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Abstract

A fundamental metabolic feature of cancerous tissues is high glucose consumption. The rate of glucose consumption in a
cancer cell can be 10-15 times higher than in normal cells. Isolation and cultivation of tumor cells in vitro highlight prop-
erties that are associated with intensive glucose utilization, the presence of minimal oxidative metabolism, an increase in
lactate concentrations in the culture medium and a reduced rate of oxygen consumption. Although glycolysis is suggested
as a general feature of malignant cells and recently identified as a possible contributing factor to tumor progression, several
studies highlight distinct metabolic characteristics in some tumors, including a relative decrease in avidity compared to
glucose and/or a glutamine dependency of lactate and even proliferative tumor cells. The aim of this review is to determine
the particularities in the energy metabolism of cancer cells, focusing on the main nutritional substrates, such as glucose and
glutamine, evaluating lactate dehydrogenase as a potential marker of malignancy and estimating activators and inhibitors
in cancer treatment.
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the lipids, carbohydrates, and amino acids, and it is a well-
known and essential biological mechanism for the energy
supply, constituting the most vital metabolic pathway that
connects almost all the other individual metabolic pathways
(Akram 2014). The TCA cycle also provides some macro-
molecules and redox balance to the aerobic cells. The energy
required for cell reproduction and survival usually comes
from two sources. The first is glycolysis and the second is
the TCA cycle. Both processes are involved in respiration,
glycolysis occurring first in the cytoplasmic region, while
TCA is the other process that occurs in mitochondria in
eukaryotes (in prokaryotes occurs in the cytosol). These pro-
cesses aim at satisfying the energy requirement of the organ-
ism. In glycolysis, a series of reactions metabolize glucose
or glycogen into pyruvate to produce two ATP molecules
from each glucose molecule. Glycolysis is essential for the
brain, whose energy depends on the availability of glucose.
It is considered the preferred mode of energy production
in different cells, such as anoxic, embryonic or intensively
proliferating ones. During the TCA cycle, pyruvate from
glycolysis is used to produce 36-38 ATP molecules from
each glucose molecule. Two carbon atoms are oxidized to
carbon dioxide, whose oxidation energy is coupled with
guanosine triphosphate (GTP) or adenosine triphosphate
(ATP) synthesis, the dissociation of which will subsequently
transfer energy to other metabolic processes that require it.
The steps of the TCA cycle are depicted in Fig. 1, whereas
its detailed description is performed in the successive Krebs
cycle Pathways section.

Krebs cycle synthesizes flavin adenine dinucleotide
reduced form (FADH,) and nicotinamide adenine dinucleo-
tide reduced form (NADH) from the acetyl-coenzyme A
(acetyl-CoA) compound that is a product that is formed from

the decarboxylation of pyruvate (Fernie et al. 2004). NADH
generates the huge reductive potential that is essential for
the generation of ATP from the mitochondrial respiratory
chain complexes (electron transport chain, ETC) during the
oxidative phosphorylation (OxPhos) (Fig. 2) (Devin and
Rigoulet 2007).

Within mitochondria, during the OxPhos process, the
complete degradation of glucose to CO, and H,O occurs
only in the presence of oxygen. Aerobic glycolysis will gen-
erate 36—38 molecules of ATP. In the absence of oxygen, as
in muscle tissue during intense physical exercise, pyruvate
is no longer used in the Krebs cycle and is converted to
lactic acid by a process called anaerobic glycolysis (Jiang
2017). The latter is accompanied by the generation of only
two ATP molecules.

Throughout ETC, electron leaks can occur and lead to the
formation of reactive oxygen species (ROS) and other free
radicals. Therefore, this mechanism, although is a universal
process among the entire aerobic species, can become dan-
gerous due to the production of an uncontrolled amount of
reactive oxidative species. These species further oxidize the
cell macromolecules, such as proteins, lipids, and can even
cause damage to nucleic acids with harmful consequences
within the body (Wei and Lee 2002). A defense mechanism
against the ROS exists, and it is the fundamental component
of all the aerobic species present on this earth, including
humans (Halliwell 1999). Still, it is necessary to evaluate
if the Krebs cycle, the major producer of the pro-oxidants,
such as NADH, can control intracellularly free radicals
production. Attenuation of the TCA cycle can decrease the
production of pro-oxidants like NADH, and ultimately this
strategy can control the production of reactive oxidative spe-
cies (Mailloux et al. 2007).

KREBS CYCLE PATHWAYS
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Fig. 1 The Krebs (TCA) cycle, activators, and inhibitors
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Fig.2 Respiratory chain complexes or electron transport chain (ETC)
in mammals. ETC comprises four enzyme complexes (complexes I—
1V), two intermediary substrates, coenzyme Q (CoQ) and cytochrome
C (CytC), and ATP synthase that, within the electron/proton path-
ways generate ATP at the matrix side of mitochondria. The NADH,
H*, and FADH, produced by the intermediate metabolism (TCA

Krebs cycle pathways

Krebs cycle is the main metabolic pathway, in supply-
ing energy to the body, generating about 70% of the ATP.
Table 1 shows the main types of reactions involved in the
cycle (Krebs and Johnson 1980; Nelson et al. 2017). The
oxidation pathways of fatty acids, glucose, amino acids, ace-
tate, ketone bodies generate acetyl-CoA, which constitutes
its substrate (Fig. 1).

Citric acid, also known as citrate, is formed from oxaloac-
etate through its aldol condensation. Oxaloacetate is regen-
erated at the end of each TCA cycle; therefore the cycle
continues. The latter comes from the glucose molecule
through the glycolysis pathway and then enters into the mito-
chondria in the form of pyruvate; it can also come from the
oxidation of fatty acids during p-oxidation. Within the TCA
cycle, citrate is then transformed into isocitrate through the
aconitase enzyme (ACQO?2). Isocitrate dehydrogenase (IDH)
will subsequently transform isocitrate into a-ketoglutarate
(aKG) during a decarboxylation chemical reaction. In this
way, the TCA cycle keeps going on and gives a chief source
of cellular ATP and also reducing equivalents that give the
electron to ETC (Akram 2014). The mitochondrial citrate
carrier (CiC), also referred to as solute carrier family 25
member 1 (Slc25al), can export citrate from the mitochon-
dria in interchange for malate. In the mitochondrial cytosol,

cycle) are oxidized further by the mitochondrial respiratory chain to
establish an electrochemical gradient of protons, which is finally used
by the FyF,-ATP synthase (complex V) to produce ATP. The redox
systems of glutathione (GSH) are responsible for intrinsic antioxida-
tive defense in mitochondria for preventing cellular damage mediated
by ROS

the citrate undergoes breakdown by ATP-Citrate lyase
(ACLY) and form acetyl-CoA and oxaloacetate. Oxaloac-
etate can be transformed into malate by the help of malate
dehydrogenase (MDH), which can re-enter the mitochondria
with the help of mitochondrial CiC (Palmieri 2004). Acetyl-
CoA can be further converted into the malonyl-coenzyme
A (malonyl-CoA) with the help of acetyl-CoA carboxylase
(ACC). Malonyl-CoA can be incorporated into fatty acids
and cholesterol molecules (Saggerson 2008). Fatty acids are
used to form phospholipids as in the composition of cellular
membranes. Malonyl-CoA can also decrease the f-oxidation
of fatty acids since its high amount can prevent carnitine
palmitoyltransferase 1 (CPT1) (Paumen et al. 1997). Two
forms of ACC exist. One is known as ACC1 that main-
tains regulation of fatty acid synthesis, and the other one,
known as ACC2, which mainly regulates fatty acid oxida-
tion (Brownsey et al. 1997). ACC2 is connected to the outer
membrane of mitochondria and can control the levels of
malonyl-CoA in the proximity of CPT1 and also regulate
its action (Saggerson 2008). Acetyl-CoA is capable of per-
forming a variety of functions in the biochemical processes
of cells (Pietrocola et al. 2015). It is not only essential for de
novo fatty acid synthesis, but it is also an important cofac-
tor for the acetylation of histone and non-histone proteins,
thus playing a role in tuning the expression of several key
regulatory enzymes. Citrate, as acetyl supplier, and CiC, as
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cytosolic citrate transporter, show, therefore, a critical role
in epigenetic modifications (Choudhary et al. 2014; Mews
et al. 2017).

