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Abstract: Introduction: The Krebs cycle is an important set of reactions that synthesize different
molecules and substances that affect various organs. The objective of this paper was to compare
the effects of Krebs cycle intermediates on the endocrine system and the immune system. Methods
and Materials: The articles used in this paper were obtained from a systematic search of PsycINFO,
PubMed, Web of Science, CINAHL, and primary databases. The search terms were “Krebs cycle,”
“intermediates,” “endocrine system,” “tricarboxylic acid,” “citric acid cycle,” and “immune system,”
and Boolean operators (AND/OR) were used to combine terms. Results: A review of the selected
studies showed that Krebs cycle intermediates influence how the endocrine system regulates and
controls body processes, including energy uptake. Moreover, these intermediates have both direct
and indirect effects on immune function, memory, and activation. Discussion: An understanding of
the effects of Krebs cycle intermediates on endocrine and immune processes will provide valuable
insights for the development of new therapies. Additionally, this knowledge is a basis for exploring the
pathogenesis of the complications related to endocrine system function and for evaluating the immune
system response to pathogens. Conclusions: The evidence gathered in this review shows that Krebs
cycle intermediates have significant effects on immune and endocrine processes. However, further
human and in vivo studies are required to generate additional evidence for the underlying pathways
and to identify the potential strategies for targeting these mechanisms to manage specific disorders.

Keywords: Krebs cycle; biochemistry; regulation; hormones; metabolites; endocrinology; immune
system

1. Introduction

In the last decade, there has been a significant increase in the number of studies on
intracellular metabolic processes and on how immune cell behavior depends on energy
demands and the presence of a disease-causing pathogen [1,2]. Moreover, there have
been attempts to examine the specific effector mechanisms responsible for different cell
behaviors [2]. One area of recent research focus is the Krebs cycle, also referred to as the
tricarboxylic acid (TCA) cycle or the citric acid cycle (CAC) [2,3]. The Krebs cycle is the
primary acetyl-CoA oxidative pathway that results in the formation of reducing agents
(NADH and FADH2) in anaerobic organisms [4,5]. Other researchers have described the
Krebs cycle as a metabolic process in the mitochondrial matrix of every aerobic organism [5,6].
Acetyl-CoA is formed by the breakdown of different nutrients, such as glucose, and is then
funneled into the TCA pathway.

Several enzymatic reactions are required to complete the entire cycle. Most of these
reactions are catalyzed by enzymes such as citrate synthase (CS), aconitase (ACO2), α-
ketoglutarate dehydrogenase (OGDH), succinate dehydrogenase (SDH), malate dehy-
drogenase (MDH), fumarase (FH), isocitrate dehydrogenase (IDH), and succinyl-CoA
synthetase [6,7]. The primary function of these enzymes is to catalyze the reactions that
result in the secretion of the TCA products NADH and FADH2 [8]. Both NADH and
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FADH2 can transfer electrons to the electron transport chain (ETC) to help drive oxidative
phosphorylation (OXPHOS) [3,9,10]. In addition, the transferred electrons are involved in
the synthesis of the nucleoside triphosphate adenosine triphosphate (ATP) [11–13].

Importantly, electron transfer to the ETC usually occurs through redox reactions
that facilitate the creation of an electrochemical proton (H+) gradient and the subsequent
synthesis of ATP by ATP synthase [14–16]. The conversion of lipid and protein molecules
into ATP is an oxidative (OXPHOS) process and leads to the formation of carbon dioxide
as a byproduct. The objective of this paper was to compare the impacts of Krebs cycle
intermediates on the endocrine system and the immune system.

2. Methodology

The current study examined the relationship between the Krebs cycle and the en-
docrine and immune systems. The review process included an analysis of the search results
from PsycINFO, PubMed, Web of Science, and CINAHL. The search terms and phrases
were “Krebs cycle,” “intermediates,” “endocrine system,” “tricarboxylic acid,” “citric acid
cycle,” and “immune system,” and Boolean operators (AND/OR) were used to combine
search terms to identify additional sources of evidence for this systematic review. The
search was limited to articles that were published in the four electronic databases between
2015 and 2019. The abstracts of the available articles were carefully reviewed to determine
their quality and appropriateness (see Figure 1). The initial search yielded approximately
1957 articles. Other parameters, including the study type, publication year, text options,
search field tags, and language, were used to limit the search; when these parameters were
applied, 325 articles were obtained from the databases, and 55 were obtained through
the cross-referencing method. The articles were carefully examined at different stages, as
shown in Figure 1, to determine their applicability to this review.
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3. Results

At the end of the search and review process, the final list of articles included animal
model studies, clinical trials, experimental studies, and clinical reviews. A total of 70 studies
met the inclusion criteria and were considered for review. A summary of the 20 most
important references related to the research topic is provided in Table 1. The articles
provided vital insights into the relationship between Krebs cycle intermediates and the
endocrine and immune systems. An analysis of the studies revealed that the Krebs cycle
involves a series of enzymatic reactions that usually catalyze the aerobic metabolism of
energy sources such as glucose to water and carbon dioxide, thus synthesizing ATP in the
process [2,3,7,8].

The compounds involved in the Krebs cycle act as energy donors or precursors that
facilitate the synthesis of lipids, carbohydrates, and amino acids. Krebs cycle intermediates
function as energy substrates within the mitochondrial matrix [14] and can exert antiox-
idative effects on a wide range of systems and organs, including the brain and thyroid
gland [14,15]. Therefore, the analysis and understanding of how the Krebs cycle affects
the endocrine and immune systems could provide novel therapeutic strategies for disease
management.

4. Impact of Krebs Cycle Intermediates on the Endocrine System

The endocrine system is an important chemical messenger network composed of
hormonal feedback loops between internal organs and the circulatory system that help
regulate specific organs [11]. In humans, the endocrine system encompasses the thyroid
gland and the adrenal gland and depends heavily on mitochondrial function as the primary
source of energy for cell survival and proliferation [11].

The mitochondrial network is highly flexible, thus enabling cells to adjust to diverse
intra- and extracellular conditions such as stress, hypoxia, and nutrient deprivation. The
Krebs cycle is an essential part of the mitochondrial network because it unifies the processes
of lipid, protein, and carbohydrate metabolism [11,16,17]. Furthermore, the Krebs cycle is
the link between most metabolic pathways in cells and mitochondria. The gradient of Krebs
cycle products, including NADH and FADH2, facilitates the transport of mitochondrial
electrons and the synthesis of ATP [11]. In this regard, the Krebs cycle accumulates fuel
for the conversion of energy and supports the anabolic processes in the cellular environ-
ment [18]. According to Jochmanova and Pacak, dysfunction in the Krebs cycle and its
enzymes, including the depletion of associated substrates, can result in disorders and the
activation of adaptive processes to support cell survival [11]. Thus, it is evident that the
Krebs cycle can affect the regulation of target organs by the endocrine system [11].

In the Krebs cycle, a wide range of intermediates are regenerated at different stages;
these intermediates include acetyl-CoA, pantothenic acid, citrate, alpha-ketoglutaric acid,
isocitrate, alpha-ketoglutarate, succinate, malic acid, fumarate, pyruvic acid, malate, fu-
maric acid, and oxaloacetate [11,15,16]. In addition, research has shown how the addition
or removal of intermediates affects different endocrine functions, including the regulation
of growth and development, metabolism, tissue function, the immune response, and repro-
duction [17–19]. According to Sinton et al., the addition of Krebs cycle intermediates has
an anaplerotic effect, while their removal has a cataplerotic effect [19]. Such changes will
increase or decrease the amount of oxaloacetate that combines with acetyl-CoA to form
citric acid and thus influence the rate of ATP synthesis. Interestingly, thyroid hormones
regulate the ATP synthesis rate in mitochondria [19]. These data imply that an increase in
the proportion of Krebs substrates, such as oxaloacetate and acetyl-CoA, leads to an ATP
synthesis rate that is higher than needed; at this point, the regulatory function of thyroid
hormones may come into play [19,20]. This process highlights a possible link between
Krebs cycle intermediates and endocrine function.

According to Lanni et al., the hypermetabolic impact of thyroid hormones as the
primary endocrine regulators of metabolic rate is widely recognized [20]; the cellular mech-
anism that underlies these effects has been extensively examined in recent years. However,
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little is known regarding how thyroid hormones regulate diverse cellular functions. A
study by Lanni et al. showed that thyroid hormones often have a significant impact on
mitochondria in terms of cellular energy synthesis [20]. The regulatory process is hypoth-
esized to involve both genomic and nongenomic mechanisms related to mitochondrial
energetics, OXPHOS, and protein uncoupling [21–23]. Furthermore, research has impli-
cated the Krebs cycle products involved in electron transfer, such as NADH and FADH2, in
the pathways through which thyroid hormones affect mitochondrial function and cellular
energy conversion.

