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ABSTRACT

Mistakenly thought to be the consequence of oxygen lack in contracting skeletal muscle we now know that the
L-enantiomer of the lactate anion is formed under fully aerobic conditions and is utilized continuously in diverse
cells, tissues, organs and at the whole-body level. By shuttling between producer (driver) and consumer (re-
cipient) cells lactate fulfills at least three purposes: 1] a major energy source for mitochondrial respiration; 2] the
major gluconeogenic precursor; and 3] a signaling molecule. Working by mass action, cell redox regulation,
allosteric binding, and reprogramming of chromatin by lactylation of lysine residues on histones, lactate has
major influences in energy substrate partitioning. The physiological range of tissue [lactate] is 0.5-20 mM and
the cellular Lactate/Pyruvate ratio (L/P) can range from 10 to >500; these changes during exercise and other
stress-strain responses dwarf other metabolic signals in magnitude and span. Hence, lactate dynamics have rapid
and major short- and long-term effects on cell redox and other control systems. By inhibiting lipolysis in adipose
via HCAR-1, and muscle mitochondrial fatty acid uptake via malonyl-CoA and CPT1, lactate controls energy
substrate partitioning. Repeated lactate exposure from regular exercise results in major effects on the expression
of regulatory enzymes of glycolysis and mitochondrial respiration. Lactate is the fulcrum of metabolic regulation
in vivo.

TGFB

1. Introduction'

Mistakenly thought to be the consequence of oxygen deficiency in
contracting skeletal muscle, we now know that the L-enantiomer of the
lactate anion is formed under fully aerobic conditions and is utilized
continuously in diverse cells, tissues, organs and at the whole-body
level. In contrast the D-enantiomer is not typical of mammalian
metabolism and has negative consequences that have been described
previously [22,49]. Because in mammalian systems L-lactate is the in-
exorable product of one metabolic pathway (glycolysis), and the sub-
strate for another pathway (mitochondrial respiration), lactate is the
link between glycolytic and aerobic pathways. In contrast to its early
portrayal as a metabolic waste product and fatigue agent, lactate is the
principal messenger in a complex feedback loop system. According to
the Lactate Shuttle Hypothesis the linkage between driver cells of lac-
tate formation and recipient cells of lactate use or signaling can trans-
cend compartment barriers and occur within and among cells, tissues
and organs [14,16,18,19,73,172] (Fig. 1). Challenges to adenosine
triphosphate (ATP) supply stimulate lactate production, leading to
immediate, short- and long-term cellular adaptions to support ATP
homeostasis. The physiology and biochemistry of this topic was re-
cently reviewed and should be consulted [22,49], but subsequently new
information has become available, particularly with regard to the role
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the lactate shuttling in metabolic signaling [85,154,161,176].

As demonstrated on every mammalian model system studied (rats,
dogs, mice), and mainly humans, at the whole-body level, lactate me-
tabolism fulfills at least three functions: 1] lactate is a major energy
source [14,37,45,86,105,158,159]; 2] lactate is the major gluconeo-
genic precursor [12,48,110,160]; and 3] lactate is a signaling molecule
with autocrine-, paracrine- and endocrine-like effects and is referred to
as a “lactormone” [16,19,75]. Lactate exchanges within and among
cells are referred to as “Intracellular” and “Cell-Cell” lactate shuttles
that describe the roles of lactate in delivery of oxidative and gluco-
neogenic substrates as well as a signaling moiety [16,19]. Examples of
Intracellular Lactate Shuttles include cytosol-mitochondrial [23,32],
and cytosol-peroxisome exchanges [106]. Examples of the Cell-Cell
Lactate Shuttles include lactate exchanges between white-glycolytic
and red-oxidative fibers within a muscle bed and between working
skeletal muscle and heart [13,62,63], brain [65,132,164], liver and
kidneys [12,48,111,173], astrocytes and neurons [126] and vice versa
(i.e., neurons and astrocytes) [100]. Most, if not all Cell- Lactate
Shuttles are driven by concentration or pH gradients, or by redox state.
However, numerous body compartments and systems such as the in-
terstitial space, vasculature and circulation contribute to lactate shut-
tling in vivo.

The role of lactate as the preferred fuel energy source for exercising
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Fig. 2. Depiction of the Lactate Shuttle as it fulfills three physiological
Functions: 1] lactate is a major energy source; 2] lactate is the major gluco-
neogenic precursor; and 3] lactate is a signaling molecule with autocrine-,
paracrine- and endocrine-like effects and has been called a “lactormone”. These
functions can be subdivided to Metabolic (oxidative fuel) and gluconeogenic
(GNG) functions, and Regulatory, or signaling functions.
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muscles [14,105,108,158], and as the main gluconeogenic precursor
[11,12,48,110,111] have recently been reviewed [22]. Hence, fol-
lowing a brief review of lactate shuttling [16,19], this paper explores
aspects of lactate signaling in metabolic regulation (Fig. 2).