Citrate inhibits diverse major enzymes used in the
glycolytic pathway as a part of a negative feedback loop
(Williams and O’Neill 2018). The enzymes utilized in gly-
colysis, known as phosphofructokinase (PFK) 1 and 2, are
directly inhibited by citrate, and another enzyme, known
as pyruvate kinase (PK), is indirectly inhibited by it. Cit-
rate is also responsible for decreasing the level of fructose-
1,6-bisphosphate that is a known activator of PK (Yalcin
et al. 2009). Therefore, citrate is responsible for inhibiting
the pathways that synthesize ATP and triggers those that
consume it. Citrate also allosterically regulates ACC and the
fructose-1, 6-bisphosphate that is a gluconeogenic enzyme
(Iacobazzi and Infantino 2014). Citrate is associated with
different cellular and metabolic processes comprising those
significant for the immune system (Williams and O’Neill
2018). In murine M1 macrophages, increased isocitrate and
aKG ratio has been observed along with a reduced level
of isocitrate dehydrogenase (IDH1), the enzyme that inter-
converts these two metabolites, leading to metabolic TCA
cycle breakpoint (Jha et al. 2015). The same processes have
also been observed in dendritic cells (DCs) (Everts et al.
2014). With the increased glycolytic pathway flux in both
macrophages and DCs, pyruvate obtained from glucose goes
into the Krebs cycle, but it certainly cannot reach the pre-
vious citrate and isocitrate levels. In human macrophages,
the export and mitochondrial citrate breakdowns are associ-
ated with the synthesis of many essential pro-inflammatory
molecules, like nitric oxide (NO), ROS, and a few prosta-
glandins (Infantino et al. 2013). Prevention of CiC function
and its genetic silencing through the small interfering RNA
(siRNA), will lead to a substantial decrease in NO, ROS
and prostaglandin synthesis in lipopolysaccharides and mac-
rophages that are stimulated to release cytokines. A study
has shown that the reduction in prostaglandin synthesis is
due to the reduced availability of its precursor molecules,
since the addition of exogenous acetate regulates the inhibi-
tion activity of CiC on prostaglandin synthesis. Acetate can
be transformed into acetyl-CoA synthase (ACSS) (Starai and
Escalante-Semerena 2004). In the same way, citrate is also
considered vital for the stimulation of DCs.

Energy metabolism of cancer cell

Abnormal functioning of the TCA cycle can result in vari-
ous pathological conditions in the human body (Anderson
et al. 2018). Numerous studies have shown that malignant
cells need much smaller amounts of oxygen to grow and that
their metabolism follows an anaerobic pattern that leads to
lactic acid production. This phenomenon known as the “War-
burg Effect’, is observed even in the presence of completely

functioning mitochondria. It increases cell acidity, lowers
oxygen supply, and causes cancer-specific DNA changes
(Liberti and Locasale 2016; Vander Heiden et al. 2009).
Paradoxically, even in the presence of oxygen, cancer cells
prefer to behave as if they were in anaerobic conditions: they
avoid the Krebs cycle and therefore have a very reduced
efficiency. They quickly consume large amounts of glucose,
resulting in only two ATP molecules and lactic acid. In this
way, they produce a very acidic environment around them
and kill healthy cells. Malignant tumors are characterized
by an increased metabolism that conditions a rapid growth
which is determined not only by the synthesis of membrane
compounds and ribonucleic acids, but also by an intense
generation of energy.

Energy metabolism of the tumor is a feature common to
all types of cancer cells, from the early stages of transfor-
mation to tumor invasion and metastasis, both in vitro and
in vivo (Bartkova et al. 2006). Energy metabolism, and in
particular glucose metabolism, depends on several factors,
both genetic that will dictate the degree and type of expres-
sion of the major enzymes involved in glycolysis, as well as
external factors, such as glucose concentration in the extra-
cellular environment.

Higher proliferation cells have a lower NADH level,
which confirms that anabolic processes are predominant
in cancer, and the amount of energy generated is sufficient
to maintain transmembrane ion gradients, macromolecule
synthesis, counteract oxidative stress, or support to other
energy-dependent processes. NADH is an energy-equiva-
lent, mainly produced by the enzymatic activity of aero-
bic glycolysis dehydrogenases. If the oxygen level in the
tissues is low, especially in tumors with high proliferation,
the phenomenon of hypoxia and imperfect vascularization
determines the transition to predominantly glycolytic energy
metabolism. The oxidized glucose in the cells comes either
from the degradation of the own glycogen or from the blood
that infuses the respective tissue. Cancer cells continue to
produce up to 80% of ATP in the process of glycolysis,
a phenomenon that occurs in the presence of oxygen, as
opposed to proliferating cells that are in hypoxic environ-
ments (Diaz-Ruiz et al. 2011). This persistent phenomenon
characterized as a hallmark of cancer cell metabolism. Otto
Warburg tried to explain the phenomenon of aerobic gly-
colysis by the appearance of mitochondrial dysfunctions.
He considers that two phases characterize the birth of can-
cer cells from normal cells: the appearance of irreversible
damage in the breathing process, and substitution of breath
by fermentation (Devic 2016). The factors that lead to the
disturbance of tissue respiration are carcinogens, radiation,
hypoxia, inflammation, viruses, mutations, oncogenes, and
age. The result is a reduction in the number of mitochondria,
crystolysis, and disturbance of OxPhos processes. The fer-
mentation process compensates the insufficiency of energy.