Studies on OXPHOS and the ETC have revealed the possible effects of Krebs cycle
intermediates on the endocrine system. According to Conley, mitochondria can oxidize
substrates to synthesize ATP, which fuels a wide range of body functions, such as loco-
motion and muscle contraction [22,23]. The ETC sets the oxidation pace and affects the
ATP synthesis rate. Research shows that the ETC usually uses the NADH and FADH2
generated during the Krebs cycle to convert lipids and proteins to ATP [24,25]. OXPHOS is
the primary mechanism through which eukaryotic cells synthesize ATP, the primary energy
currency of the cell. During the OXPHOS process, electrons are passed through a series of
electron transport complexes, particularly respiratory complexes, that are embedded in the
inner mitochondrial membrane.

Electron carriers, such as NADH and FADH2, donate their electrons to Complex
I (NADH dehydrogenase), which passes them down the ETC to Complex II (succinate
dehydrogenase), then to Complex III (cytochrome bc1 complex), and finally to Complex IV
(cytochrome c oxidase) [26]. At the end of the ETC, the electrons are transferred to oxygen,
the final electron acceptor, forming water as a byproduct. The transfer of electrons through
the ETC creates a proton gradient across the inner mitochondrial membrane, which drives
the synthesis of ATP. The proton gradient is formed by protons (H+), which are pumped
out of the mitochondrial matrix into the intermembrane space by Complexes I, III, and
IV [27]. This process creates a higher concentration of protons in the intermembrane space
compared with the mitochondrial matrix, which forms a proton motive force. This force
drives the flow of protons back into the mitochondrial matrix through ATP synthase, a
protein complex that spans the inner mitochondrial membrane.

The flow of protons through ATP synthase powers the synthesis of ATP via a process
called chemiosmosis. As protons pass through ATP synthase, their energy is used to drive
the rotation of a rotor-like structure in the complex, which in turn drives the synthesis of ATP
from ADP (adenosine diphosphate) and Pi (inorganic phosphate) molecules [28]. Therefore,
the passage of electrons through the respiratory complexes in the ETC creates a proton
gradient across the inner mitochondrial membrane, which drives the synthesis of ATP by
ATP synthase. OXPHOS is essential for the production of ATP, which provides the energy
needed for various cellular processes, such as muscle contraction, biosynthesis, and transport.

Recent research shows that the ETC is also involved in the activity of Complexes I–IV
and coenzymes such as ubiquinone and cytochrome c [22–24]. These reactions help transfer
H+ ions to the space between the inner and outer mitochondrial membranes, a process
that facilitates OXPHOS. In the presence of oxygen, energy will be passed through electron
carriers to synthesize ATP [22–24]. The success of OXPHOS, as well as ATP synthesis
during the Krebs cycle, is affected by the presence of thyroid hormones [22,29]. The thyroid
hormone has a significant influence on mitochondrial ATP synthesis [30,31]. Similarly,
recent research has identified a possible link between metabolic syndrome and thyroid
dysfunction. A metabolic disorder can increase the risk of heart complications, obesity,
stroke, and type 2 diabetes [32,33].

Patients suffering from metabolic disorders may also experience greater mitochondrial
dysfunction, a condition that can significantly reduce the conversion of proteins and
lipids into ATP [34,35]. Notably, thyroid dysfunction has been frequently observed in a
population of patients with metabolic syndrome [35,36]. A possible explanation is that
metabolic dysfunction hinders effective energy and homeostatic regulation in the body.
Other researchers have reported that metabolic dysfunction may be caused by changes in
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the pyruvate dehydrogenase complex (PDC) [36,37], an important metabolic node that is
involved in the oxidation of pyruvate. In addition, the PDC helps drive the Krebs cycle
to meet cellular energy demands. In this regard, the altered regulation of pyruvate, a
Krebs cycle intermediate, leads to mitochondrial dysfunction and increases the risk of
thyroid disorder [37,38]. Further investigations may be required to explore the underlying
molecular relationship between these two conditions and the specific Krebs cycle substrates
that affect thyroid hormone activity in patients diagnosed with specific disorders.

ATP is the primary energy currency of cells, and ADP is a precursor molecule in ATP
synthesis [39,40]. The ATP/ADP ratio is a key determinant of cellular energy status, and
it plays a crucial role in regulating ATP synthesis in cells throughout the body, including
those making up the tissues and organs of the endocrine system, such as the adrenal and
thyroid glands [41]. ATP synthesis occurs through two major pathways, namely, OXPHOS
in the mitochondria and substrate-level phosphorylation in the cytoplasm [42]. The former
pathway accounts for the majority of ATP production in most cells, including those in
the adrenal and thyroid glands. OXPHOS requires a constant supply of electron donors,
typically in the form of NADH and FADH2, and an oxygen supply to generate a proton
gradient across the inner mitochondrial membrane [43]. The proton gradient drives the
ATP synthase enzyme, which produces ATP from ADP and Pi. The rate of ATP synthesis is
mainly determined by the availability of electron donors and oxygen, which are regulated by
a range of factors, including substrate availability, hormonal signals, and metabolic activity.

One of the primary mechanisms through which cells regulate ATP synthesis is through
the control of mitochondrial respiration [44]. In cells with high energy demand, such as
those in the adrenal and thyroid glands, the rate of mitochondrial respiration is tightly reg-
ulated to ensure that ATP production matches energy demands. Therefore, processes such
as the regulation of substrate supply, the activity of the ETC, and the proton gradient across
the inner mitochondrial membrane can control energy conversion. The ATP/ADP ratio
plays a crucial role in this process, as it acts as a feedback signal to modulate mitochondrial
respiration. When the ATP/ADP ratio is high, indicating that energy demands are satisfied,
cells can reduce mitochondrial respiration and slow ATP production. This situation can be
attained through a range of mechanisms, including the inhibition of ETC complexes and
the reduction in ATP synthase activity [45]. Conversely, when the ATP/ADP ratio is low,
indicating that energy demands are not being met, cells can increase mitochondrial respira-
tion and ATP production to restore energy balance. The upregulation of ETC complexes
and the increase in ATP synthase activity facilitate the control of energy.

In addition to its role in regulating mitochondrial respiration, the ATP/ADP ratio also
plays a key role in regulating the activity of the enzymes involved in ATP synthesis [46,47].
For example, the rate-limiting enzyme in OXPHOS, cytochrome c oxidase, is known to be
sensitive to changes in the ATP/ADP ratio. When the ratio is high, cytochrome c oxidase
activity is inhibited, reducing ATP synthesis. Conversely, when the ratio is low, cytochrome
c oxidase activity is increased, promoting ATP synthesis. Therefore, it should be noted that
the ATP/ADP ratio plays a critical role in regulating ATP synthesis in the cells throughout
the body, including those in the endocrine system. This ratio acts as a feedback signal that
helps to match energy production with energy demands, ensuring that cells have a constant
supply of ATP to fuel metabolic processes. In cells with high energy demands, such as
those in the adrenal and thyroid glands, the ATP/ADP ratio is essential in regulating
mitochondrial respiration and the activity of the enzymes involved in ATP synthesis.

On the other hand, pancreatic beta-cells play a key role in glucose homeostasis by
secreting insulin in response to changes in blood glucose levels [48]. The regulation of
insulin secretion is tightly linked to the metabolic state of the beta-cell, and both ATP supply
and demand play critical roles in this process. The implication is that the regulation of
insulin secretion is a complex process that involves both the supply of ATP to the beta-cell
and the demand for ATP within the cell [49]. The reason is that ATP is a key signaling
molecule that regulates the activity of ion channels and other proteins involved in insulin
secretion. One vital mechanism through which beta-cells regulate ATP supply is through
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the oxidation of substrates such as glucose and fatty acids. The oxidation of these substrates
in the mitochondria generates electron donors such as NADH and FADH2, which drive
OXPHOS and ATP synthesis [50]. As noted in the information above, increased substrate
supply and oxidation can lead to increased mitochondrial respiration and ATP synthesis,
even if the demand for ATP within the cell remains relatively constant.

Notably, the oxidation of glucose and fatty acids leads to a rapid increase in ATP
production, even in the absence of glucose-stimulated insulin secretion (GSIS) [51]. The
rate of ATP synthesis in the mitochondria is proportional to the rate of electron transport
through the ETC [52]. Therefore, the electron transfer complex plays an important role
in regulating the pace of oxidation and ATP synthesis. It should be noted that changes
in electron transfer complex proteins can affect ATP synthesis and insulin secretion. For
example, a genetic defect in the electron transfer complex protein can lead to impaired ATP
synthesis and insulin secretion [53]. Additionally, the electron transfer complex protein is
elevated in response to glucose, which contributes to the regulation of insulin secretion [54].