1.1. Background

The purported roles of lactate shuttling in physiology and metabo-
lism continue to gain support with ongoing research
[37,86,91,161,176]. In functioning humans [112,113], working human
skeletal muscles [14,159], as well as in the beating hearts of those in-
dividuals [13,62,63], lactate is preferred over glucose and fatty acids as
a fuel. Lactate is preferred over glucose as a fuel in brain preparations
[147,148,150] and, most importantly, in humans in vivo [76,164]. The
Astrocyte-Neuron Lactate Shuttle (ANLS) posits that lactate is extruded
by astrocytes and then actively consumed and oxidized by neurons
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Fig. 1. Depiction of the Lactate Shuttle as it describes
the roles of lactate in delivery of oxidative and glu-
coneogenic substrates as well as in cell signaling.
Examples of the Cell-Cell Lactate Shuttles include
o lactate exchanges between producer (or driver)
white-glycolytic (FW) and red-oxidative (SO) con-
sumer (or recipient) fibers within a working muscle
bed and between producer working skeletal muscle
and consumer heart, brain, liver and kidneys.
Examples of Intracellular Lactate Shuttles include
cytosol-mitochondrial and cytosol-peroxisome ex-
changes. Indeed most, if not all, lactate shuttles are
[} driven by a concentration or pH gradient, or by
redox state. Symbols: G — Glucose and Glycogen, L —
Lactate, and M — elements of the mitochondrial re-
ticulum. Originally compiled from diverse sources
(a} (16, 18, 19); from (22).
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involved in glutamatergic signaling [126]. Relevant to lactate shuttling
in brain [4,6], neurons possess the cellular components necessary for
glucose uptake and lactate production as well as direct arterial lactate
uptake and use by an Intracellular Lactate Shuttle [74]. Moreover, a
post-trauma neuro-protective role of lactate has been identified
[83,149]. In fact, because lactate is the preferred brain fuel, normally,
as well as post injury [66,67], lactate supplementation is being eval-
uated to hasten and improve outcomes following traumatic brain injury
(TBI) and other conditions [103,116,174].

Aerobic Glycolysis and Lactate Production and Oxidation:
Notwithstanding the Warburg Effect of aerobic glycolysis in cancer
[170]1, vide infra, we now have good support showing that aerobic
glycolysis leading to lactate production occurs continuously in resting
humans as well as during stressful conditions such as exercise, high
altitude exposure, trauma, pancreatitis, sepsis, myocardial infarction
and heart failure. At the outset of this discussion it is important to note
that lactate is the inexorable product of aerobic glycolysis (Fig. 3)
[22,139]. Importantly and regrettably, there is no solid experimental
support for the traditional view that glycolytic flux is directed to mi-
tochondrial respiration solely through pyruvate uptake by the mi-
tochondrial reticulum. In the past it was assumed by many that the
rising lactate abundance in the body indicated anaerobic conditions at
the cellular level, but our understanding of lactate as a metabolically
valuable carbohydrate has now replaced this traditional view [16,49].
Not only is experimental support lacking for the notion that glycolytic
flux is directed to lactate production only when oxygen is lacking, there
is no evidence that the first step in lactate oxidation (i.e., conversion to
pyruvate) occurs in the cytosol of any tissue, including the beating heart
or working skeletal muscle that has a lactate to pyruvate concentration
ratio (L/P) > 100 [80], and which are net glucose consumers [13]. In
contrast, there is compelling evidence that glucose and glycogen cata-
bolism proceed to lactate production under fully aerobic conditions
[7,39,136,139].

Lactate and The Mitochondrial Lactate Oxidation Complex (mLOC):
A necessary inclusion on the mLOC (vide infra) is necessary because
controversy surrounds the issue of mitochondrial lactate oxidation in
intermediary metabolism. Some investigators have produced
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Fig. 3. There is strong evidence that glucose and glycogen catabolism proceed
to lactate production under fully aerobic conditions in studies on intact animals,
animal tissue preparations and healthy humans in vivo. In muscles and arterial
blood of resting healthy humans lactate concentration approximates 1.0 mM,
while pyruvate concentration approximates 0.1 mM, the Lactate/Pyruvate (L/
P) being 10, with net lactate production and release from resting muscle of
healthy individuals when intramuscular partial pressure of oxygen (PO,) ap-
proximates 40 Torr, well above the critical mitochondrial PO, for maximal
mitochondrial respiration (1-2 Torr) [7,39,140]. During exercise at about 65%
of maximal oxygen consumption (VO,max) lactate production and net lactate
release from working muscle beds rise and the L/P rises more than an order of
magnitude (to ~500), but the intramuscular PO, remains at 3-4 Torr, well
above the critical mitochondrial O, level. Hence, it is appropriate to conclude
that in healthy humans glycolysis proceeds to lactate under fully aerobic con-
ditions. Importantly, most (75-80%) of lactate is disposed of immediately
within the tissue or subsequent to release and reuptake by working muscle, with
significant uptake and oxidation by heart or oxidation and liver for gluconeo-
genesis. Adapted from diverse sources [14,39,80,136,159]1; from Ref. [22].

mitochondrial preparations that oxidize lactate
[3,15,23,24,27,43,95,125], whereas some others [54,134,143,175]
have failed in the attempt. Conceptually, the issue is resolved if one
realizes that the cellular respiratory apparatus exists as an extensive
network, the mitochondrial reticulum [93,94]. Hence, attempts to iso-
late “mitochondria” for ex vivo respiratory studies inevitably result in
disruption of the mitochondrial reticulum and loss of functionality
[64,93] because of labiality and fragility of mitochondrial constituents
such as Cytochrome c and L-lactate dehydrogenase (LDH) in the face of
severe homogenization and harsh detergents. Still, it is possible to show
lactate oxidation in mitochondrial preparations from mammalian, in-
cluding human skeletal muscle [91]. Importantly, the presence of
muscle mitochondrial lactate oxidation can be demonstrated by several
different methodologies such as magnetic resonance spectroscopy
(MRS) [37,123]. Moreover, studies of muscle cells and tissues using
confocal laser scanning microscopy, immunoprecipitation and im-
munohistochemistry show presence of LDH in the mitochondrial Lac-
tate Oxidation Complex [73,74]. And finally on the matter of mi-
tochondrial lactate oxidation ample studies on healthy human subjects
show that the major route of lactate disposal is oxidation
[14,47,105,108,158-160]. In retrospect, the inability of some in-
vestigators to produce mitochondrial preparations that respire lactate is
reminiscent with previous studies in which mitochondrial preparations
which failed to oxidize long-chain fatty acids. Those failed results were
found to be attributable to action of the proteolytic enzyme Nagarse
[122]. In that instance the inability of mitochondria preparations to
recapitulate what is know to happen in vivo can be ascribed to isolation
artifact. So it is with mitochondrial preparations that lose LDH during
isolation and are unable to oxidize lactate; those failed results are due
to isolation artifacts. Knocking out, or crippling mLDH in preparation
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only proves the essential role in mitochondrial lactate oxidation in vivo.
And finally on this point, LDH is listed in mitochondrial constituent
databases, the MitoCarta (https://www.broadinstitute.org/scientific-
community/science/programs/metabolic-disease-program/
publications/mitocarta/mitocarta-in-0), and MitoMiner (http://
mitominer.mrc-mbu.cam.ac.uk/release-4.0/begin.do) [34,121].

