep.2023.02.004
https://www.ncbi.nlm.nih.gov/pubmed/36804402
https://doi.org/10.1042/BJ20151120

Biomolecules 2025, 15, 223 28 of 28

96. Du,],; Cleghorn, W.M.; Contreras, L.; Lindsay, K.; Rountree, A.M.; Chertov, A.O.; Turner, S.J.; Sahaboglu, A.; Linton, ].; Sadilek,
M.; et al. Inhibition of mitochondrial pyruvate transport by zaprinast causes massive accumulation of aspartate at the expense of
glutamate in the retina. J. Biol. Chem. 2013, 288, 36129-36140. [CrossRef]

97. Linden, C.V,; Corbet, C. Killing two birds with one stone: Blocking the mitochondrial pyruvate carrier to inhibit lactate uptake by
cancer cells and radiosensitize tumors. Mol. Cell. Oncol. 2018, 5, €1465016. [CrossRef]

98.  Schumacher, T].; Gardner, Z.S.; Rumbley, J.; Ronayne, C.T.; Mereddy, V.R. Development of fluoro-7-aminocarboxycoumarin-based
mitochondrial pyruvate carrier inhibitors as anticancer agents. bioRxiv 2024. [CrossRef]

99. Wenes, M,; Lepez, A.; Arinkin, V.; Maunderell, K.; Barabas, O.; Simonetta, F.; Dutoit, V.; Romero, P.; Martinou, J.-C.; Migliorini, D.
A Novel Mitochondrial Pyruvate Carrier Inhibitor Drives Stem Cell-like Memory Car T Cell Generation and Enhances Antitumor
Efficacy. Mol. Ther. Oncol. 2024, 32, 200897. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1074/jbc.M113.507285
https://doi.org/10.1080/23723556.2018.1465016
https://doi.org/10.1101/2024.05.22.595353
https://doi.org/10.1016/j.omton.2024.200897

	Introduction 
	Structure and Composition 
	Localization 

	Biological Functions of MPC 
	Pyruvate Transport and Mitochondrial Respiration 
	Metabolic Flux Regulation 

	The Role of MPC in Metabolic Disorders, Neurodegenerative Diseases, and Clinical Significance 
	MPC in Type 2 Diabetes 
	MPC in Obesity 
	MPC in Non-Alcoholic Fatty Liver Disease 
	MPC in Neurodegenerative Diseases 
	Clinical Significance and Therapeutic Potential 

	Medicinal Chemistry Approaches to MPC Inhibition 
	Structure-Based Drug Design and Ligand-Based Virtual Screening 
	SAR and QSAR Studies 
	Known MPC Inhibitors 

	Recent Advances in the Medicinal Chemistry of MPC Inhibitors 
	Small-Molecule MPC Inhibitors: Discovery and Development 
	UK-5099 (Cyano-Cinnamate) Derivatives 
	Thiazolidinediones 
	Miscellaneous MPC Inhibitors 

	Conclusions and Perspectives 
	References