It should be noted that metabolic control in pancreatic beta-cells occurs through both
ATP supply and ATP demand. Therefore, to some extent, increased substrate supply
and consequent oxidation in pancreatic beta-cells can increase mitochondrial OXPHOS
independent of significant changes in ATP demand. Additionally, the electron transfer
complex sets the oxidation pace, which means that the ATP synthesis rate increases. It is
essential to note that ATP supply and demand play significant roles in the regulation of
insulin secretion. Additionally, the electron transfer complex is vital in regulating the pace
of oxidation and ATP synthesis in beta-cells.

5. Impact of Krebs Cycle Intermediates on the Immune System

The link between Krebs cycle intermediates and the immune system has been ex-
plored in recent studies. A review of previous research revealed that immune cells
traverse different tissues with diverse nutrient and oxygen conditions [38,55,56]. In
addition, activated immune cells may change their functional activities in response to
the prevailing cellular conditions. For example, lymphocytes can be converted from
inert cells to a subpopulation of cells that can synthesize effector molecules such as
cytokines [55,57]. Such alterations suggest that metabolic stress must be managed for
immune cells to function effectively in different parts of the body. According to Ryan
et al., metabolic reprogramming is a critical area of focus for immunologists and biologists
because it may be a basis for understanding the pathogenesis of different diseases, such
as cancer and diabetes [36]. Moreover, metabolites traditionally linked to biosynthesis
and bioenergetics have recently been implicated in immunity and the malignancy of
transformed cells [36]. In such studies, the focus has been on how Krebs cycle interme-
diates, such as succinate, fumarate, 2-hydroxyglutarate isomers (D-2-hydroxyglutarate,
itaconate, and L-2-hydroxyglutarate) and acetyl-CoA, affect immune signaling, response,
and function [36]. An understanding of the complexities of such metabolic and immune
functions may lead to the identification of new therapeutic modalities.

One Krebs cycle intermediate that affects immune system function is succinate. Re-
search has shown that succinate is typically synthesized in the mitochondrial matrix during
the Krebs cycle in a process catalyzed by succinyl-CoA synthetase [55–57]. Succinate
can accumulate in LPS/IFN-γ-treated macrophages and function as a proinflammatory
metabolite [55,58]. Inflammatory responses follow different pathways, including the direct
secretion of mitochondrial ROS, activation of hypoxia-inducible factor-1 alpha, and the
coupling of G-protein-coupled receptor succinate receptor 1. Littlewood-Evans et al. hy-
pothesized that succinate can function in paracrine and autocrine manners and can increase
the production of macrophages [57]. After LPS treatment, intracellular succinate levels and
SUCNR1 expression increased.

Another intermediate that affects immune system function is itaconate [57,58], a car-
boxylic acid with critical anti-inflammatory capabilities. In addition, this metabolite can
negatively regulate cytokine production and the inflammatory response in the body [59–61].
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According to the study by Lampropoulou et al., an itaconate derivative exhibited a significant
capacity to inhibit the proinflammatory function of nitric oxide (NO), ROS, and the cytokines
IL-6, IL-12p70, and IL-1β in bone-marrow-derived macrophages [59]. The authors further
stated that itaconate could modulate inflammatory responses because it can inhibit succinate
and SDH oxidation [59]. Ryan et al. stated that itaconate could function as an inhibitor
of SDH activity in macrophages [60]. Furthermore, the inhibition of SDH by itaconate is
considered a mechanism for blocking ROS generation by the RET complex [61,62].

Recent studies have further shown that intermediates such as fumarate may also regu-
late the epigenome, immune cell function, and innate immune memory. Innate immune
training is critical for the normal function of monocytes, natural killer cells, and mono-
cytes [63,64]. This process enables these immune cells to develop optimal responsiveness
to reinvading pathogens due to increased immunological memory. A study by Arts et al.
showed that fumarate accumulation in monocytes was necessary for immune training
because it enhanced cytokine production following LPS stimulation [64]. Additionally, the
authors concluded that the increased fumarate levels in the immune landscape influence
the immune response by inhibiting KDM5 enzymes, thus linking epigenetic regulation
and the rewiring of the Krebs cycle. Another study by Blewett et al. showed that dimethyl
fumarate (DMF) can inhibit the activation of monomethyl fumarate (MMF) in both human
and mouse T cells and can treat psoriasis [65]. The authors noted that some proteins, such
as protein kinase C θ (PKCθ), that regulate T-cell function are sensitive to fumarate [65]. In
a more recent study, Kornberg et al. reported that increased fumarate levels could lead to
the negative regulation of glycolysis [66] in a process involving the succination of the active
site cysteine (C152) in GAPDH. Research has also shown that endogenous fumarate can
succinate GAPDH in both human and mouse macrophages [65,67,68]. The results indicate
that increased fumarate levels limit inflammation by acting as an anti-inflammatory signal.

A review of recent studies showed that citrate and ATP-citrate lyase (ACL) are other
sources of acetyl-CoA during histone acetylation [65,66]. As shown in Table 2, research
indicates that acetyl-CoA is an important cellular signaling metabolite that is derived
from citrate during the Krebs cycle [67–69]. Acetyl-CoA is usually generated during the
breakdown of proteins, fatty acids, and carbohydrates via amino acid degradation, β-
oxidation, and glycolysis [69]. Acetyl-CoA acts as a building block that facilitates the
synthesis of amino acids, ketone bodies, and lipids. These functions occur after acetyl-CoA
leaves the mitochondria and is converted to ACL; thus, acetyl-CoA plays a signaling role
in the context of immune cell biology through ACL. Recent studies further revealed that
citrate is a critical element of the Krebs cycle as a source of acetyl-CoA that promotes
histone acetylation [38,70,71]. Moreover, citrate can affect immune cell function via a wide
range of mechanisms, such as histone modification and acetylation [38,70,71].

Table 1. Summary of the 20 main studies.

Study Methods Results

Jochmanova and Pacak (2016) [11] Review

Dysregulated metabolism is one of the primary features of cancer cells,
which switch from oxidative phosphorylation to aerobic glycolysis. The
metabolic changes also lead to the activation of signaling molecules that

support cell survival and proliferation.

Sawa et al. (2014) [14] Review
Krebs cycle intermediates tend to function as energy substrates in the

mitochondrial matrix. In addition, these intermediates have an oxidative
impact on the thyroid gland and brain.

Murphy and O’Neill (2018) [16] Review
Succinate is implicated in hypoxic, metabolic, and inflammatory signaling
processes. Moreover, itaconate generated in the Krebs cycle is involved in

anti-inflammatory responses.

Desideri, Vegliante, and Ciriolo (2015)
[18] Clinical trial

The TCA cycle is important for oxidative metabolism; it leads to the
production of NADH and FADH2, thus fueling the mitochondrial electron

transport chain and facilitating the synthesis of ATP.
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Table 1. Cont.

Study Methods Results

Sinton, Hay, and Drake (2019) [19] Clinical trial

TCA cycle intermediates (alpha-ketoglutarate, fumarate, and succinate)
act as allosteric regulators of metabolic enzymes such as the

alpha-ketoglutarate-dependent dioxygenase family of enzymes. These
enzymes usually target different molecules, such as DNA and chromatin,

and are thus involved in modulating gene transcription in response to
intracellular lipid accumulation.

Lanni, Moreno, and Goglia (2016) [20] Review Thyroid hormones are important endocrine regulators that influence
metabolic rates and cellular energy synthesis.

Incerpi et al. (2018) [21] Clinical review Thyroid hormone action starts at receptors in the cytoplasm,
mitochondria, and plasma membrane.

Conley (2016) [24] Review Mitochondria can oxidize substrates during the synthesis of ATP to
support different body functions, such as muscle contraction.

Zhao et al. (2019) [29] Review
The mitochondrial electron transport chain is usually characterized by a
proton gradient across the inner membrane and the accumulation of ATP

synthase, which facilitate ATP synthesis.

Khatiwada et al. (2016) [35] Cross-sectional study

The researchers reported thyroid dysfunction in 31.9 percent of patients
suffering from metabolic syndrome. The primary forms of thyroid

dysfunction were subclinical dysfunction and subclinical
hyperthyroidism.

Ryan et al. (2019) [38] Review

Metabolic reprogramming can be used as the basis for exploring the
development of disorders such as diabetes and cancer. In addition, the

metabolites involved in these processes have been implicated in the
development of immunity in transformed cells.

Meiser et al. (2015) [58] Clinical trial
Pyruvate dehydrogenase sustains pyruvate oxidation and supports

itaconate synthesis. In addition, pyruvate affects immune function by
influencing the expression of cytokines.

Lampropoulou et al. (2016) [59] Animal model study

Itaconate-treated bone-marrow-derived macrophages inhibit the
proinflammatory activities of NO, ROS, and the cytokines IL-6, IL-12p70,

and IL-1β [37]. In addition, itaconate can hinder the oxidation of
succinate by SDH.