Gluconeogenesis from Lactate: Because the majority of lactate dis-
posal occurs via direct oxidation (=50% at rest and 75-80% during
sustained exercise) [14,47], the discussion above on lactate utilization
centered on oxidative disposal. However, while approximately 25% of
lactate disposal is via gluconeogenesis [12,48], lactate is by far the
major gluconeogenic precursor [61,92]. First recognition of a metabo-
lically beneficial use of lactate in normal physiology was discovery of
the Cori Cycle with lactate as the major gluconeogenic precursor [41].
As typically rendered, the Cori Cycle is depicted as having Intracellular
Lactate Shuttles in both muscle and liver, that are linked via a Cell-Cell,
or rather an Organ-Organ (muscle to liver) Lactate Shuttle through the
vasculature. Although developed on the basis of net metabolite balance
studies on laboratory animals, due to technical limitations the Coris
were unable to demonstrate the phenomenon in humans. Fortunately
now with contemporary isotope tracer and arterial-venous difference
measurements it is certain that glycemia is supported by gluconeo-
genesis from lactate during postabsorptive (fasted) rest and physical
exercise [12,40,48,50,51,92,173], and that hepatic gluconeogenic
function is augmented by the kidneys under diverse physiological
conditions [110,111].

2. LACTATE, REDOX and ROS

Cell Work, Muscle Contraction and Mitochondrial Respiration:
Processes of cellular energy transduction occur continuously, but in the
case of muscle contraction metabolic rate is expanded by an order of
magnitude or more [22]. Adenosine triphosphate (ATP) hydrolysis is
immediately buffered by creatine phosphate acting through creatine
phosphokinase and rates of glycolysis and glycogenolysis are affected
by allosteric regulation of phosphofructokinase, other kinases and de-
hydrogenases. Nominal muscle lactate concentration ([lactate]) ranges
from 0.5 to 1.0 mM, but the dynamic range in flux and concentration
can be 20 to 30-fold [35] with a corresponding dynamic Lactate/Pyr-
uvate (L/P) range of 10 to >500 [80]. Such dramatic and dynamic
changes have corresponding effects on the cellular NAD " /NADH ratio.
The rise in blood L/P during exercise is relatively larger than the re-
lative rise in [lactate] because the relative and absolute increments in
[pyruvate] are low compared the comparable changes in [lactate]
[80,171]. Hence in terms of both its absolute dynamic range (mM), and
relative effect on cell redox, cell work leading to lactate production has
a huge effect on metabolic regulation in both driver and recipient cells.
Other examples of the effects of lactate production on cell redox follow.

Aside from the major effects of muscle contraction on cell redox
[68,165], L-lactate can effect cellular production of Reactive Oxygen
Species (ROS) by both enzymatically and non-enzymatically catalyzed
reactions. Perhaps, best known is the chemistry by which ROS are
generated as the result of mitochondrial respiration [124,129]; less
studied are lactate-iron interactions that are capable of generating ROS
[168].

Because of the Intracellular Lactate Shuttle, lactate (not pyruvate) is
the major fuel for mitochondrial respiration, always and particularly
during exercise when the cellular L/P rises and order of magnitude or
more (vide supra). Hence, as the major mitochondrial energy substrate,
and electron donor, short-term cell respiration from lactate will raise
mitochondrial ROS production via Electron Transport Chain (ETC) ac-
tivity [75,128,129]. Importantly in terms of mitochondrial biogenesis
and long-term metabolic adaptations to exercise, lactate exposure to L-
6 cells up-regulated many genes [75] (vide infra).

A second way in which mitochondrial L-lactate metabolism can
generate ROS, specifically hydrogen peroxide (H,O5) was discovered by
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Fig. 4. A schematic showing the putative mitochondrial lactate oxidation complex (mLOC): MCT1 is inserted into the mitochondrial inner membrane strongly
interacting with its chaperone protein CD147, and is also associated with COX as well as mitochondrial LDH (mLDH) which could be located at the outer side of the
inner membrane. Lactate, which is always produced in cytosol of muscle and other tissues because of the abundance, activity, and characteristics of cytosolic LDH, is
oxidized to pyruvate via the lactate oxidation complex in mitochondria of the same cell. This endergonic lactate oxidation reaction is coupled to the exergonic redox
change in COX during mitochondrial electron transport. Abbreviations: GP, glycerol phosphate; Mal-Asp, malate-aspartate; MCT, monocarboxylate (lactate)
transporter, mPC, mitochondrial pyruvate carrier, ETC, electron transport chain; TCA, tricarboxylic acid; adapted from Ref. [73].