@ Springer
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Only the cell having the fermentation capacity becoming a
cancer cell, as this is the only source of energy acquisition
required for the activity of the Na™/K*-ATPase pumps. The
hypothesis of a causal involvement of mitochondrial dys-
function and glycolysis in the oncogenesis process was, sub-
sequently, abandoned in favor of the genetic theory of cancer
occurrence following the involvement of genetic mutations
and, in particular, tumor suppressor genes. Mitochondrial
biology and aerobic glycolysis or Warburg’s phenomenon
are in the focus, when mitochondria are involved in apopto-
sis or programmed cell death (Vallee and Vallee 2018). The
role of the Warburg effect in tumor progression is not fully
known (Liberti and Locasale 2016). An adaptive role to an
energy substrate deficiency in a rapidly proliferating cell
population has been proposed. One of the causes is also the
lack of vascular network or angiogenesis, which could meet
the rapid growth needs of the tumor. The diffusion capacity
of glucose much higher than that of oxygen in tissues has
also been postulated, as a possible cause of the transition
from oxidative to glycolytic metabolism (Hao et al. 2010).
In addition, the role of acidification by the lactate generation
of intensive glycolysis could have a toxic effect on normal
cells, which also induces invasion and metastasis. Currently,
apoptosis inhibition is one of the hallmarks of tumor cells.
Apoptosis presents a programmed death mechanism of can-
cer cells dependent on the cell’s energy reserves. Glycolysis
would be one of the important mechanisms, implemented
by the tumor tissue, which would allow it to continue to
proliferate under conditions of energy stress (evidenced by
the high absorption of 2-deoxy-p-glucose) (Zhang et al.
2014). A second evidence, which supports the hypothesis of
increased glycolysis, is the increase in lactate concentration.
Cancer cell metabolism is associated with marked lactate
production and secretion in peritumoral tissues. In tissues,
where glucose uptake is not disturbed, the increased level of
lactate as the end product of glucose conversion to pyruvate
and subsequently lactate under anaerobic conditions reflects,
first and foremost, an increased level of glycolysis. Lactate is
the rejected product of glycolysis and is normally absent in
healthy tissue under normobaric conditions and satisfactory
tissue oxygenation conditions (Stepien et al. 2016). In an
extracellular environment, there is an intense acidification,
mainly due to lactic acid (lactate), which represents a per-
centage of 80% (the other 20% are the result of CO, accumu-
lation, generated in the TCA cycle). As stated, some authors
attribute this tumor acidity the role of an aggressive factor
in tumor invasion (Waniewski and Martin 1998). In recent
years, in the specialist literature, the hallmark of the energy
metabolism of the tumor, according to the most common
hypothesis, is the predominance of glycolytic metabolism
over OxPhos (Burns and Manda 2017).

It is obvious that in both normal and cancer cells, the
latter being characterized by an undirected proliferation,

@ Springer

different mechanisms are evoked to overcome the energy
crisis. Some of the mechanisms that may be involved in can-
cer cell metabolism are angiogenesis and autophagy. Angio-
genesis, the process of capillary sprouting from preexisting
vessels, is a complex process crucial for sustained primary
tumor growth, metastases acceleration and cancer progres-
sion. Angiogenesis inhibitors could enable improvements
in tumor suppression (Cook and Figg 2010). Autophagy,
through its catabolic role, allows recycling of metabolites
of dysfunctional organs or useless compounds and contrib-
utes, at the same time, to the survival of tumor cells (Isidoro
et al. 2005; Kimmelman and White 2017). Thus, autophagy
serves as a protective effect for cells, providing an alternative
source of nutrients. However, loss of the gene that initiates
the autophagy process (Beclin 1), is frequently revealed in
tumor tissues, which paradoxically would give it the role as
a cell-fate decision machinery (Fei et al. 2016; Kang et al.
2011).

Krebs cycle activators
Glutamine

Cell growth and survival need various metabolic pathways
that generate energy, precursor molecules for the production
of basic cellular macromolecules, and substrates for other
vital activities. Glucose and glutamine are the two most
important and abundant nutrients that support the cellular
functions mentioned above leading to increase the growth
and survival of the cells. Glutamine acts as an interorgan
shuttle for nitrogen and carbon; it is also the chief source
of nitrogen for the production of nonessential amino acids,
hexosamines and nucleotides as well. In culture media, glu-
tamine represents a high percentage of carbon and nitrogen
metabolism (Yang et al. 2014). The citric acid cycle assists
in ATP synthesis. The pathways start with the condensa-
tion reaction of oxaloacetate and acetyl-CoA to synthesize
citrate. Further oxidation of citrate produces the reducing
equivalents to trigger the ATP synthesis through the OxPhos
process. In this pathway, two carbons are released in the
form of CO, per cycle and regenerate oxaloacetate. In can-
cerous cells, the Krebs cycle works differently. Under such
circumstances, oxaloacetate will become a limiting interme-
diate unless it was provided by another source that certainly
did not come from the mitochondrial citrate. Such metabolic
pathways that produce oxaloacetate is known as anaplerosis.
They are responsible for enabling the Krebs cycle to func-
tion as a metabolic pathway that produces ATP (Owen et al.
2002). In the standard culture, several cancer cells utilize
a form of Krebs cycle in which acetyl-CoA is generated
from glutamine. Glutamine first transforms into glutamate
with the help of glutaminase (GLS). This enzyme helps
the glutamine to release the amide nitrogen in the form of
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ammonia. Glutamate is then transformed into a TCA cycle
intermediate aKG with the help of two kinds of reactions. In
the first reaction, transaminases are responsible for transfer-
ring the amino group from glutamate to a keto acid, synthe-
sizing aKG and amino acid. On the other reaction, glutamate
undergoes deamination with the help of glutamate dehydro-
genases (GDH), releasing ammonia and synthesizing aKG
without consuming a keto acid. GLS and transaminases are
majorly needed for the growth and survival of glutamine-
addicted cells (Yang et al. 2014). Hydrogen peroxide-medi-
ated oxidative stress impairs mitochondrial function. It has
been reported that ACO2 is the most sensitive enzyme to
the inhibition by H,O, in the TCA cycle. However, at the
concentrations in which ACO2 is inactivated (< 50 uM),
glutamate supplies the TCA cycle and NADH generation
resulted unaltered. If H,0, concentration increases (more
than twofold), inhibition of a-KT dehydrogenase occurs and
limits the amount of NADH available for the ETC. In the
early stage of an H,0,-induced oxidative stress, glutamate
could be used in a TCA cycle as a metabolite to maintain
NADH production (Gibson et al. 1998; Tretter and Adam-
Vizi 2000). Studies showed that this glutamate in the body
available from glutamine plays also a role in the inhibition
of consumption of oxygen caused by H,O, and NO. This
role is only specific for glutamine, not for the other amino
acids. The function of glutamine in the prevention of oxygen
consumption in sepsis that is caused by the ROS is mediated
through the help of glutathione.

Glutathione

When there is a limitation of NADH production to maintain
the Krebs cycle, glutathione (GSH) can act as an activator
of the Krebs cycle. GSH itself is an antioxidant enzyme that
scavenges the ROS and overcomes the oxidative stress to
maintain the metabolic pathways in the cell (Fig. 2) (Babu
et al. 2001). S-glutathionylation reactions control mitochon-
drial metabolism and function in response to fluctuations in
redox environment (Mailloux et al. 2014). These reactions
are performed under oxidative stress conditions or in some
cases even under normal conditions (Mailloux and Will-
more 2014). Glutathionylation reaction occurs when there
is a high concentration of glutathione disulfide (GSSG), in
particular in the high oxidative stress condition. Other reac-
tions of GSH also exist that are non-enzymatic and non-
specific and totally linked with some pathologies like cardio-
vascular diseases, neurodegeneration, etc. and linked with
oxidative stress (Bjgrklund et al. 2020a, b, 2021). In short,
GSH can overcome ROS and maintains the cellular micro-
environment suitable for producing energy through cellular
metabolic pathways (Mailloux et al. 2013). GSH depletion
leads to positive regulation of antioxidant genes, many of
which are under the Nrf2 (nuclear factor erythroid 2-related