Mills et al. (2018) [60] Animal model study

Itaconate is instrumental in the activation of the anti-inflammatory
transcription factor Nrf2 by lipopolysaccharide chains. Additionally,

itaconate can modify immune proteins through the alkylation of cysteine
residues.

Nemeth et al. (2015) [62] Animal model study
Itaconate administration can reverse the action of the ADP/ATP

translocase and impair SLP. Furthermore, malonate can yield higher levels
of ADP-induced depolarization than itaconate.

Arts et al. (2016) [64] Animal model study
Fumarate accumulation in monocytes improves immune training,
enhances cytokine secretion, and inhibits the activity of KDM5 on

histones in the immune system.

Blewett et al. (2016) [65] Clinical trial DMF inhibits the activation of MMF in cells and regulates the function of
T cells through PKCθ activity.

Kornberg et al. (2018) [66] Animal model study Increased fumarate levels lead to the negative regulation of glycolysis.
Furthermore, fumarate can succinate GAPDH in macrophages.

Kelly (2015) [67] Review
Citrate secreted in the Krebs cycle can affect the function of macrophages

and dendritic cells. Moreover, succinate can activate the transcription
factor HIF-1α and promote the expression of inflammatory genes.

Chinopoulos (2015) [70] Review Succinate formation via the NAD+ fumarate reductase system can lead to
the synthesis of ATP in patients suffering from hypoxia.
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Table 2. Comparison of the impact of Krebs cycle intermediates on the endocrine system and the
immune system.

Impact of Krebs Cycle Intermediates on the Endocrine System

Citrate
In mitochondria, citrate can hinder the activity of SDH and PDH. In addition, mitochondrial citrate can
block fatty acid oxidation by preventing the actions of CPT1. In other cases, citrate promotes fatty acid

synthesis by activating the gluconeogenic enzyme FBPase1.

Succinate
Succinate is involved in hypoxia and metabolism and thus influences ATP synthesis and aerobic

glycolysis [16]. Succinate provides connections between fatty acid metabolism, carbohydrate metabolism,
and epigenetic reprogramming.

NADH
NADH fuels the mitochondrial electron transport chain and affects ATP synthesis [18]. Excessive NADH
secretion can lead to a breakdown in the redox balance with NAD+, resulting in metabolic syndromes

and oxidative stress [18].

Alpha-ketoglutarate

This intermediate functions as an allosteric regulator of metabolic enzymes such as the
alpha-ketoglutarate-dependent dioxygenase family of enzymes [19]. Moreover, alpha-ketoglutarate is a
critical intermediate in the Krebs cycle that affects the rate of this cycle in the body. Research also shows
that alpha-ketoglutarate can stimulate protein synthesis and prevent protein degradation within muscles

[19].

Fumarate
Fumarate affects the function of metabolic enzymes that are involved in modulating gene transcription in

response to intracellular lipid accumulation [19]. In addition, fumarate modulates nonreductive
metabolic pathways such as glycolysis and glutaminolysis.

Impact of Krebs Cycle Intermediates on the Immune System

Intermediate Impact

Succinate

Succinate is implicated in immune signaling and the immune response. Succinate accumulation in
immune cells can result in signaling via its receptors and in HIF1α stabilization [55]. Increased succinate
levels can inhibit the activity of the prolyl hydroxylase domain of HIF1α and prevent its stabilization [5].

Finally, succinate hinders HIF1α ubiquitination and targeting for proteasomal degradation.

Pyruvate
Pyruvate is a Krebs cycle intermediate that affects immune function and the immune response by

regulating cytokine expression [58]. In addition, pyruvate increases the uptake of glucose in activated
immune cells.

Itaconate

Itaconate promotes and supports the proinflammatory activities of NO, ROS, IL-6, IL-1β, IL-12p70, and
other cytokines. Moreover, it prevents the oxidation of SDH [59]. Other studies have shown that

itaconate can activate the inflammatory transcription factor Nrf2 and modify immune proteins through
the alkylation of cysteine residues [60]. Finally, studies have shown that itaconate can reverse the activity

of the ADP/ATP translocase and impair SLP [62].

Fumarate
The accumulation of fumarate in monocytes enhances immune training, improves cytokine secretion,

and inhibits KDM5 activity [64]. DMF can also regulate T-cell function via PKCθ [65]. In addition,
increased levels of fumarate lead to the negative regulation of glycolysis [66].

Citrate

Citrate affects the immune system by modulating the function of macrophages and dendritic cells [67].
Furthermore, it can activate the transcription factor HIF1α and support inflammatory gene expression.
Citrate activates TNFα- and IFNγ-stimulated macrophages [5]. Finally, the breakdown of mitochondrial
citrate is associated with the increased secretion of macrophage inflammatory mediators, including NO,

prostaglandin E2, and ROS [5].

Itaconate
Itaconate can reverse the activity of the ADP/ATP translocase, thus affecting the immune response and

ATP synthesis for cellular use [70]. Recent studies have shown that itaconate can inhibit SDH and
decrease the rate of IL-1β, NO, IL-18, and HIF1α production [5].

6. Discussion

The Krebs cycle is a critical cellular metabolic process. Cells must metabolize glucose
to obtain the energy required for growth and other cellular functions [14,15]. Energy
can also be used to synthesize the organic molecules required by the body for a wide
range of functions, such as movement, digestion, and defense against disease-causing
pathogens [16,70,71]. During the metabolism of glucose molecules, vital variables such
as heartbeat, respiratory rate, and temperature must be kept stable [12,13,71]; hormones,
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enzymes, and metabolic molecules are required to ensure that the body continues to
function optimally and within safe limits [21,72,73]. Based on such findings, there have
been further investigations to examine the link between the Krebs cycle and critical body
systems [8,10,11]. The primary goal is to understand the molecular basis of this relationship
and to identify the vital factors that may be targeted to improve health outcomes and
manage diseases [74,75].

In recent years, researchers have explored the possible link between metabolism and
the endocrine system by examining the effect of Krebs cycle intermediates on various
signaling processes [74]. Recent research shows that intermediates such as pyruvic acid,
ATP, NADH, and FADH2 may influence how the endocrine system regulates vital body
processes [74,75]. More recently, it was reported that the accumulation or depletion of
intermediates as a result of the metabolic syndrome might increase the risk of thyroid
dysfunction [76,77]. Thyroid hormones are synthesized by the thyroid gland and are
essential for the normal development and function of the body. The secretion of thyroid
hormones is a complex process that involves several steps. The first step is the uptake of
iodine by the thyroid gland from the bloodstream. Iodine is then oxidized to iodide, which
is transported into thyroid follicular cells. The next step is the synthesis of thyroglobulin
(TG), a large protein that is the precursor of thyroid hormones. TG is then transported to
the colloid of the thyroid follicle, where it is iodinated to form monoiodotyrosine (MIT) and
diiodotyrosine (DIT). The iodinated TG is then endocytosed into follicular cells, where it is
proteolytically cleaved to release thyroxine (T4) and triiodothyronine (T3). T4 is the major
product of the thyroid gland, but most of the T3 is produced by the peripheral conversion
of T4.

Metabolic syndrome affects thyroid function at several levels. First, insulin resistance,
which is a hallmark of metabolic syndrome, can impair the uptake of iodine by the thyroid
gland, leading to reduced synthesis of thyroid hormones. Insulin resistance can also
decrease the expression of the sodium iodide symporter (NIS), which is the transporter
responsible for the uptake of iodine by thyroid follicular cells.

Second, dyslipidemia, which is also a common feature of metabolic syndrome, can
affect the metabolism of thyroid hormones. Low-density lipoprotein (LDL) cholesterol
can inhibit the activity of hepatic deiodinases, which are the enzymes responsible for the
conversion of T4 to T3 (Table 3). This inhibition can result in a decrease in the peripheral
conversion of T4 to T3 and a decrease in the bioavailability of T3.

Table 3. Summary of the pathways through which the accumulation or depletion of intermediates
due to metabolic syndrome causes disease and their impacts.

Pathway Impact

1 Synthesis of thyroid hormones Impaired uptake of iodine by thyroid follicular cells. Decreased
expression of sodium iodide symporter (NIS)

2 Uptake of iodine by thyroid follicular cells Inhibition of deiodinases by LDL cholesterol and ROS

3 Synthesis of thyroid globulin (TG) Inhibition of thyroid hormone receptors and deiodinases by cytokines
(IL-6, TNF-α)

4 Iodation of TG in colloids Impact on T3/T4 ratio and T3, T4 levels

5 Endocytosis of TG into follicular cells Impact on T3/T4 ratio and T3, T4 levels

6 Proteolysis of TG to release T3 and T4 Impact on T3/T4 ratio and T3, T4 levels

7 Peripheral conversion of T4 to T3 by hepatic
deiodinases Impact on T3/T4 ratio and T3, T4 levels

Third, oxidative stress, which is increased in metabolic syndrome, can affect the
synthesis and metabolism of thyroid hormones. Reactive oxygen species (ROS) can damage
the TG molecule, leading to a decrease in its iodination and proteolysis. ROS can also
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inhibit the activity of hepatic deiodinases, leading to a decrease in the peripheral conversion
of T4 to T3.