Passarella and colleagues [124]. Using rat liver mitochondria they
showed that L-LAC can generate H,O, via a putative flavine-dependent
Lactate Oxidase (LOX) restricted to the mitochondrial intermembrane
space [44].

Concepts that during exercise cell ROS production is quenched by
and actions of antioxidant enzymes such as superoxide dismutase,
catalase, glutathione peroxidase, other peroxidase and antioxidant en-
zymes are likely well covered in accompanying papers of this sympo-
sium volume. However, the idea of non-enzymatically mediated ROS
production comes from T.K. Hunt and colleagues working in that area
of wound healing [88,168]. Their findings are that iron-containing al-
kaline phosphate peroxidases of the PhoX family produce lactate as well
as superoxide. The proposed mechanism is that lactate chelates with
iron released from PhoX thus producing hydroxyl radicals that rapidly
decay to superoxide. A favorable consequence is that lactate incites
release of Vascular Endothelial Growth Factor (VEGF), Interlukin-1 (IL-
1), and TGF-f} stimulate angiogenesis and wound healing [88]. Thus, in
the view of T.K. Hunt, lactate can function as a “pre-oxidant” at wound
sites (personal communication).

Lactate, NAD*, and Sirtuin Activation: Sirtuins (SIRT) are a class of
proteins that are thought to be much involved in cellular homeostasis
including processes such as transcription, apoptosis, inflammation,
stress resistance, mitochondrial biogenesis and energy efficiency fol-
lowing caloric restriction [85,154,161,176], and aging [36]. The name
comes from studies of the yeast gene Silent mating-type Information
Regulation 2. Seven sirtuin isoforms (SIRT1-7) are known and are
deacetylases regulated by the equilibrium between nicotinamide
(NAM) and NAD™. Little is known about the long-term effects of ex-
ercise on sirtuin regulation, but such studies have commenced [5].

Sirtuin activation is accomplished via changes in cell redox (i.e., the
NAD " /NADH) through the concentration of NAM and the activity of
enzyme NAM phosphoribosyl transferase (Nampt) that produces NAM.
Subtle changes in cell redox affect cell homeostasis as occur in the
above named situations. However, lacking are data on the change in
Nampt activities in working muscle that drive increments in blood
[lactate] as well as in non-working recipient tissues in which changes in
NAD ™" and NADH concentrations affect cell redox in vivo. However, as

described above, changes in cell metabolic rate accompanying exercise
result in similar, or greater effects on cellular NAD " /NADH than any
other perturbation.

3. Lactate and allosteric binding

Mitochondrial Biogenesis and Lactate: Classic studies in exercise
physiology and biochemistry have shown remarkable plasticity of the
mitochondrial reticulum in response to regular physical activity that
may double the mitochondrial mass [42,82,94,137]. Contemporary
studies of physiology and biochemistry have also revealed the mole-
cular signals for exercise-induced increases in mitochondrial protein
expression. Among the cellular signaling candidates for transcriptional
control of mitochondrial biogenesis are: Calcium ion [119], AMP-acti-
vated protein kinase (AMPK) [101,167], Sirtuin 1 (Sirt1) [46], Hypoxia
Inducible Factor-la (HIF-1a) [152], and the ‘master mitochondrial
biogenesis activator,” Peroxisome proliferator-activated receptor
gamma coactivator-la (PGC-1a) [72]. Downstream regulators of mi-
tochondrial biogenesis are: Nuclear Respiratory Factors 1 and 2 (NRF-1
and NRF-2), and Mitochondrial Transcription Factor A (TFAM) [117].
What these signaling pathways appear to share in common are cir-
cumstances resulting from a challenge to ATP homeostasis [17,20,21].
While there has been major emphasis in studying downstream affectors
of mitochondrial biogenesis (e.g., HIF-1a, AMPK, PGC-1a, and PPAR-y
activation), scarce attention has been placed on upstream affectors,
such as lactate as described below.

As noted above, to explain the result of intramuscular and in-
tracellular lactate oxidation observed in vivo we postulated the ex-
istence of the mLOC. In efforts to identify components of the mLOC we
[75] determined genome-wide responses of L6 cells to elevated exo-
genous (10 and 20 mM) sodium-L-Lactate (Fig. 4). Lactate exposure
increased Reactive Oxygen Species (ROS) production and up-regulated
673 genes, many known to be responsive to ROS and Ca* * (Fig. 5). The
induction of genes encoding for components of the mLOC was con-
firmed by polymerase chain reaction (PCR) and electrophoretic mobi-
lity shift (EMSA) methods. Lactate increased Monocarboxylate Trans-
porter-1 (MCT1) mRNA and protein expressions within 1 h and
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calcineurin (CaN). ROS can increase intracellular Ca™ * that raises CaMK activity. As well, free Ca™ * can also activate CaMK. Lactate elicits a large number of
adaptive responses, which coordinate metabolism as a functional adaptation to exercise in skeletal muscle cells such as proliferation of the lactate oxidation complex;

from Ref. [75].

Cytochrome ¢ Oxidase (COx) mRNA and protein expression in 6 h of
incubation. Increases in COx coincided with increases in PGCla ex-
pression and the DNA binding activity of nuclear NRF-2. Among the
other genes upregulated by lactate were antioxidant enzymes, such as
Glutathione Peroxidase (GPx), calcium (Ca* *)-response genes in-
cluding Calcineurin (CaN), slow type Troponin I (Tnl), and myogenin
that are also known to be responsive to CaN and Ca®*/Calmodulin-
dependent protein kinase (CaMK). ROS can increase intracellular Ca™ *
that raises CaMK activity. As well, free Ca™ * can also activate CaMK.
Downstream of those signals are the transcription factor cyclic-AMP
Response Element Binding protein (CREB), Nuclear Factor, Erythroid 2
(NF-E2), Nuclear Factor kappa light chain enhancer of activated B cells
(NF-xB), and Activator Protein 1 (AP-1).