factor 2) control. Since this transcription factor binds to the
antioxidant responsive element (ARE), a new and indirect
approach to cancer therapy is to modulate the Nrf2-ARE
metabolic pathway. An effective strategy, for increasing the
sensitivity of cancer cells to chemotherapeutic drugs, would
be to inhibit Nrf2 and Keapl (Kelch-Like ECH-Associated
Protein 1) interaction. Keapl is a cysteine-rich protein that
tightly interacts with Nrf2 and is encoded by the tumor and
metastasis suppressor Keaplgene (Lignitto et al. 2019).
Nrf2 shows a dual role in tumorigenesis: a protective activ-
ity in the early stages of tumorigenesis, but negative in the
later stages. The enhancement of Nrf2 activity remains an
important approach in cancer prevention while its inhibition
appears to be a valid approach for its treatment. The identifi-
cation of inhibitors or modulators of the Keap1-Nrf2 path-
way is a key topic of current research (Lu et al. 2016). One
potential target for redox chemotherapy is heme oxygenase-1
(HO-1). HO-1 inhibitors, including zinc protorporfirine and
several soluble derivatives (PEG-ZnPP), have been used suc-
cessfully to improve cancer cell chemosensitization (Roh
et al. 2017).

Iron

Iron has an essential role in the physiology of mammals
(Zoroddu et al. 2019). Iron-proteins are crucial components
in tissues, for the synthesis of DNA, for oxygen delivery
and electron transport. Though iron is an important nutri-
ent, it can also be toxic in high amounts. High levels of
iron can induce the generation of toxic oxygen metabolites,
which can be dangerous to cells leading their damage. Such
conditions can be seen in some diseases, such as hemochro-
matosis, in which excess amounts of iron can lead to the
impairment of tissues due to the oxidative stress damage
(Fleming and Ponka 2012; Kang et al. 1998). Organisms
have adapted a few regulatory mechanisms to control levels
of iron that are actually required for body needs. In advanced
eukaryotes, there are iron regulatory proteins (IRPs) that
sense iron concentration and post-transcriptionally regulate
the expression and translation of iron-related genes to main-
tain cellular iron homeostasis. However, in case of iron over-
load, due to the lack of efficient regulatory mechanisms for
its excretion in humans, chelation treatment is required. This
clinical practice helps to remove iron ions from the body or
to mitigate the toxicity by transforming them into less toxic
compounds or through their dislocation from the site where
they exert a toxic action (Nurchi et al. 2016). Deficiency of
iron can also cause many complications in the body (Lacho-
wicz et al. 2014). Several studies showed that deficiency of
iron would disturb the synthesis of ACO2 enzyme essential
for the regulation of the TCA cycle. The downregulation of
ACO?2 can limit the capacity of the TCA cycle to synthesize
ATP (Ross and Eisenstein 2002). Iron is also essential for
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the oxidation of acetyl-CoA through the TCA cycle and,
ultimately for the synthesis of ATP through OxPhos. For this
reason, iron acts as an activator for the Krebs cycle (Oexle
et al. 1999). In addition, iron is a cofactor for many enzymes
used in the metabolic processes of the cell, such as heme
and iron—sulfur clusters (ISCs), and is also required in the
form of co-factor for the production of amino acids, sterols,
proteins, and even fatty acids. These iron co-factors are vital
for the repair mechanism of DNA and the metabolism of
xenobiotics as well. It has been observed that during the iron
deficiency, many transcripts that encode ISC proteins taking
part in glutamate and lipoic acid production are down-reg-
ulated (Shakoury-Elizeh et al. 2010). To prevent nutritional
iron deficiency, the role of oral iron supplementation has
been recommended (Lachowicz et al. 2014).

NADH

NADH is found in the body naturally, and it performs a func-
tion in the process of generating energy for cells. NADH has
many vital roles in metabolism. Its oxidized form serves
as a coenzyme in redox reactions of metabolism. It acts as
a secondary messenger molecule. In eukaryotes, the elec-
trons are carried through the NADH. These electrons are
produced in the cytoplasm and then transferred into the
mitochondria to reduce the mitochondrial NAD through the
shuttles of mitochondria, e.g. malate-aspartate shuttle. The
NADH present in the mitochondria is further oxidized in
turn through the electron transport chain which pumps pro-
tons across the membrane and synthesizes ATP via OxPhos
(Rich 2003). NADH supplements are also available and are
used to improve mental clarity, concentration, alertness, and
memory (Fricker et al. 2018; Lautrup et al. 2019). Since
oral supplementation of NAD* precursors has been shown
to improve synaptic plasticity and neuronal morphology in
mouse models of Alzheimer’s disease (AD), it has also been
tested for human treatment with promising results (Demarin
et al. 2004; Hou et al. 2018). Hydrogen peroxide (H,0,) is
responsible for the inhibition of Krebs cycle enzymes and
this can limit the production of NADH. The most sensitive
enzyme of the Krebs cycle is ACO2; it can be easily affect
by oxidative stress or H,O, in the TCA cycle. Inhibition of
a-KGDH by oxidants is responsible for the lower amounts
of NADH in the cellular respiration process. When there is a
severe exposure of nerve terminals to H,0,, then glutamate
acts as an alternative compound. As already mentioned, the
synthesis of NADH is therefore maintained in the TCA cycle
(Tretter and Adam-Vizi 2000). During the H,0,-induced
oxidative stress, the glutamate is possible to be transformed
into aKG. When there is a high level of oxidative stress,
this phenomenon will rescue a part of the TCA cycle, then
ACO?2 is completely impaired but a-KGDH is still active and
ready to function (the production of «KG from the citrate is
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restricted). But, a-KGDH will be disturbed by oxidants. In
that case, a-KGDH will inhibit the synthesis of NADH and
the citric acid cycle activity will be also disturbed (Yudkoff
et al. 1994).