Fourth, inflammation, which is a key feature of metabolic syndrome, can affect thyroid
function by increasing the expression of cytokines such as interleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-alpha). These cytokines can inhibit the expression of thyroid
hormone receptors and the activity of hepatic deiodinases, leading to a decrease in the
bioavailability of thyroid hormones.

Therefore, it should be noted that metabolic syndrome can affect thyroid function at
several levels, including the uptake of iodine, the expression of transporters and enzymes
involved in the metabolism of thyroid hormones, and the synthesis and degradation of
thyroid hormones. Such effects can lead to an increased risk of thyroid dysfunction, includ-
ing hypothyroidism and subclinical hypothyroidism. The interaction between metabolic
syndrome and thyroid dysfunction is complex and multifactorial and involves genetic and
environmental factors. Understanding the underlying pathways can help in identifying
the possible targets for the development of new therapies for diseases such as thyroid
dysfunction.

There is sufficient evidence that Krebs cycle intermediates can affect the function
and memory of immune cells such as macrophages [68,69,78]. Moreover, these inter-
mediates are directly or indirectly involved in regulating the function and activation of
immune cells [79–81]. Thus, targeting such metabolites may help generate new types of
therapies [82,83]. For instance, attempts have been made to explore how targeting succi-
nate during an ischemic attack and then targeting the subsequent oxidation of molecules
can help manage ischemia-reperfusion (IR) injury [84–86]. In addition, SDH inhibition
in patients with ischemia can prevent succinate accumulation and protect against tissue
damage [86–88]. Furthermore, researchers contend that intermediates such as malonate
may offer protection during reperfusion, while succinate and fumarate may reduce
proinflammatory effects by promoting the generation of ROS [87,88]. Understanding the
effects of Krebs cycle intermediates on the endocrine system and the immune system
is essential in the context of chronic diseases such as adiposity or obesity and diabetes
because it can help identify potential targets for therapeutic intervention. Krebs cycle
intermediates, such as citrate, succinate, and fumarate, play important roles in regulating
the endocrine and immune systems. For example, citrate inhibits the activity of several
enzymes involved in glucose and lipid metabolism, including phosphofructokinase
and acetyl-CoA carboxylase, which can lead to the development of metabolic disorders
such as diabetes and obesity. In addition, succinate and fumarate have been shown
to play a role in immunity by activating respective cells and promoting the produc-
tion of proinflammatory cytokines. Such chemicals can cause chronic inflammation, a
key contributor to the development of chronic diseases such as diabetes and obesity.
Therefore, knowledge of the effects of Krebs cycle intermediates on the endocrine and
immune systems can provide insights into the mechanisms underlying the development
of chronic diseases and can help in the development of potential therapeutic targets. For
example, targeting the enzymes involved in the metabolism of Krebs cycle intermediates
or using drugs that modulate the activity of immune cells could potentially be used as a
treatment strategy for chronic diseases.

7. Conclusions

In recent years, studies have explored the role of metabolites in signaling processes. The
current study entailed reviewing how Krebs cycle intermediates influence the endocrine and
immune systems. The results show that different intermediates have unique impacts on
various endocrine and immune functions, processes, and pathways. This review highlights
the scarcity of data from in vivo and human studies on the epigenetic role of Krebs cycle
intermediates. Further research is needed to explore the molecular pathways underlying the
actions of Krebs cycle intermediates. The results of such research can be used to develop novel
strategies for managing disease by controlling the levels and activity of particular metabolites.



Endocrines 2023, 4 190

Funding: This research received no external funding.

Institutional Review Board Statement: This study did not require ethical approval.

Informed Consent Statement: The study did not require informed consent statement. Patient consent
was waived.

Data Availability Statement: All relevant data are available in the tables and figures.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Williams, N.C.; O’Neill, L.A.J. A Role for the Krebs cycle intermediate citrate in metabolic reprogramming in innate immunity

and inflammation. Front. Immunol. 2018, 9, 141–147. [CrossRef] [PubMed]
2. Wu, F.; Minteer, S. Krebs cycle metabolon: Structural evidence of substrate channeling revealed by cross-linking and mass

spectrometry. Angew. Chem. Int. Ed. 2015, 54, 1851–1854. [CrossRef] [PubMed]
3. Isopi, E.; Granzotto, A.; Corona, C.; Bomba, M.; Ciavardelli, D.; Curcio, M.; Canzoniero, L.M.; Navarra, R.; Lattanzio, R.; Piantelli,

M. Pyruvate prevents the development of age-dependent cognitive deficits in a mouse model of Alzheimer’s disease without
reducing amyloid and tau pathology. Neurobiol. Dis. 2015, 81, 214–224. [CrossRef] [PubMed]

4. Chan, T.S.; Cassim, S.; Raymond, V.A.; Gottschalk, S.; Merlen, G.; Zwingmann, C. Upregulation of Krebs cycle and anaerobic
glycolysis activity early after onset of liver ischemia. PLoS ONE 2018, 13, e0199177. [CrossRef] [PubMed]

5. Czibik, G.; Steeples, V.; Yavari, A.; Ashrafian, H. Citric acid cycle intermediates in cardioprotection. Circ. Cardiovasc. Genet. 2014,
7, 711–719. [CrossRef]

6. Liang, Q.; Wang, B.; Pang, L.; Wang, Y.; Zheng, M.; Wang, Q.; Yan, J.; Xu, J. Application of citrate as tricarboxylic acid (TCA) cycle
intermediate, prevents diabetic-induced heart damages in mice. Iran. J. Basic Med. Sci. 2016, 19, 43–48.

7. Laurenti, G.; Tennant, D.A. Isocitrate dehydrogenase (IDH), succinate dehydrogenase (SDH), fumarate hydratase (FH): Three
players for one phenotype in cancer? Biochem. Soc. Trans. 2016, 44, 1111–1116. [CrossRef]

8. Ponizovskiy, M.R. Role of Krebs cycle in the mechanism of stability internal medium and internal energy in an organism in norm
and in mechanisms of cancer pathology. Mod. Chem. Appl. 2016, 4, 4.

9. Da Costa, C.; Galembeck, E. The evolution of the Krebs cycle: A promising subject for meaningful learning of biochemistry.
Biochem. Mol. Biol. Educ. 2016, 44, 288–296. [CrossRef]

10. Daloso, D.; Müller, K.; Obata, T.; Florian, A.; Tohge, T.; Bottcher, A.; Riondet, C.; Bariat, L.; Carrari, F.; Nunes-Nesi, A.; et al.
Thioredoxin, a master regulator of the tricarboxylic acid cycle in plant mitochondria. Proc. Natl. Acad. Sci. USA 2015, 112,
E1392–E1400. [CrossRef]

11. Jochmanova, I.; Pacak, K. Pheochromocytoma: The first metabolic endocrine cancer. Clin. Cancer Res. 2016, 22, 5001–5011.
[CrossRef] [PubMed]

12. Mets, F.; Van Melderen, L.; Gottesman, S. Regulation of acetate metabolism and coordination with the TCA cycle via a processed
small RNA. Proc. Natl. Acad. Sci. USA 2019, 116, 1043–1052. [CrossRef] [PubMed]

13. Springsteen, G.; Reddy Yerabolu, J.; Nelson, J.; Rhea, C.; Krishnamurthy, R. Linked cycles of oxidative decarboxylation of
glyoxylate as protometabolic analogs of the citric acid cycle. Nat. Commun. 2018, 9, 91. [CrossRef]

14. Sawa, K.; Uematsu, T.; Korenaga, Y.; Hirasawa, R.; Kikuchi, M.; Murata, K.; Zhang, J.; Gai, X.; Sakamoto, K.; Koyama, T.; et al.
Krebs Cycle intermediates protective against oxidative stress by modulating the level of reactive oxygen species in neuronal ht22
cells. Antioxidants 2017, 6, 21–30. [CrossRef]

15. Muchowska, K.B.; Varma, S.J.; Chevallot-Beroux, E.; Lethuillier-Karl, L.; Li, G.; Moran, J. Metals promote sequences of the reverse
Krebs cycle. Nat. Ecol. Evol. 2017, 1, 1716–1721. [CrossRef]

16. Murphy, M.; O’Neill, L. Krebs cycle reimagined: The emerging roles of succinate and itaconate as signal transducers. Cell 2018,
174, 780–784. [CrossRef] [PubMed]