Clearly, lactate can elicit a large number of adaptive responses,
which coordinate metabolism as a functional adaptation to exercise in
skeletal muscle cells such as proliferation of the mitochondrial re-
ticulum and the lactate oxidation complex (Fig. 4). Consequently we
concluded that the lactate signaling cascade involves ROS production,
cytosolic Ca* * and other factors that converge on transcription factors
affecting mitochondrial biogenesis. However, the upstream physiolo-
gical signal is lactate that drives cellular adaptation by affecting ex-
pression of hundreds of genes.

3.1. Lactate controls fatty acid mobilization and oxidation by inhibition

Lactate And Lipolysis In Adipose: Inverse relationships between
blood [La™] and plasma free fatty acid concentration [FFA] and oxi-
dation during hard exercise when the ventilatory gas exchange ratio

(R = VCO,/VO, = 1.0) have long been recognized [31], but me-
chanisms underlying the associations are under appreciated. In the
1960's Issekutz and colleagues noted the effect of lactacidemia on di-
minishing circulating [FFA] in dogs and humans engaged in hard ex-
ercise [90,138]. As well, lactate infusion into running dogs caused
circulating [FFA] to decline [69,90,115]. In their work these in-
vestigators could clearly observe an effect of lactate on circulating
[FFA], but whether the mechanism involved hydrogen ions or lactate
anions, or represented an inhibition of lipolysis or a stimulation of fatty
acid reesterification was not addressed.

The mechanism by which lactatemia suppresses circulating FFA is
now know to be due to suppression of adipose lipolysis by lactate
working through receptor binding [1,33,59,99]. Moreover, it is now
known that, independent of pH or sodium ion, lactate inhibits lipolysis
in fat cells through activation of an orphan G-protein coupled receptor
(GPR81), now termed Hydroxycarboxylic acid receptor 1 (HCAR-1)
(Fig. 6). The effect of lactate binding to HCAR-1 appears to operate
through cyclic-AMP (cAMP) and CREB [9,84,98].

Lactate and Pyruvate as Inhibitors of Mitochondrial 3 —Oxidation:
As noted above, when glycolysis is accelerated during muscle contrac-
tion, lactate (L) and pyruvate (P) concentrations rise and raise the L/P
because of the relatively greater effect on [lactate] than [pyruvate]. At
rest, the L/P in muscle and venous effluent from a muscle bed ap-
proximates 10, but the ratio rises more than an order of magnitude
during moderate intensity exercise [79]. By mass action the mono-
carboxylate pair floods into the mitochondrial reticulum [124,142],
giving rise to acetyl-CoA and, thereby, malonyl-CoA formation (Fig. 6).
The rise in malonyl-CoA inhibits the entry of activated FFAs into the



G.A. Brooks

Redox Biology 35 (2020) 101454

] Splanchnic Gluconeogenesis |\

| WAT Lipolysis |

Fig. 6. Illustration of how lactatemia affects blood [glu-
cose] and peripheral glucose uptake as well as the pro-

A

Lactate  Glucose

sMCT1 or 4\

Sarcolemma

v

Lactate

sMCT1lor 4

Mitochondrial Reticulum

Insulin Lactate

duction, uptake and oxidation of FFA giving rise to meta-
bolic inflexibility in muscle. Lactate is the inevitable
consequence of glycolysis [139], the minimal muscle L/P
being 10 and rising to an L/P > 100 when glycolytic flux is
high [80]. Lactate is the favored oxidizable substrate,
provides product inhibition of glucose and FFA oxidation.
As the products of glycolysis, lactate and pyruvate provide
negative feedback inhibition of glucose disposal (blue da-
shed lines). Also as the predominant mitochondrial sub-
strate, lactate gives rise to Acetyl-CoA, and in turn Mal-
onyl-CoA. Acetyl-CoA inhibits 3-ketothiolase, and hence (3
oxidation, while Malonyl-CoA inhibits mitochondrial FFA-
derivative uptake via CPT1 (T) [142]. Moreover, lactate is
the main gluconeogenic precursor raising glucose produc-
tion and blood [glucose] (red lines). Via GPR81 binding,
lactate inhibits lipolysis in WAT (T) depressing circulating
[FFA] [84,99]. This model explains the paradoxical pre-
sence of lactatemia in high intensity exercise and insulin
resistant states with limited ability to oxidize fat (green
lines). Modified from Hashimoto et al. [74]. Abbreviations:
CPT1-Carnitine Palmitoyl Transporter-1, FFA-Free Fatty
Acid, FAT-Fatty Acid Translocator comprised of CD36 and
FABPc, GLUT-Glucose Transporter, s-sarcolemmal, m-mi-
tochondrial, Malonyl-CoA formed from exported TCA ci-