Carnosine

Carnosine (f-alanyl-L-histidine) is a natural dipeptide pre-
sent in many tissues (muscle, brain, liver, eye tissue, kidney,
lung tissue), reaching maximum concentrations in skeletal
muscle (~2.5 mM). The dipeptide is enzymatically synthe-
sized by carnosine synthase enzyme (EC 6.3.2.11) from
histidine and p-alanine precursors. The carnosine clearance
is mainly due to the hydrolytic action of carnosinase (EC
3.4.13.3). Carnosine manifests a multitude of functions
(Artioli et al. 2019; Prokopieva et al. 2016). During intense
muscle work, carnosine acts as a proton buffer. It binds
the excess protons, derived from lactic acid, and therefore
prevents the development of acidosis (Baguet et al. 2010).
Moreover, the presence of the histidine residue make it
capable of scavenging different radicals, forming chelated
compounds with prooxidant metals (such as Cu) (Klebanov
et al. 1998; Zhao et al. 2019). Carnosine increases the cell
proliferative potential (Hayflick limit) and cell morpho-
logical rejuvenation (Vishnyakova et al. 2014). Carnosine
increases the longevity of cells grown in vitro 2-3 times
and has a rejuvenating effect in senile cells. Together with a
direct and indirect antioxidant effect, antiglycating, metal-
chelating, chaperone and pH-buffering activity, carnosine
is effective in brain neuroprotection and neuromodulation
(Berezhnoy et al. 2019). Acute carnosine administration
in rats showed an increase of the TCA cycle and OxPhos
enzymatic activities, suggesting a preventative or even a
therapeutic role in oxidative-driven neurodisorders (Macedo
et al. 2016). The anti-neoplastic potential of carnosine has
recently been reviewed (Artioli et al. 2019). Several studies
claim that carnosine is tangled in cell apoptosis, cell cycle
stopping, cell proliferation and glycolytic energy metabolism
of some tumor cells (Cheng et al. 2019; Iovine et al. 2012;
Lee et al. 2018; Sale et al. 2013). The compound inhibits
tumor growth and metabolism processes through its antioxi-
dant activity and its ability to influence glycolysis (Iovine
et al. 2012). However, the exact mechanisms that explain
this action are not clarified and consequently its antineo-
plastic properties continue to be investigated (Oppermann
et al. 2016). Under the influence of carnosine the activity
of isocitrate dehydrogenase, malate dehydrogenase in the
TCA cycle together with the activities of mitochondrial elec-
tron transport chain complex I, I, III, and IV was markedly
decreased in the cultured human cervical gland carcinoma
cells (HeLa) but not in cervical squamous carcinoma cells
(SiHa). Carnosine could reduce the mRNA and protein
expression levels of ATP-dependent Clp protease proteolytic
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subunit (ClpP), which plays a key role in maintaining the
mitochondrial function in HeL a cells (Bao et al. 2018). The
influence of carnosine on the activity of chaperonins and a
decreased expression of inducible factor of hypoxia alpha
(HIF-1a) has been evidenced (Ding et al. 2018; Iovine et al.
2014). Carnosine protects cells from toxic action of alde-
hydes and ketones. It possesses the ability to form conju-
gates with toxic oxidized aldehyde products of lipids. The
glycated proteins are immunogenic. They take part in the
generation in the aging process of autoantigens. It is estab-
lished that glycosylated carnosine is not mutagenic, unlike
amino acids. It inhibits the lysine glycation reaction, modu-
lates the toxicity of the product to cell culture. Protein aging
is accompanied by the accumulation of adherent polypep-
tides, especially those containing carbonyl. It has been found
that carnosine not only binds to the carbonyl group in pro-
teins, but modulates their activity, inhibiting the formation
of cross-links in proteins, such as result of the generation
of the protein—carbonyl-carnosine adduct complex (Castel-
letto et al. 2019). Carnosine is a selective free-radical nitric
oxide NO-dependent activator of guanilate cyclase (Gc)
which catalyzes the biosynthesis of cyclic 3',5'-guanosine
monophosphate (cGMP). Therefore, carnosine can be used
as an effective remedy for treating sepsis, cancer, asthma,
migraine, all being related to the activation of the intracel-
lular signaling system NO-Gc-cGMPc (Severina et al. 2000).

Physical exercise

Exercise significantly changes the average concentrations
of metabolites that belong in particular to energy metabo-
lism. An earlier study described that the total concentrations
of lactate, pyruvate, malate, citrate, fumarate, fatty acids,
acylcarnitines, ketone bodies and TCA cycle intermediates
(TCAI) increased gradually during the incremental cycle
exercise (Schranner et al. 2020). There is a positive and sig-
nificant relationship between TCAI and approximately TCA
cycle flux in the skeletal muscles of humans during the aero-
bic exercise. This was the very first study that directly com-
pared the modifications in TCAI pool size with estimates
of Krebs cycle flux in human skeletal muscle (Gibala et al.
1998). Comparative modifications of these variables were
somewhat complicated, but the reported data demonstrated
a substantial increase in TCA cycle flow. This study showed
that the association between the pool size of TCAI and the
flux of the TCA cycle is not linear (Gibala et al. 1998). The
upturn in the citric acid cycle influx can take place by only
a little rise in the total concentration of TCAI. For instance,
during the shift from rest to submaximal exercise, the ratio
of the flux of the Krebs cycle can increase by 70-fold gradu-
ally above rest, while the total concentration of interme-
diates of the citric acid cycle only doubled. Other studies
reported that the concentrations of TCAI during the physical

activities or strenuous exercise showed that the concentra-
tion-induced expansion of the Krebs cycle pool is unrelated
to the capability for oxidative energy delivery (Bruce et al.
2001). Howarth et al. reported that after aerobic exercise, the
decrease in the muscle TCAI pool would not limit the cycle
endurance capacity (Howarth et al. 2004). There is a total of
six amino acid molecules that are metabolized in the resting
muscle: leucine, valine, isoleucine, aspartate, asparagine,
and glutamate. These amino acids give the amino groups
and ammonia for the further production of alanine and glu-
tamine and are released in large quantities in post-absorptive
conditions and for the period of ingestion of protein food.
During exercise, leucine and isoleucine can be oxidized and
transformed into acetyl-CoA. The other carbon skeleton
compounds are utilized only for the de novo production of
TCA-cycle intermediates and for the generation of glutamine
(Wagenmakers 1998). Almost half of the glutamine taken up
from muscle comes from glutamate from the blood circula-
tion after the ingestion of a large meal. Glutamine that is
synthesized in muscle is an essential fuel and the controller
of DNA and RNA formation in mucosal cells, and satisfies
many other vital functions in human metabolism. The ala-
nine aminotransferase reaction serves to regulate and sus-
tain the high concentrations of Krebs cycle intermediates in
muscles during the first ten minutes of exercise. The upturn
in the concentration of TCA-cycle intermediates possibly
required to increase the flux of the TCA cycle to fulfill the
increased energy demand of exercise (Wagenmakers 1998).
In the course of intense exercise, the expression of peroxi-
some proliferator-activated receptor-gamma coactivator 1o
(PGCla) increases in skeletal muscle. PGCla is a transcrip-
tional coactivator able to activate branched-chain amino
acid metabolism, fatty acid oxidation, and the TCA cycle
(Hatazawa et al. 2015; Kamei et al. 2020).

Krebs cycle inhibitors
Aconitase inhibition (zinc excess and other inhibitors)

Aconitase is an enzyme involved in the maintenance of cell
metabolism. There are two forms of aconitase, one is mito-
chondrial (ACO2), and the other one is cytosolic (ACO1)
(Lushchak et al. 2014). The essential role of ACO?2 is to
regulate the ATP synthesis in a cell through the regulation
of intermediate flux in the TCA cycle. ACOl, in its reduced
form works as an enzyme, while, in oxidized form, has a
role in iron homeostasis as iron regulatory protein 1 (IRP1).

Research has been done on ACO?2 inhibition by zinc. It
has been demonstrated that zinc at physiological levels is a
substantial inhibitor, in mammalian cells, of mitochondrial
ACQO2, the enzyme that catalyzes the conversion of citrate
to isocitrate, resulting in the accumulation of citrate that is
unable to enter the Krebs cycle. Zinc serves as a competitive
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inhibitor of ACO2, in a mechanism in which only citrate is
utilized as a substrate. Inhibition of zinc is specific for the
reaction from citrate to cis-aconitase. As a result, the Krebs
cycle is affected as the zinc—citrate complex competes with
the free citrate to occupy the active site of ACO2 (Costello
et al. 1997).

In prostate cancer, the normal citrate-synthesizing glan-
dular secretory epithelial cells undergo a substantial meta-
bolic conversion to malignant citrate-oxidizing cells. The
critical step of this metabolic conversion, important to pro-
duce malignancy in the prostate, involves ACO2. The reduc-
tion of ACQO?2 activity in the prostate epithelial cells may be
due to a reduced level of ACO2 enzyme or its inhibition.
Zinc is inhibitor of ACO2 in the prostate epithelial cells and
its depletion is the reason for the prevailing of malignancy
and metabolic transformation of citrate.