17. Kruspig, B.; Zhivotovsky, B.; Gogvadze, V. Mitochondrial substrates in cancer: Drivers or passengers? Mitochondrion 2015, 19 Pt
A, 8–19. [CrossRef]

18. Desideri, E.; Vegliante, R.; Ciriolo, M.R. Mitochondrial dysfunctions in cancer: Genetic defects and oncogenic signalling impinging
on TCA cycle activity. Cancer Lett. 2015, 356, 217–223. [CrossRef]

19. Sinton, M.; Hay, D.; Drake, A. Metabolic control of gene transcription in non-alcoholic fatty liver disease: The role of the
epigenome. Clin. Epigenetics 2019, 11, 104. [CrossRef]

20. Lanni, A.; Moreno, M.; Goglia, F. Mitochondrial actions of thyroid hormone. Compr. Physiol. 2016, 6, 1591–1607.
21. Senese, R.; de Lange, P.; Petito, G.; Moreno, M.; Goglia, F.; Lanni, A. 3,5-Diiodothyronine: A Novel Thyroid Hormone Metabolite

and Potent Modulator of Energy Metabolism. Front. Endocrinol. 2018, 9, 427. [CrossRef]
22. Incerpi, S.; Davis, P.; Pedersen, J.; Lanni, A. Nongenomic actions of thyroid hormones. Princ. Endocrinol. Horm. Action 2018, 2,

259–284.
23. Casas, F.; Fouret, G.; Lecomte, J.; Cortade, F.; Pessemesse, L.; Blanchet, E.; Wrutniak-Cabello, C.; Coudray, C.; Feillet-Coudray, C.

Skeletal muscle expression of p43, a truncated thyroid hormone receptor α, affects lipid composition and metabolism. J. Bioenerg.
Biomembr. 2018, 50, 71–79. [CrossRef]

http://doi.org/10.3389/fimmu.2018.00141
http://www.ncbi.nlm.nih.gov/pubmed/29459863
http://doi.org/10.1002/anie.201409336
http://www.ncbi.nlm.nih.gov/pubmed/25537779
http://doi.org/10.1016/j.nbd.2014.11.013
http://www.ncbi.nlm.nih.gov/pubmed/25434488
http://doi.org/10.1371/journal.pone.0199177
http://www.ncbi.nlm.nih.gov/pubmed/29902244
http://doi.org/10.1161/CIRCGENETICS.114.000220
http://doi.org/10.1042/BST20160099
http://doi.org/10.1002/bmb.20946
http://doi.org/10.1073/pnas.1424840112
http://doi.org/10.1158/1078-0432.CCR-16-0606
http://www.ncbi.nlm.nih.gov/pubmed/27742786
http://doi.org/10.1073/pnas.1815288116
http://www.ncbi.nlm.nih.gov/pubmed/30591570
http://doi.org/10.1038/s41467-017-02591-0
http://doi.org/10.3390/antiox6010021
http://doi.org/10.1038/s41559-017-0311-7
http://doi.org/10.1016/j.cell.2018.07.030
http://www.ncbi.nlm.nih.gov/pubmed/30096309
http://doi.org/10.1016/j.mito.2014.08.007
http://doi.org/10.1016/j.canlet.2014.02.023
http://doi.org/10.1186/s13148-019-0702-5
http://doi.org/10.3389/fendo.2018.00427
http://doi.org/10.1007/s10863-018-9743-2


Endocrines 2023, 4 191

24. Conley, K. Mitochondria to motion: Optimizing oxidative phosphorylation to improve exercise performance. J. Exp. Biol. 2016,
219, 243–249. [CrossRef]

25. Guo, R.; Gu, J.; Zong, S.; Wu, M.; Yang, M. Structure and mechanism of mitochondrial electron transport chain. Biomed. J. 2018, 41,
9–20. [CrossRef]

26. Zhao, R.Z.; Jiang, S.; Zhang, L.; Yu, Z.B. Mitochondrial electron transport chain, ROS generation and uncoupling (Review). Int. J.
Mol. Med. 2019, 44, 3–15. [CrossRef]

27. Ahmad, M.; Wolberg, A.; Kahwaji, C.I. Biochemistry, Electron Transport Chain; StatPearls Publishing: Tampa, FL, USA, 2022.
28. Deshpande, O.A.; Mohiuddin, S.S. Biochemistry, Oxidative Phosphorylation; StatPearls Publishing: Tampa, FL, USA, 2022.
29. Sinha, R.A.; Singh, B.K.; Zhou, J.; Wu, Y.; Farah, B.L.; Ohba, K.; Lesmana, R.; Gooding, J.; Bay, B.H.; Yen, P.M. Thyroid hormone

induction of mitochondrial activity is coupled to mitophagy via ROS-AMPK-ULK1 signaling. Autophagy 2015, 11, 1341–1357.
[CrossRef]

30. Whitehouse, D.G.; Moore, A.L. Respiratory Chain and ATP Synthase. In Encyclopedia of Biological Chemistry; Elsevier: Amsterdam,
The Netherlands, 2013; pp. 83–86.

31. Harper, M.-E.; Seifert, E.L. Thyroid hormone effects on mitochondrial energetics. Thyroid 2008, 18, 145–156. [CrossRef]
32. Rochlani, Y.; Pothineni, N.V.; Kovelamudi, S.; Mehta, J.L. Metabolic syndrome: Pathophysiology, management, and modulation

by natural compounds. Ther. Adv. Cardiovasc. Dis. 2017, 11, 215–225. [CrossRef]
33. Saklayen, M.G. The global epidemic of metabolic syndrome. Curr. Hypertens. Rep. 2018, 20, 12–17. [CrossRef]
34. Gyawali, P.; Takanche, J.S.; Shrestha, R.K.; Bhattarai, P.; Khanal, K.; Risal, P. Pattern of thyroid dysfunction in patients with

metabolic syndrome and its relationship with components of metabolic syndrome. Diabetes Metab. J. 2015, 39, 66–73. [CrossRef]
35. Khatiwada, S.; Sah, S.K.; Kc, R.; Baral, N.; Lamsal, M. Thyroid dysfunction in metabolic syndrome patients and its relationship

with components of metabolic syndrome. Clin. Diabetes Endocrinol. 2016, 2, 3–10. [CrossRef]
36. Khatiwada, S.; Kc, R.; Sah, S.K.; Khan, S.A.; Chaudhari, R.K.; Baral, N. Thyroid dysfunction and associated risk factors among

Nepalese diabetes mellitus patients. Int. J. Endocrinol. 2015, 2015, 570198. [CrossRef]
37. Park, S.; Jeon, J.H.; Min, B.K.; Ha, C.M.; Thoudam, T.; Park, B.Y.; Lee, I.K. Role of the pyruvate dehydrogenase complex in

metabolic remodelling: Differential pyruvate dehydrogenase complex functions in metabolism. Diabetes Metab. J. 2018, 42,
270–281. [CrossRef]

38. Ryan, D.G.; Murphy, M.P.; Frezza, C.; Prag, H.A.; Chouchani, E.T.; O’Neill, L.A.; Mills, E.L. Coupling Krebs cycle metabolites to
signalling in immunity and cancer. Nat. Metab. 2019, 1, 16–33. [CrossRef]

39. Keating, S.T.; El-Osta, A. Epigenetics and metabolism. Circ. Res. 2015, 116, 715–736. [CrossRef]
40. O’Neill, L.A. A broken Krebs cycle in macrophages. Immunity 2015, 42, 393–394. [CrossRef]
41. Littlewood-Evans, A. GPR91 senses extracellular succinate released from inflammatory macrophages and exacerbates rheumatoid

arthritis. J. Exp. Med. 2016, 213, 1655–1662. [CrossRef]
42. Meiser, J.; Krämer, L.; Sapcariu, S. Proinflammatory macrophages sustain pyruvate oxidation through pyruvate dehydrogenase

for the synthesis of itaconate and to enable cytokine expression. J. Biol. Chem. 2015, 291, 3932–3946. [CrossRef]
43. Neupane, P.; Bhuju, S.; Thapa, N.; Bhattarai, H.K. ATP synthase: Structure, function and inhibition. Biomol Concepts. 2019, 10,

1–10. [CrossRef]
44. Dunn, J.; Grider, M.H. Physiology, Adenosine Triphosphate. 2022. Available online: https://pubmed.ncbi.nlm.nih.gov/31985968/

(accessed on 17 February 2023).
45. Bonora, M.; Patergnani, S.; Rimessi, A.; De Marchi, E.; Suski, J.M.; Bononi, A.; Giorgi, C.; Marchi, S.; Missiroli, S.; Poletti, F.; et al.