FFA

trate controlled by the interactions of Malonyl-CoA Decarboxylase (MCD) and Acetyl-CoA Carboxylase (ACC), MCT-Monocarboxylate Transporter, mPC-Mi-
tochondrial Pyruvate Transporter, PDH-Pyruvate Dehydrogenase, WAT-White Adipose Tissue, T-Inhibition. Not shown is Fatty Acyl-Co (FA-CoA) that will
accumulate if FFAs are taken up by myocytes, but blocked from mitochondrial entry by the effect of Malonyl-CoA on CPT1. Accumulated intracellular FA-CoA will
give rise to Intramyocellular Triglyceride (IMTG) and the formulation of LC-FA, DAG and Ceramides via inhibition of PI3 Kinase (PI3-k) and reducing GLUT4
translocation; from Ref. [22]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

mitochondrial matrix by inhibiting carnitine-palmitoyl transferase-1
(CPT1) [107,142] (Fig. 6). As well, the accumulation of acetyl-CoA
down regulates -ketothiolase, the terminal and rate-limiting enzyme of
the mitochondrial (3-oxidation pathway. Hence, by mass action, allos-
teric binding and effects on cell redox lactate acts to shut the gates of
activated fatty acids into matrix of the mitochondrial reticulum.
Lactate and Transforming Growth Factor Beta2. Recently a large,
international group of investigators have expanded knowledge of the
role of lactate signaling via Transforming Growth Factor Beta2 (TGF-
B2) secreted from adipose of exercising mice [161]. TGF-f is a multi-
functional cytokine belonging to the transforming growth factor su-
perfamily that includes three different mammalian isoforms (TGF-f1 to
—3). Because of its role in immune and stem cell regulation and dif-
ferentiation, TGF-B2 is a highly researched cytokine in the fields of
cancer, auto-immune and infectious diseases, and consequences of
disruption of the blood-brain-barrier in epilepsy, aging and TBI [53].
While all TGF-f3 isoforms are known to be secreted by white blood cells,
Takahashi et al. showed that after endurance training adipose of mice
secreted TGF-B2 in response to lactate signaling. In turn, TGF-$2 im-
proved glucose tolerance in mice leading the authors to conclude ex-
ercise training improves systemic metabolism through an interorgan
(adipose to liver) communication via what the authors termed a “lac-
tate-TGF-B2 signaling cycle” [161]. A role for lactate affecting TGF-32
signaling is also mentioned below under the section on cancer biology.
On first impression one might think that the effects lactate in-
hibiting lipolysis via HCAR-1 signaling and mitochondrial lactate oxi-
dation via malonyl-CoA (Fig. 6) [99], on one hand, and increasing
glucose tolerance via TGF-(32 signaling [161], on the other hand, are
contradictory. However, a reasonable alternative explanation is that the
effects of lactate on HCAR-1 in adipose are short-term, acute as occurs
during hard exercise, and that the effects of TGF-B2 are long term as
occurs during recovery from exercise when glucose tolerance and lipid
oxidation are improved in men and women [50-52,78]. While the
purported effects of lactate signaling HCAR-1 and TGF-32 observed in
rodent models await validation in humans, for the present it is certain
that short-term lactate both inhibits lipolysis and mitochondrial FFA

oxidation, but long-term upregulates mitochondrial biogenesis, glucose
tolerance and lipid oxidation in humans in vivo [10,14,51,52,112,113].

4. Gene regulation by lactylation of histones

In a recent report Zhang et al. reported regulation of gene expres-
sion by lactylation of 28 lysine residues on histones [176]. Histones are
essential components of chromatin, a complex of DNA and proteins that
regulate gene expression. As noted above with regard to redox reg-
ulation of sirtuins, histones were known to be regulated by cellular
enzymes that add, or remove chemical tags such as methyl, acetyl or
phosphate groups. Those epigenetic modifications to the genome were
known to affect processes such as gene expression and DNA replication
and repair. Now, based on the results of Zhang et al. the addition of
lactate tags to histones is yet another, epigenetic, way by which the
genome is regulated. And, as noted above, lactate release from driver
cells into the circulation as occurs in physical exercise and other
stressful conditions has the potential to affect gene regulation in diverse
cells during and after physical exercise.

As acclaimed as the results of Zhang et al. are, in some ways the
effects of lactate on gene expression were anticipated by results of
previous investigations. For instance, addition of lactate decreases the
content of Histone Deacetylase (HDAC) in the nucleus and HDAC ac-
tivity [60], as well as chromatin methylation and compactness [97]. In
aggregate, results of these studies that suggest a transcriptionally per-
missive chromatin conformation with rising lactate levels, could also be
used to support the previous findings by Hashimoto and Brooks of in-
creased DNA binding following the addition of lactate to L6 cells [75].

The work involving epigenetic regulation of genes by histone lac-
tylation is in its infancy, but going forward it will be interesting to
evaluate the short- and long-term effects of histone lactylation on mi-
tochondrial biogenesis and other metabolic protein expression fol-
lowing exercise and exercise training regimens as well as in various
acute and chronic diseases and conditions such as diabetes, sepsis and
wound healing.
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5. A new lactate shuttle: the gut-soma lactate shuttle?

Based on data from a variety of sources, the possibility of a Gut-
Soma Lactate shuttle was previously proposed [22]. Support for the
idea is to be found in the work of Scheiman et al. [146] who described
the presence of “performance-enhancing” gut microbes, members of the
genus Veillonella, in the stools of marathon runners. Their results help
draw together evidence from diverse sets of experimental and epide-
miological data relating gut and somatic health and athlete perfor-
mance.

From nutrition science we know that pre- and pro-biotic dietary
components favorably affect gut fermentation and health [81]. From
epidemiology we know that regular physical exercise is beneficial for
reducing risks of many common cancers including those of the colon
[127]. Moreover, preliminary data indicate relationships between mi-
crobiota and the prevalence of insulin resistance and metabolic syn-
drome [166]. While enthusiasm is high, at present many aspects of the
mechanisms of exercise-gut function and health remain to be explored.

From their studies Scheiman et al. [146] proposed that athletes'
running performance benefitted because gut microbiota that took up
lactate and disposed of it as propionate. However, their proposal is ‘old
school’ and missing significance of lactate shuttling in vivo. Further,
their proposed a mechanism is unlikely as the gut is under perfused
during exercise [28] and the mechanism would be counterproductive
because during exercise lactate is purposefully disposed of as a fuel
energy source and gluconeogenic precursor [12]. More likely, the re-
verse is true, a scenario in which the gut supplies lactate, a fermentation
product that is exported via sodium-mediated monocarboxylate trans-
porters (sMCT) [38,162] thus supporting athletes' efforts.