Normally the secretory prostate cells have the specific
activity of synthesis and secretion of elevated levels of
citrate, with the single limiting ACO2 responsible for the
impairment of oxidation of citrate. Conversely, in cancerous
cells, the activity of ACO2 is not limiting and consequently,
the citrate oxidation is also not impaired (Singh et al. 2006).
Metabolic transformation or reprogramming is the key hall-
mark of cancer. That’s why targeting metabolism can pro-
vide an effective way to find promising drug targets to treat
cancer (Huang et al. 2020). In prostate cancer, cells endure
metabolic reprogramming from the accumulation of zinc.
Malignant prostate cancer tissues have low levels of zinc
and higher expression of ACO2 which activity is regulated
by ROS. It has been postulated that both zinc and a zinc-
dependent metalloprotein P53, which functions in regulating
the redox state and metabolism in cancer cells, can impair
ACO2 activity and affect cell metabolism trough an increase
in ROS levels (Xue et al. 2019). Targeting ACO2 through
zinc, P53 or by utilizing another inhibitor compound pro-
vide a new strategy for prostate cancer treatment (Xue et al.
2019). In that way, accumulation of ROS causes a decrease
in ACO?2 activity, consequently Krebs cycle slow down and
energy production is reduced. This leads to mitochondrial
dysfunction, resulting in apoptosis of malignant cell. Con-
versely, in breast cancer, expression of ACO?2 is reduced and
when overexpressed a dysregulation of pyruvate metabolism
occurs. This reveals a metabolic vulnerability of cancers
associated also with ACO2 loss (Ciccarone et al. 2020).

Toxic metals

The influence of toxic metals on the enzymes of the Krebs
cycle and their activity have been evaluated (Oexle et al.
1999; Strydom et al. 2006). These studies demonstrates,
for example, that lead and cadmium alone or in combi-
nation have a deleterious effect on all TCA enzymes as
a-ketoglutarate dehydrogenase, malate dehydrogenase,
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iso-citrate dehydrogenase and succinate dehydrogenase
(Bansal et al. 2002). It has been observed that due to cad-
mium, muscle glycogen and liver glycogen are reduced
(Strydom et al. 2006). In addition, high exposure of iron,
and specifically to iron chloride, in human cell lines, can
compromise Krebs cycle activity, mitochondrial respiration
and oxidative phosphorylation. Elevated amount of iron
enhance the expression of ACO2 through a mechanism that
involves IRPs. There is a complicated relationship between
iron homeostasis, the supply of oxygen, and the energy
metabolism of the cell, since, as already mentioned, iron in
normal concentration has positive influences on Krebs cycle
(Oexle et al. 1999). These relationships, however, are not
completely understood yet. The lethal effect of chromium
has been also evaluated on the activity of lactate dehydroge-
nase, succinate dehydrogenase and pyruvate dehydrogenase
(Anjum and Shakoori 1997). TCA cycle is also affected by
manganese through perturbation of lactate dehydrogenase
activity as well as other Krebs cycle enzymes. The change
in brain energy metabolism, the increased glycolytic flux
and lactate synthesis might contribute to the toxic effects
of manganese in the brain (Zwingmann et al. 2004). Also
aluminum is able to inhibit several enzymes comprising
those related to glycolysis and Krebs cycle, thus interfering
with the metabolic pathways of mitochondria (Zatta et al.
2000). Studies have been shown the negative effect of Al
on the bioenergy production mechanism in the cells that are
consuming oxygen. Aluminum stimulates oxidative stress
and triggers the accumulation of succinate (Mailloux et al.
2006). Therefore, the presence of aluminum in a microenvi-
ronment of the cell would negatively affect the production
of ATP. However the mechanism by which aluminum acts
as a pro-oxidant has not been completely clarified (Mailloux
et al. 2006). Aluminum is, in fact, a complicated stressor. It
affects multiple biological activities. Aluminum affects iron
metabolism, and this phenomenon also mediates the for-
mation of ROS intracellularly. As already mentioned, both
iron deficiency and overload can affect the synthesis of ATP.
Therefore, aluminum toxicity influences Krebs cycle directly
and indirectly perturbing the iron dependent enzymes of the
TCA cycle (Lemire and Appanna 2011). The lack of ATP
synthesis in the brain cells might be a critical cause of neu-
rodegenerative pathologies because the brain is an energy-
demanding organ (Kumar and Gill 2009). However, this
anomaly in primary metabolic processes may be responsible
for the inability of the cytoskeleton to subsidize the appro-
priate structure of astrocytes. This breakdown in astrocyte
morphology will affect the brain because astrocytes provide
scaffolding and control the blood-brain barrier through their
filopodia (Lemire and Appanna 2011). Ameliorative meas-
ures in reducing metal induced oxidative stress and mito-
chondrial dysfunctions are therefore required. In particu-
lar, these strategies include chelation therapy, antioxidants,
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plant extracts, and drugs, applied alone or in combination
(Crisponi et al. 2013; Kumar and Gill 2014; Nurchi et al.
2019). It also seems essential to further evaluate the effect of
the metal ions on the central metabolic pathways as potential
biomarkers, as they may eventually provide an early indica-
tion of ongoing disease (Strydom et al. 2006).

Metformin

Metformin is associated with the biguanide family of drugs
utilized for the treatment of diabetes (Inzucchi et al. 2015).
Metformin is a well-known drug that inhibits the complex I
of the electron transport chain in mitochondria. It results in a
decrease in the activity of mitochondrial complex I and ulti-
mately decreased ATP production through oxidative phos-
phorylation. In diabetic people, metformin initially works in
the hepatocytes and inhibits gluconeogenesis. This process
is responsible for reducing the hyperglycemia and the related
increase in insulin present in the circulation. Metformin has
a role in stimulating the LKB1-dependent stress reaction
in the hepatocytes, which results in the activation of the
AMP-activated protein kinase energy sensor and decreased
expression of gluconeogenic enzymes in the liver (Shaw
et al. 2005). A pilot case—control study indicated the ability
of metformin to reduce the risk of cancer in type 2 diabetic
people (Evans et al. 2005). These early observations were
subsequently confirmed in several epidemiological studies
and meta-analyses (Dinic et al. 2020). Metabolic profiling
can be used to evaluate the effect of metformin on cancer
cell metabolism. Results indicate that metformin inhibits the
flow of carbon source into the Krebs cycle, which affects the
metabolic pathways of mitochondria and all the biosynthe-
sis that is occurring within the mitochondria, involving de
novo lipogenesis. This indicates that the cancer cells with
decreased oxidative mitochondrial activity are responsible
for mutations in the electron transport chain under the met-
formin treatment. Therefore, metformin can suppress tumor
cell proliferation by inhibiting the TCA cycle and its meta-
bolic intermediates that are essential for the proliferation of
cancer cells (Griss et al. 2015).