ATP synthesis and storage. Purinergic Signal. 2012, 8, 343–357. [CrossRef]
46. Nolfi-Donegan, D.; Braganza, A.; Shiva, S. Mitochondrial electron transport chain: Oxidative phosphorylation, oxidant production,

and methods of measurement. Redox Biol. 2020, 37, 101674. [CrossRef] [PubMed]
47. Yu, T.; Liu, Q.; Wang, X.; Liu, X.; Chen, Y.; Nielsen, J. Metabolic Reconfiguration Enables Synthetic Reductive Metabolism in Yeast.

Nat. Metab. 2022, 4, 1551–1559. [CrossRef] [PubMed]
48. Boyman, L.; Karbowski, M.; Lederer, W.J. Regulation of mitochondrial ATP production: Ca2+ signaling and quality control. Trends

Mol. Med. 2020, 26, 21–39. [CrossRef]
49. Maldonado, E.N.; Lemasters, J.J. ATP/ADP ratio, the missed connection between mitochondria and the Warburg effect. Mitochon-

drion 2014, 19, 78–84. [CrossRef] [PubMed]
50. Sun, P.; Bai, T.; Ma, T.; Ding, J. Molecular mechanism of the dual regulatory roles of ATP on the αγ heterodimer of human

NAD-dependent isocitrate dehydrogenase. Sci. Rep. 2020, 10, 6225. [CrossRef] [PubMed]
51. Jarman, O.D.; Biner, O.; Hirst, J. Regulation of ATP hydrolysis by the ε subunit, ζ subunit and Mg-ADP in the ATP synthase of

Paracoccus denitrificans. Biochim. Biophys. Acta Bioenerg. 2021, 1862, 148355. [CrossRef]
52. Röder, P.V.; Wu, B.; Liu, Y.; Han, W. Pancreatic regulation of glucose homeostasis. Exp. Mol. Med. 2016, 48, e219. [CrossRef]
53. Szendroedi, J.; Schmid, A.I.; Chmelik, M.; Toth, C.; Brehm, A.; Krssak, M.; Nowotny, P.; Wolzt, M.; Waldhausl, W.; Roden, M.

Muscle mitochondrial ATP synthesis and glucose transport/phosphorylation in type 2 diabetes. PLoS Med. 2007, 4, 858–867.
[CrossRef]

54. Campbell, J.E.; Newgard, C.B. Mechanisms controlling pancreatic islet cell function in insulin secretion. Nat. Rev. Mol. Cell Biol.
2021, 22, 142–158. [CrossRef]

http://doi.org/10.1242/jeb.126623
http://doi.org/10.1016/j.bj.2017.12.001
http://doi.org/10.3892/ijmm.2019.4188
http://doi.org/10.1080/15548627.2015.1061849
http://doi.org/10.1089/thy.2007.0250
http://doi.org/10.1177/1753944717711379
http://doi.org/10.1007/s11906-018-0812-z
http://doi.org/10.4093/dmj.2015.39.1.66
http://doi.org/10.1186/s40842-016-0021-0
http://doi.org/10.1155/2015/570198
http://doi.org/10.4093/dmj.2018.0101
http://doi.org/10.1038/s42255-018-0014-7
http://doi.org/10.1161/CIRCRESAHA.116.303936
http://doi.org/10.1016/j.immuni.2015.02.017
http://doi.org/10.1084/jem.20160061
http://doi.org/10.1074/jbc.M115.676817
http://doi.org/10.1515/bmc-2019-0001
https://pubmed.ncbi.nlm.nih.gov/31985968/
http://doi.org/10.1007/s11302-012-9305-8
http://doi.org/10.1016/j.redox.2020.101674
http://www.ncbi.nlm.nih.gov/pubmed/32811789
http://doi.org/10.1038/s42255-022-00654-1
http://www.ncbi.nlm.nih.gov/pubmed/36302903
http://doi.org/10.1016/j.molmed.2019.10.007
http://doi.org/10.1016/j.mito.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25229666
http://doi.org/10.1038/s41598-020-63425-6
http://www.ncbi.nlm.nih.gov/pubmed/32277159
http://doi.org/10.1016/j.bbabio.2020.148355
http://doi.org/10.1038/emm.2016.6
http://doi.org/10.1371/journal.pmed.0040154
http://doi.org/10.1038/s41580-020-00317-7


Endocrines 2023, 4 192

55. Davis, G.A.; Kramer, D.M. Optimization of ATP synthase c-rings for oxygenic photosynthesis. Front. Plant Sci. 2019, 10, 1778.
[CrossRef] [PubMed]

56. Van de Wal, M.A.E.; Adjobo-Hermans, M.J.W.; Keijer, J.; Schirris, T.J.J.; Homberg, J.R.; Wieckowski, M.R.; Grefte, S.; van
Schothorst, E.M.; van Karnebeek, C.; Quintana, A.; et al. Ndufs4 knockout mouse models of Leigh syndrome: Pathophysiology
and intervention. Brain 2022, 145, 45–63. [CrossRef] [PubMed]

57. Ježek, P.; Holendová, B.; Jabůrek, M.; Dlasková, A.; Plecitá-Hlavatá, L. Contribution of mitochondria to insulin secretion by
various secretagogues. Antioxid. Redox Signal 2022, 36, 920–952. [CrossRef] [PubMed]

58. Lampropoulou, V.; Sergushichev, A.; Bambouskova, M. Itaconate links inhibition of succinate dehydrogenase with macrophage
metabolic remodelling and regulation of inflammation. Cell Metabolism. 2016, 24, 158–166. [CrossRef] [PubMed]

59. Mills, E.; Ryan, D.; Prag, H. Itaconate is an anti-inflammatory metabolite that activates Nrf2 via alkylation of KEAP1. Nature 2018,
556, 113–117. [CrossRef]

60. Bambouskova, M.; Gorvel, L.; Lampropoulou, V. Electrophilic properties of itaconate and derivatives regulate the IκBζ–ATF3
inflammatory axis. Nature 2018, 556, 501–504. [CrossRef]

61. Nair, S.; Huynh, J.; Lampropoulou, V. Irg1expression in myeloid cells prevents immunopathology during tuberculosis infection. J.
Exp. Med. 2018, 215, 1035–1045. [CrossRef]

62. Nemeth, B.; Doczi, J.; Csete, D. Abolition of mitochondrial substrate-level phosphorylation by itaconic acid produced by
LPS-induced Irg1 expression in cells of murine macrophage lineage. FASEB J. 2015, 30, 286–300. [CrossRef]

63. Cordes, T.; Wallace, M.; Michelucci, A. Immunoresponsive Gene 1 and itaconate inhibit succinate dehydrogenase to modulate
intracellular succinate levels. J. Biol. Chem. 2016, 291, 14274–14284. [CrossRef]

64. Arts, R.J.; Novakovic, B.; ter Horst, R.; Carvalho, A.; Bekkering, S.; Lachmandas, E.; Rodrigues, F.; Silvestre, R.; Cheng, S.-C.;
Wang, S.-Y.; et al. Glutaminolysis and fumarate accumulation integrate immunometabolic and epigenetic programs in trained
immunity. Cell Metab. 2016, 24, 807–819. [CrossRef]

65. Blewett, M.M.; Xie, J.; Zaro, B.W.; Backus, K.M.; Altman, A.; Teijaro, J.R.; Cravatt, B.F. Chemical proteomic map of dimethyl
fumarate-sensitive cysteines in primary human T cells. Sci. Signal. 2016, 9, rs10. [CrossRef] [PubMed]

66. Kornberg, M.D.; Bhargava, P.; Kim, P.M.; Putluri, V.; Snowman, A.M.; Putluri, N.; Calabresi, P.A.; Snyder, S.H. Dimethyl fumarate
targets GAPDH and aerobic glycolysis to modulate immunity. Science 2018, 360, 449–453. [CrossRef]

67. Kelly, B.; O’Neill, L.A. Metabolic reprogramming in macrophages and dendritic cells in innate immunity. Cell Res. 2015, 25,
771–784. [CrossRef] [PubMed]

68. Gerriets, V.A.; Kishton, R.J.; Nichols, A.G.; Macintyre, A.; Inoue, M.; Ilkayeva, O.; Winter, P.S.; Liu, X.; Priyadharshini, B.;
Slawinska, M.E.; et al. Metabolic programming and PDHK1 control CD4+ T cell subsets and inflammation. J. Clin. Investig. 2015,
125, 194–207. [CrossRef]

69. Schulze-Topphoff, U.; Varrin-Doyer, M.; Pekarek, K.; Spencer, C.M.; Shetty, A.; Sagan, S.A.; Cree, B.A.C.; Sobel, R.A.; Wipke, B.T.;
Steinman, L.; et al. Dimethyl fumarate treatment induces adaptive and innate immune modulation independent of Nrf2. Proc.
Natl. Acad. Sci. USA 2016, 113, 4777–4782. [CrossRef] [PubMed]

70. Chinopoulos, C. Which way does the citric acid cycle turn during hypoxia? The critical role of α-ketoglutarate dehydrogenase
complex. J. Neurosci. Res. 2013, 91, 1030–1043. [CrossRef]

71. Luan, H.; Medzhitov, R. Food fight: Role of itaconate and other metabolites in antimicrobial defense. Cell Metab. 2016, 24, 379–387.
[CrossRef] [PubMed]

72. Weiss, J.; Davies, L.; Karwan, M. Itaconic acid mediates crosstalk between macrophage metabolism and peritoneal tumours. J.
Clin. Investig. 2018, 12, 1–13.