6. Role of lactate in resuscitation and treatment of injuries and
illnesses

Given the long-standing misunderstanding of lactate metabolism in
basic science it was inevitable that misunderstanding would carry over
to patient treatment in the clinical setting. Fortunately, now with on-
going revolution in understanding the role of lactate shuttling in me-
tabolism, it is to be expected that practitioners would use new knowl-
edge of lactate metabolism and signaling to improve outcomes in
people suffering illnesses and injuries [29,31,58,104]; a summary of the
conditions in which lactate treatment can be helpful is presented in
(Table 1). Perhaps most remarkable in Table 1 are that L-Lactate
treatment is proposed for the treatment of sepsis [58,102] and wound
healing and muscle regeneration after injury [88,118,163].

Table 1
Potential for lactate treatment for illness and injury.

Resuscitation (Fluid, Electrolytes, Energy) [2,57,103]

Acidosis (Exogenous lactate infusion has an alkalotic effect) [103,114,174]

Regulation of Glycemia (Lactate is the major GNG precursor) [61,104,109,110]

Traumatic Brain Injury (Lactate is brain fuel and anti-inflammatory) [67]

Inflammation (via GPR81 binding down stream signaling lactate inhibit the
inflammasome) [84]

Acute Pancreatitis and Hepatitis (Lactate is an energy substrate, a GNG precursor and
anti-inflammatory agent) [84]

Myocardial Infarction, Cardiac Surgery and Acute Heart Failure (Lactate is heart fuel)
[13,153]

Burns (Lactate is an energy substrate, a GNG precursor and anti-inflammatory agent)
[157]

Sepsis (Lactate incorporation in a resuscitation fluids can support maintenance of
blood pressure and circulation, help deliver antibiotics as well as energy
substrate, a GNG precursor and have an anti-inflammatory effect) [55,103]

Dengue (Lactate is an energy substrate, a GNG precursor and anti-inflammatory
agent) [155,174]

Cognition (Lactate readily crosses the Blood Brain Barrier, fuels neurons and
stimulates secretion of BDNF, improves executive function and memory)
[77,83,135]

Wound healing [88] and muscle regeneration after injury [118,163].
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7. When lactate accumulation and shuttling may be maladaptive

While there is growing recognition of the role of lactate shuttling as
part of normal physiology, and clinicians are using lactate therapy to
improve patient outcomes (Table 1), there are cases in which lactate
accumulation and shuttling can be problematic, or pathological. For
instance, in cancer aggressiveness of the disease is associated with the
extent of hyperlactatemia [71]. There is a long history of interest in
lactate production and accumulation in cancer research (the “Warburg
Effect”) and recently investigators have sought to inhibit lactate shut-
tling in tumors by blocking MCTs [156]. Recently also in the field of
diabetes research investigators have sought to understand why MCT
expression is silenced in pancreatic -cells such that they do not par-
ticipate in lactate shuttling and signaling [89,120]. Silencing of MCT1
expression and insertion into the plasma membrane is necessary to
prevent hypersecretion of insulin and profound hypoglycemia when
blood lactate is high and blood glucose is low as occurs in physical
exercise. Dysregulation of lactate metabolism in cancer and in cases in
which B-cell MCT protein expression is not silenced have been reviewed
recently [22,144], but are presented in abbreviated form, below.

Lactate Shuttles in Cancer Metabolism: In 1923 Otto Warburg and
Seigo Minami observed increased glucose uptake and excessive lactate
formation even under fully oxygenated conditions [169]. The discovery
of aerobic glycolysis was subsequently named the “Warburg Effect” by
Efraim Racker [133] and today the high glucose uptake/lactate release
phenotype remains a hallmark of cancer [96]. Still, even though lactate
is a large part of cancer biology at present there is no consensus on
meaning of the Warburg Effect. Again, rather than a byproduct of high
glycolysis in cancer, could lactate production in cancer-susceptible cells
be involved in transformation to cancer? [144].

In a previous review Ifigo San Milldn and I described from the
scientific literature how lactogenic cancers, oncogenes and mutated
tumor suppressor factors appear to behave with the apparent purpose of
reprogramming glycolysis for lactagenesis, thus creating concentration
gradients for lactate exchange within, between and among cells [144].
The ways by which lactagenesis may support carcinogenesis; these are:
1) increased glucose uptake, 2) increased glycolytic enzyme expression
and activity, 3) decreased mitochondrial function, 4) increased lactate
production, accumulation and release, and 5) upregulation of mono-
carboxylate transporters MCT1 and MCT4 for lactate exchange (Fig. 7).

As a test of the Lactagenesis Hypothesis in cancer we decided to
reproduce some of the early studies of Warburg and associates, but with
modern genotyping technology. As a result, San Millan et al. provided
experimental data in support of the Lactagenesis Hypothesis [145].
Using a human cancer cell line (MCF-7 cells) we found that both en-
dogenously produced and exogenously provided lactate significantly
affected the transcription of key oncogenes (MYC, RAS, and PI3KCA),
transcription factors (HIF1a and E2F1), and tumor suppressors (BRCA1,
BRCA2) as well as cell cycle and proliferation genes involved in breast
cancer (AKT1, ATM, CCND1, CDK4, CDKN1A, CDK2B). Certainly re-
sults of those studies will need to be replicated on other types of cancer
cells and tumor biopsies, but the results suggest the powerful, but po-
tentially ‘double edged sword’ role of lactate in metabolic regulation.