At the cellular level, metformin is responsible for the dis-
ruption of mitochondrial activity via partially suppressing
the NADH dehydrogenase. It also inhibits the glycerol phos-
phate dehydrogenase in hepatocytes. All these disruptions
are responsible for the modifications to the OxPhos. Con-
sequently, electrons present in NADH and Flavin adenine
dinucleotide (FADH,) are not efficiently transported via
the electron transport chain. Metformin affects several pro-
cesses in cell, such as AMPK signaling, folate metabolism,
anabolic metabolism, and protein kinase A signaling (Liu
et al. 2016). The data showed that metformin is responsi-
ble for decreasing the mitochondrial respiration. St-Pierre
et al. demonstrated that metformin influences mitochondrial

bioenergetics in intact cells and in isolated mitochondria,
reducing the metabolism of glucose via the Krebs cycle
and limiting OxPhos activity. The decrease in mitochon-
drial function due to the activity of metformin resulted in a
compensatory increase in glycolysis. Cells treated with met-
formin appear energetically inefficient and show increased
aerobic glycolysis and reduced glucose metabolism through
TCA cycle. Inhibition of all these processes in cancerous
cells can substantially reduce their survival and it is very
useful in cancer treatment (Andrzejewski et al. 2014). The
uses of metformin has been associated with a decreased can-
cer incidence and mortality. However, its potential use as
an immunotherapeutic agent must however be supported by
further evidence to confirm its possible benefits in the treat-
ment of malignancies (Chae et al. 2016).

Vitamin B,, deficiency

Vitamins B are a class of vital nutrients that take part in
mitochondrial metabolic pathways. They have a role as co-
factors or co-enzymes for all the mitochondrial enzymes.
Five vitamins B (B, B,, B3, Bs, and B,/By) are directly tak-
ing part in the activity of the Krebs cycle (Janssen et al.
2019). They regulate the activity of all mitochondrial
enzymes. Regulating an appropriate pool of vitamins B in
mitochondria, is very important to maintain the metabolic
and other biochemical processes that are carried out by these
mitochondrial enzymes (Janssen et al. 2019). In particular,
vitamin B, (cobalamin) is essential for the production of
succinyl-CoA from methylmalonyl-CoA in mitochondria,
and is also vital for the biosynthesis of nucleotides and for
the metabolism of amino acids. Vitamin B, deficiency can
cause growth retardation and many metabolic disorders in
mammals (Green et al. 2017; Solomon 2007). Deoxyadeno-
sylcobalamin, one of the biologically active forms of vitamin
B,,, is the vital co-enzyme for methylmalonyl-Coenzyme
A mutase (MUT) found in mitochondria. This enzyme is
responsible for the conversion of methylmalonyl-CoA into
succinyl-CoA, and plays a function in the breakdown of
amino acids and fatty acids chain. Early investigations on
mice indicate that vitamin B,, deficiency was able to disrupt
the normal hepatic glucose and glutamic acid metabolism,
probably by the TCA inhibition, accompanied by an unusual
accumulation of methylmalonic acid (MMA) (Toyoshima
et al. 1996). Accumulation of MMA hinders the conversion
of methylmalonyl-CoA into succinyl-CoA, and that how suc-
cinyl-CoA cannot enter into the TCA cycle. Therefore, TCA
gets disrupted due to the deficiency of vitamin B ,. This
denotes that vitamin B, is essential for the activity of the
MUT enzyme and the proper functioning of the TCA cycle
(Green et al. 2016). Another form of vitamin B,,, methyl-
cobalamin, serves as a cofactor for the cytosolic enzyme
5-methyltetrahydrofolate-homocysteine methyltransferase
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(MTR), also referred to as methionine synthase. This
enzyme is responsible for the transmethylation of homo-
cysteine through methyltetrahydrofolate (MTHF) to methio-
nine. Moreover, except serving as a coenzyme for methio-
nine synthase, methylcobalamin is also responsible for the
production of GSH (Janssen et al. 2019). The mechanisms
in the regulation of vitamin B, metabolism are still under
study. Recently, a novel metabolic pathway for vitamin B,
has been described. This linked vitamin B,, with the catabo-
lism of itaconate, an antimicrobial and immunomodulatory
metabolite, and with the knockout of citrate lyase subunit
beta-like (CLYBL) gene, which encodes a ubiquitously
expressed mitochondrial enzyme. During immune activa-
tion, itaconate is produced at a high concentration by mac-
rophages, and inhibits vitamin B, metabolism. This fact
underline a novel link between vitamin B, and immune
system (Reid et al. 2017; Shen et al. 2017).

Role of Krebs cycle modulations
Oxidative and nitrosative stress

Aconitase is an enzyme that contains an iron—sulfur clus-
ter sensitive to oxidation. Oxidative stress or ROS play a
chief role in aconitase activities maintenance. The catalytic
activity of aconitase is regulated by oxidation of [4Fe-4S]**
cluster and by reversible oxidation of cysteine residues. The
redox-dependent posttranslational modifications of acon-
itase aroused greater interest. These occur due to oxidation,
nitrosylation, and thiolation of cysteine residues and tyros-
ine residues (Lushchak et al. 2014). Oxidative and nitrosa-
tive stress is a constant challenge facing various organisms.
Nitric oxide can interacts with ROS, like superoxide (O, ™)
and hydrogen peroxide (H,0,), generating a group of toxic
reactive nitrogen species (RNS). RNS includes nitrous oxide
(N,0), peroxynitrite (NO3), nitroxyl anion (NO~), and per-
oxynitrous acid (HNQO;). Since also RNS can severely dam-
age cellular components, organisms have developed elabo-
rate detox mechanisms that can control their homeostasis.
However, the role of cell metabolism in preventing RNS is
not completely understood so far. RNS and ROS can inter-
act with aconitase decreasing its activity and thereby slow
down glucose consumption, TCA cycle and OxPhos pro-
cess (Auger et al. 2011). It has been recognized that TCA
cycle intermediates can act effectively in brain cells protec-
tion against reactive oxidative species. In particular, it has
been demostrated that, between these intermediates, only
pyruvate, oxaloacetate, and a-ketoglutarate showed neuro-
protective effect against H,O, mediated toxicity in neuronal
cells (Sawa et al. 2017). Other reports suggest their positive
effects on neurons by enhancing cell infrastructure, support-
ing glycolysis and enhanced respiration (Ruban et al. 2015;
Zhang et al. 2017). Therefore these intermediates, due for
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their antioxidant, anti-inflammatory, and anti-aging proper-
ties, can be considered perspective tools for many therapeu-
tic interventions to approaches and minimize the deleterious
effects of oxidative stress as in preventing or treating chronic
neurodegenerative diseases (Bayliak et al. 2016; Wahl et al.
2019).