73. Shi, H.; Wang, D.; Sun, X. SL MicroRNA-378 acts as a prognosis marker and inhibits cell migration, invasion and epithelial-
mesenchymal transition in human glioma by targeting IRG1. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 3837–3846.

74. Anderson, N.M.; Mucka, P.; Kern, J.G.; Feng, H. The emerging role and targetability of the TCA cycle in cancer metabolism.
Protein Cell 2018, 9, 216–237. [CrossRef]

75. Chouchani, E.T.; Pell, V.R.; James, A.M.; Work, L.M.; Saeb-Parsy, K.; Frezza, C.; Krieg, T.; Murphy, M. A unifying mechanism for
mitochondrial superoxide production during ischemia-reperfusion injury. Cell. Metab. 2016, 23, 254–263. [CrossRef] [PubMed]

76. van Diepen, J.A.; Robben, J.H.; Hooiveld, G.J.; Carmone, C.; Alsady, M.; Boutens, L.; Bekkenkamp-Grovenstein, M.; Hijmans, A.;
Engelke, U.F.H.; Wevers, R.A.; et al. SUCNR1-mediated chemotaxis of macrophages aggravates obesity-induced inflammation
and diabetes. Diabetologia 2017, 60, 1304–1313. [CrossRef] [PubMed]

77. Lei, W.; Ren, W.; Ohmoto, M.; Urban, J.F., Jr.; Matsumoto, I.; Margolskee, R.F.; Jiang, P. Activation of intestinal tuft cell-expressed
Sucnr1 triggers type 2 immunity in the mouse small intestine. Proc. Natl. Acad. Sci. USA 2018, 115, 5552–5557. [CrossRef]
[PubMed]

78. Peng, H.; Li, H.; Sheehy, A.; Cullen, P.; Allaire, N.; Scannevin, R.H. Dimethyl fumarate alters microglia phenotype and protects
neurons against proinflammatory toxic microenvironments. J. Neuroimmunol. 2016, 299, 35–44. [CrossRef] [PubMed]

79. Liberti, M.V.; Dai, Z.; Wardell, S.E.; Baccile, J.A.; Liu, X.; Gao, X.; Baldi, R.; Mehrmohamadi, M.; Johnson, M.O.; Madhukar, N.S.;
et al. A predictive model for selective targeting of the Warburg effect through GAPDH inhibition with a natural product. Cell
Metab. 2017, 26, 648–659.e8. [CrossRef]

80. Madhukar, N.S.; Warmoes, M.O.; Locasale, J.W. Organization of enzyme concentration across the metabolic network in cancer
cells. PLoS ONE 2015, 10, e0117131. [CrossRef]

http://doi.org/10.3389/fpls.2019.01778
http://www.ncbi.nlm.nih.gov/pubmed/32082344
http://doi.org/10.1093/brain/awab426
http://www.ncbi.nlm.nih.gov/pubmed/34849584
http://doi.org/10.1089/ars.2021.0113
http://www.ncbi.nlm.nih.gov/pubmed/34180254
http://doi.org/10.1016/j.cmet.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27374498
http://doi.org/10.1038/nature25986
http://doi.org/10.1038/s41586-018-0052-z
http://doi.org/10.1084/jem.20180118
http://doi.org/10.1096/fj.15-279398
http://doi.org/10.1074/jbc.M115.685792
http://doi.org/10.1016/j.cmet.2016.10.008
http://doi.org/10.1126/scisignal.aaf7694
http://www.ncbi.nlm.nih.gov/pubmed/27625306
http://doi.org/10.1126/science.aan4665
http://doi.org/10.1038/cr.2015.68
http://www.ncbi.nlm.nih.gov/pubmed/26045163
http://doi.org/10.1172/JCI76012
http://doi.org/10.1073/pnas.1603907113
http://www.ncbi.nlm.nih.gov/pubmed/27078105
http://doi.org/10.1002/jnr.23196
http://doi.org/10.1016/j.cmet.2016.08.013
http://www.ncbi.nlm.nih.gov/pubmed/27626199
http://doi.org/10.1007/s13238-017-0451-1
http://doi.org/10.1016/j.cmet.2015.12.009
http://www.ncbi.nlm.nih.gov/pubmed/26777689
http://doi.org/10.1007/s00125-017-4261-z
http://www.ncbi.nlm.nih.gov/pubmed/28382382
http://doi.org/10.1073/pnas.1720758115
http://www.ncbi.nlm.nih.gov/pubmed/29735652
http://doi.org/10.1016/j.jneuroim.2016.08.006
http://www.ncbi.nlm.nih.gov/pubmed/27725119
http://doi.org/10.1016/j.cmet.2017.08.017
http://doi.org/10.1371/journal.pone.0117131


Endocrines 2023, 4 193

81. Michell-Robinson, M.A.; Moore, C.S.; Healy, L.M.; Osso, L.A.; Zorko, N.; Grouza, V.; Touil, H.; Poliquin-Lasnier, L.; Trudelle,
A.M.; Giacomini, P.S.; et al. Effects of fumarates on circulating and CNS myeloid cells in multiple sclerosis. Ann. Clin. Transl.
Neurol. 2015, 3, 27–41. [CrossRef]

82. Mills, E.L.; Kelly, B.; Logan, A.; Costa, A.S.H.; Varma, M.; Bryant, C.E.; Tourlomousis, P.; Däbritz, J.H.M.; Gottlieb, E.; Latorre, I.;
et al. Succinate dehydrogenase supports metabolic repurposing of mitochondria to drive inflammatory macrophages. Cell 2016,
167, 457–470.e13. [CrossRef]

83. Jha, A.K.; Huang, S.C.; Sergushichev, A.; Lampropoulou, V.; Ivanova, Y.; Loginicheva, E.; Chmielewski, K.; Stewart, K.M.;
Ashall, J.; Everts, B. Network integration of parallel metabolic and transcriptional data reveals metabolic modules that regulate
macrophage polarization. Immunity 2015, 42, 419–430. [CrossRef]

84. Mills, E.L.; O’Neill, L.A. Reprogramming mitochondrial metabolism in macrophages as an anti-inflammatory signal. Eur. J.
Immunol. 2016, 46, 13–21. [CrossRef]

85. Scialo, F.; Sriram, A.; Fernandez-Ayala, D.; Gubina, N.; Lohmus, M.; Nelson, G.; Logan, A.; Cooper, H.M.; Navas, P.; Enriquez, J.A.
Mitochondrial ROS produced via reverse electron transport extend animal lifespan. Cell Metab. 2016, 23, 725–734. [CrossRef]
[PubMed]

86. Mu, X.; Zhao, T.; Xu, C.; Shi, W.; Geng, B.; Shen, J.; Zhang, C.; Pan, J.; Yang, J.; Hu, S.; et al. Oncometabolite succinate
promotes angiogenesis by upregulating VEGF expression through GPR91-mediated STAT3 and ERK activation. Oncotarget 2017,
8, 13174–13185. [CrossRef] [PubMed]

87. Sciacovelli, M.; Frezza, C. Oncometabolites: Unconventional triggers of oncogenic signalling cascades. Free. Radic. Biol. Med.
2016, 100, 175–181. [CrossRef] [PubMed]

88. McCreath, K.J.; Espada, S.; Galvez, B.G.; Benito, M.; de Molina, A.; Sepulveda, P.; Cervera, A.M. Targeted disruption of the
SUCNR1 metabolic receptor leads to dichotomous effects on obesity. Diabetes 2015, 64, 1154–1167. [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.

http://doi.org/10.1002/acn3.270
http://doi.org/10.1016/j.cell.2016.08.064
http://doi.org/10.1016/j.immuni.2015.02.005
http://doi.org/10.1002/eji.201445427
http://doi.org/10.1016/j.cmet.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27076081
http://doi.org/10.18632/oncotarget.14485
http://www.ncbi.nlm.nih.gov/pubmed/28061458
http://doi.org/10.1016/j.freeradbiomed.2016.04.025
http://www.ncbi.nlm.nih.gov/pubmed/27117029
http://doi.org/10.2337/db14-0346

	Introduction 
	Methodology 
	Results 
	Impact of Krebs Cycle Intermediates on the Endocrine System 
	Impact of Krebs Cycle Intermediates on the Immune System 
	Discussion 
	Conclusions 
	References