Lack of MCT Pancreatic -Cell MCT Silencing Can Interfere In the
Regulation of Glycemia: Maintenance of blood [glucose] is one of the
essential and tightly regulated parameters in human physiology.
Glucose-Insulin interactions are complex and interference with glu-
coregulation, particularly something causing a sudden fall in blood
[glucose] can be disastrous. Glucose and glycogen are the precursors to
lactate formation [19,87], and lactate is the major gluconeogenic pre-
cursor [12,41,48,110,111]. However, whereas blood glucose level plays
an important role in the regulation of its clearance rate via influencing
the levels of insulin and counter-regulatory hormones, other than pro-
viding precursor material for gluconeogenesis, normally lactate is ex-
cluded from processes related to insulin secretion. However, if allowed
to occur interference with glucose-insulin signaling lactate shuttling
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can be disruptive, perhaps lethal.

Monocarboxylate (lactate) transporters are ubiquitous, expressed in
most tissues [16,56,130], including cancers [151,156] where they
support lactate shuttling and are currently targets for cancer therapy.
Above, importance of lactate in metabolic regulation was described in
detail. However, another way to emphasize the importance of lactate in
metabolic regulation is by exclusion. For instance, embryologic deletion
of the lactate transporters (MCTs) is lethal. In terms of glucoregulation
in vivo, the importance of lactate in glucoregulation is illustrated by
exclusion of MCTs from insertion into pancreatic f-cell plasma mem-
branes [131,141]. There, MCT expression is silenced to keep extra-
cellular lactate from affecting intracellular redox and interfering with
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Fig. 7. Lactate shuttling gone amiss. In cancer high
glucose consumption leading to lactate production
under fully aerobic conditions (i.e., the Warburg
Effect) are features of cancer cells and tumors.
Lactagenesis in cancer can be viewed as a highly
orchestrated effort from oncogenes and tumor sup-
pressor mutations for continuous and non-stop glu-
cose utilization to produce lactate involving 5 major
steps [1]: Increased glucose uptake through in-
creased expression and translocation of glucose
transporters GLUT by transcription factors Hypoxia-
Inducible Factor 1a (HIF-1) and c-Myc oncogene as
well as loss of expression of tumor suppression factor
p53 [2]. Increased glycolytic enzyme expression and
activity, especially Lactate Dehydrogenase A (LDHA)
by HIF-1la, ¢-MYC and p53 dysregulation. 3) De-
creased mitochondrial function mainly by p53 dys-
regulation [4]. Increased lactate production, accu-
mulation and release due to mass effect of
accelerated glycolysis, mitochondrial dysfunction
and increased LDHA expression. 5) Upregulation of
monocarboxylate transporters MTC1 and MCT4 and
their plasma membrane chaperon, CD147, con-
tributing to dysregulated lactate shuttling in support
of carcinogenesis; from Ref. [144].

glucose sensing and insulin secretion [8]. The silencing of MCT1 in
pancreatic -cells is evolutionary proof of how lactate overrides glucose
in regulating energy substrate partitioning in general, and insulin se-
cretion in particular when the dominant role of lactate must be sup-
pressed. Noteworthy in this regard is that individuals experiencing
failed suppression of pancreatic (3-cell MCT expression become hy-
poglycemic during hard exercise leading to lactatemia. This is because
lactate gains entry to pancreatic [3-cells and affects cell redox as if blood
glucose was elevated. In those individuals aberrant entry of lactate into
pancreatic B-cells causes insulin secretion during exercise. The combi-
nation of high insulin and increased glucose disposal through metabo-
lism causes profound hypoglycemia [120].
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8. Conclusion

Time is overdue to turn the page on understanding of lactate me-
tabolism. Historically, when high lactate levels were seen in organs,
tissues and cell compartments the observations were interpreted to
represent a stress to those cells, tissues and organs. Regrettably, mis-
interpretation of early observations was inappropriate and unfortunate
because the events observed were, in fact, strain responses to stresses.
Hence, rather a waste product of anaerobic, oxygen-limited metabolism
lactate is formed continuously under fully aerobic conditions. The ve-
locity, magnitude and range of lactate production and accumulation
rates, and perturbations to the L/P and cell redox are large and phy-
siologically significant. Lactate shuttling between producer (driver) and
consumer (recipient) cells fulfills at least three purposes: 1] a major
energy source; 2] the major gluconeogenic precursor; and 3] a signaling
molecule. As reviewed in this paper lactate is the inexorable product of
glycolysis. In response to cell energy crisis, glycolysis results in ATP
production by substrate-level phosphorylation of ADP. Importantly
also, lactate (not pyruvate) enters the mitochondrial reticulum to sup-
port cell energy homeostasis by oxidative phosphorylation of ADP and
creatine. When cell work rate is high, lactate produced by driver cells is
secreted into the interstitium and circulation from where it can reach a
variety of recipient cells such as in heart, liver, kidneys and brain. In
diverse tissues lactate acts by mass action, cell redox regulation, ROS
generation, allosteric binding and lactylation of histones. By inhibiting
lipolysis in adipose, via HCAR-1 binding and CREB activation, and
muscle mitochondrial fatty acid uptake, via malonyl-CoA and CPT1,
lactate controls lipid oxidation and overall energy substrate parti-
tioning. Repeated lactate exposure from regular exercise results in
adaptive processes such as mitochondrial biogenesis and other healthful
characteristics such as improved metabolic flexibility. The importance
of lactate and lactate shuttling in healthful living is further emphasized
when lactate signaling and shuttling are dysregulated as occur in cancer
and other conditions. Lactate is the fulcrum of metabolic regulation in
vivo.
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