Inflammation

The innate immune system is the primary line of defense
against infection and pathogens. Dendritic cell and mac-
rophages play an essential role for mediating protective
immune responses. Citrate has been showed to have a key
role in inflammatory pathways. In macrophages, there is a
large amount of isocitrate and a-ketoglutarate, and a tran-
scriptional downregulation of isocitrate dehydrogenase 1
(Jha et al. 2015). The same ratio of intermediates is also
found in the dendritic cells (Everts et al. 2014). In both
macrophages and dendritic cells, it has been observed an
increased flux of glycolysis and a TCA cycle fragmenta-
tion. Pyruvate that is coming from glycolysis enters into
the TCA cycle, but it cannot keep going on past citrate and
iso-citrate. The degradation of citrate present in the mito-
chondria has been associated with the synthesis in human
macrophages of various key pro-inflammatory media-
tors as ROS, NO and prostaglandin E2 (Williams and
O’Neill 2018). An increase amount of citrate is observed
in both mouse and human necrosis factor o« (TNFa) and
interferon-y (IFNy) macrophages (Tannahill et al. 2013).
The gene SLC25A1 codes the mitochondrial citrate carrier
(CiC) that triggers the transfer of citrate from the mito-
chondrial to the cytoplasm compart. In cytosol, citrate
is converted to acetyl-CoA and oxalacetate by the ATP-
citrate lyase. SCC25A1 is responsible for increasing the
synthesis of inflammatory cytokines since acetyl-CoA pro-
motes histones acetylation at the TNFa and interleukin
IL-8 promoter regions, increasing the production TNFa,
IL-1pB, and IFNy macrophages. These further involve the
stimulation of nuclear factor kappa B (NF-xB) and sig-
nal transducer and activator of transcription 1 (STAT1),
which ultimately produces chronic inflammation in the
body (Infantino et al. 2014). Upon lipopolysaccharides
(LPS) stimulation, the TCA intermediate, succinate, accu-
mulates in the cytoplasm of monocyte macrophages and
DCs. This leads an increase of OxPhos activity, ROS pro-
duction, HIF-1a stabilization, intracellular sensor NLRP3
inflammasome activation, pro-IL-1p transcription regula-
tion and an increase of IL-1f production (Aguilar-Lopez
et al. 2020). Fumarate and its derivatives, together with
their bacteriostatic and bactericidal properties, are pow-
erful immunomodulators and antioxidants (Garaude et al.
2016). An anti-inflammatory activity of dimethyl fumarate
has been highlighted on murine astrocytes. It exerts in vivo



Archives of Toxicology (2021) 95:1161-1178

1173

neuroprotective effects in inflammation via activation of
the Nrf2 antioxidant pathway and reducing oxidative stress
(Linker et al. 2011). Chronic inflammation can be induced
due to multiple chronic pathologies involving autoim-
mune disorders, cancer, and metabolic disorders. There
are increasing evidences that innate immune memory
involves changes in glycolysis, oxidative phosphorylation,
fatty acid and amino acid metabolism (Breda et al. 2019).
A future approach in the treatment of diseases, such as
inflammatory syndromes and cancer, could be done modu-
lating mitochondrial activity in immune cells, such as the
“citrate pathway” (Breda et al. 2019; Swanson et al. 2019;
Williams and O’Neill 2018).

Liver detoxification

Mitochondrial failure or dysfunction has been described
in many liver diseases, for example, hepatocellular carci-
noma, drug toxicity, and it is usually recognized as early
modifications in the liver. Body cells developed various
mechanisms to maintain the mitochondria integrity and to
hinder the effects of mitochondrial lesions. For example,
enhanced mitochondria biogenesis and controlled trans-
duction pathways signal make sure the energy metabo-
lism and regulate the apoptosis and various inflammatory
reactions (Degli Esposti et al. 2012). TCAI have a role in
liver detoxification. One study described that people suf-
fering from fulminant liver failure have disturbed brain
metabolism that may be associated with increased ammo-
nia rates. One effect of ammonia is the inhibition of the
rate-limiting TCA cycle enzyme a-KGDH and probably
pyruvate dehydrogenase. A study of Ott et al. provides
a proof about the association between liver detoxifica-
tion of ammonia through the production of glutamine and
lactate (Ott et al. 2005). This showed that the inhibition
of both «-KGDH and pyruvate dehydrogenase enhances
the detoxification of ammonia through the production of
glutamine from a-KG and it also decreases the amount of
NADH and oxidative synthesis of ATP in the mitochondria
present in the astrocytes (Ott et al. 2005). In the cytosol of
astrocytes, this will lead to the synthesis of lactate even
in the existence of enough supply of oxygen. There is one
other way to synthesize the ATP by utilizing amino acids.
In this compensatory mechanism, branched-chain amino
acids are used, such as isoleucine and valine, which can
supply skeletons of carbon and bypass the a-KGDH inhibi-
tion and regulation of activity of TCA cycle (Holecek and
Vodenicarovova 2018). A treatment of hyperammonemic
patients with glutamine synthetase inhibitors has been also
described as potential effective target therapy (Brusilow
et al. 2010; Dadsetan et al. 2013; Korf et al. 2019).

Carcinogenesis

Mitochondria dysfunction could cause cancer (Sajnani et al.
2017). Oxidative damage to mitochondrial DNA has been
linked with the cancer pathogenesis and many mitochondrial
genes are found to be upregulated in the cancer progression.
This discovery encouraged scientists to further evaluate the
role of mitochondria in the genesis of cancer. Inherited and
acquired modification in TCA enzymes, namely citrate syn-
thase, succinate dehydrogenase, fumarate dehydrogenase,
and isocitrate dehydrogenase, has been recognized in various
types of cancers (Sajnani et al. 2017; Wallace 2005). In addi-
tion, several intermediates of the TCA pathway, such as suc-
cinate, fumarate, itaconate, 2-hydroxyglutarate isomers, and
acetyl-CoA, showed extensive evidence for their “non-meta-
bolic” signalling functions, related to physiological immune
or disease contexts, such as the genesis of tumors (Ryan
et al. 2019). Abnormalities in the genes that are encoding
the TCA cycle’s enzyme lead to aberrant accumulation of
oncometabolite and mitochondrial failure since abnormali-
ties in the metabolic enzymes are responsible for the cancer
pathogenesis. These alterations mostly occur in aconitase
because it is the critical and sensitive enzyme of the TCA
cycle. This phenomenon is also responsible for the induction
of metabolic reprogramming in cancer cells and increases
the use of glucose through glycolysis for the proliferation
and survival of cancer cells (Ryan et al. 2019).

Conclusion

The primary energy source of cancer cells is glucose; the
metabolism of tumor cells is aerobic glycolysis (Warburg
effect), where lactate dehydrogenase is a marker of tumor
malignancy. Cancer cells’ dependence on glucose, the pos-
sibility of glutamine used in energy processes, inhibition of
oxidative metabolism are particularities of tumor metabo-
lism, which can be targeted for selective, basic, and adju-
vant treatment. The modulation of energy metabolism is a
new strategy in cancer treatment. Krebs cycle is the cen-
tral metabolic pathway that transfers NADH and FADH to
the electron transport chain and produces cellular energy
through oxidative phosphorylation. It is linked to several
metabolic pathways within cells. All the fuels, such as amino
acids, carbohydrates, and fatty acids, molecules end up in
the Krebs cycle for the further oxidation process. Many acti-
vators can initiate or enhance the functioning of the Krebs
cycle, for example, glutamine, glutathione, NADH, iron, and
exercise or aerobic training. However, there are some de-
activators of the Krebs cycle, also present, that are respon-
sible for decreasing its functionality, for instance, inhibition
of aconitase enzyme, heavy metal toxicity, aluminum toxic-
ity, metformin, and vitamin B, deficiency. These factors
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reduce the function of the Krebs cycle. It is also associated
with some pathologies. Genetic alterations in Krebs cycle
enzymes are responsible for the production of many patholo-
gies, including cancer. It is also associated with inflamma-
tory responses and oxidative/nitrosative stress. Krebs cycle
also has a role in liver detoxification by eliminating ammo-
nia through glutamine. Considering all the functions and
activities of the Krebs cycle, this appears to represent the
central and fundamental metabolic pathway in organisms.
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