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Abstract

No longer viewed as a metabolic waste product and cause of muscle fatigue, a contemporary
view incorporates the roles of lactate in metabolism, sensing and signaling in normal as well as
pathophysiological conditions. Lactate exists in millimolar concentrations in muscle, blood and
other tissues and can rise more than an order of magnitude as the result of increased
production and clearance limitations. Lactate exerts its powerful driver-like influence by mass
action, redox change, allosteric binding, and other mechanisms described in this article.
Depending on the condition, such as during rest and exercise, following carbohydrate nutrition,
injury, or pathology, lactate can serve as a myokine or exerkine with autocrine-, paracrine-, and
endocrine-like functions that have important basic and translational implications. For instance,
lactate signaling is: involved in reproductive biology, fueling the heart, muscle adaptation, and
brain executive function, growth and development, and a treatment for inflammatory conditions.
Lactate also works with many other mechanisms and factors in controlling cardiac output and
pulmonary ventilation during exercise. lronically, lactate can be disruptive of normal processes
such as insulin secretion when insertion of lactate transporters into pancreatic Beta-cell
membranes is not suppressed, and in carcinogenesis when factors that suppress
carcinogenesis are inhibited, whereas factors that promote carcinogenesis are upregulated.
Lactate signaling is important in areas of intermediary metabolism, redox biology, mitochondrial
biogenesis, neurobiology, gut physiology, appetite regulation, nutrition and overall health and

vigor. The various roles of lactate as a myokine and exerkine are reviewed.
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News and Noteworthy

Lactate sensing and signaling is a relatively new and rapidly changing field. As a physiological
signal lactate works both independently and in concert with other signals. Lactate operates via
covalent binding and canonical signaling, redox change and lactylation of DNA. Lactate can
also server as an element of feedback loops in cardiopulmonary regulation. From conception
through aging lactate is not the only myokine of exerkine, but it certainly deserves consideration

as a physiological signal.
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INTRODUCTION

While lactate has traditionally been viewed as a metabolic waste product and cause of muscle
fatigue, there has been a revolution in understanding its role in normal and pathophysiological
conditions (1-9). Lactate is formed under fully aerobic conditions during postprandial rest and
exercise (4, 10-12). The roles of lactate as a preferred energy substrate and gluconeogenic
precursor have previously been reviewed (2, 10, 12-14). Hence, the many roles of lactate as a

signaling molecule and driver of biochemical and physiological processes are presented here.

Lactate shuttles and signals within and among cells, organs, and tissues. As indicated below,
the roles of lactate in metabolism and exercise performance have received much attention.’
However, recognition of the regulatory attributes of lactate is more recent (2). In contrast to
more commonly recognized myokine signaling moieties such as IL-6 that exist in pico or nano-
molar concentrations (15), lactate exists in millimolar concentrations in muscle, blood and other
tissues. As well, the dynamic range of lactate concentration is more than an order of

magnitude under normal physiological and pathological conditions.

Myokines and exerkines are substances that have autocrine-, paracrine-, and endocrine-like
functions when released from muscles. Lactate serves as a myokine when produced in resting
muscles, and as an exerkine when produced during exercise as in the integument and working
muscles. Aspects of lactate production, removal, and signaling have important basic and
translational implications. For instance, lactate fuels sperm motility, supports embryonic
development (16, 17), is the most rapidly assimilated and oxidized sports drink component (18),
and has potential to be a treatment for the brain following trauma (19-22). Because its
production is increased during exercise, some regard lactate to be an exerkine (15). However,
lactate holds even more importance as a myokine that operates continuously, during rest, after
a meal, and during exercise and recovery (3, 4). Based on our own independent research and
review of the literature, we assert that lactate signaling is important in areas of intermediary
metabolism, redox biology, mitochondrial biogenesis, cardiovascular and pulmonary regulation,
genomics, neurobiology, gut physiology, appetite regulation, pathways of carbohydrate nutrient
metabolism, skeletal and overall body vigor and health. Indeed, while the role of lactate can be

described as a myokine or exerkine, there is potential for the nomenclature to include a host of

" PubMed searches on October 4, 2022 for VO,max produced 1,187 hits, whereas exercise
lactate produced 1,734 hits.
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other, yet unnamed “kines” representing major tissue sites of lactate turnover (e.g.,
integumentokine, enterokine, neurokine, hepatokine, spermatokine, phagokine, erythrokine,

mitokine, etc.) (Table 1) (Figure 1).

And finally, by way of introduction to this review, current understanding of lactate signaling and
sensing largely falls within the realm of metabolism. This is because lactate signaling and
sensing are consequences of production with outcomes and feedback control typical of
physiological systems. Hence, it is difficult to strip lactate metabolism from a discussion of
signaling and sensing. More subtle aspects of lactate signaling and sensing in the absence of
large changes in lactate production will likely be discovered in the future. For instance, in

reproduction biology, the timing of lactate signaling is important (17).

HISTORIC BACKGROUND: LACTATE SIGNALING AMONG PRODUCER (DRIVER) AND
CONSUMER (RECIPIENT) CELLS:

To pioneer researchers (23, 24) lactate shuttling was not obvious because the rate of
production and appearance in blood (Ra) equals disposal (Rd, rate of disposal from the blood)
in most circumstances. To the pioneers, only conditions when blood lactate concentration rose
or declined (i.e., Ra # Rd) were observable. But, as required by chemistry, physics, and
physiology (Fick’s law), solutes flux from high to lower concentrations, and back to a limited
extent. Hence, in that context the metabolism of metabolites, such as lactate, can be
understood. This means lactate production and release from ‘driver’ cellular compartments,
cells, tissues and organs is counterbalanced by uptake and metabolic disposal elsewhere at
‘recipient’ sites (Figure 1). Necessarily, cell type, metabolic and dietary states, interstitium,
cardiovascular, enterokine, lymphatic and hepatorenal systems are involved. In fairness to the
pioneers, concepts of neuroendocrine, myokine or exerkine signaling had not yet been

developed.

Initial ‘lactate shuttle’ theory was based on simultaneous glucose and lactate flux
measurements (25, 26), and lactate concentration differences in tissues of resting and
exercising rats (27, 28). Hence the idea of lactate flux from fast, glycolytic to oxidative (29) fiber
types was deduced (1, 12, 30). Subsequently, it became obvious that lactate released from

working muscle beds was taken up and oxidized by the heart (31, 32). Moreover, implicit in the

Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



114
115

116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

134
135
136
137
138
139
140
141
142
143
144

results was the understanding that similar phenomena occurred at rest when concentration

gradients and turnover rates were much less compared to those during exercise (33, 34).

Understanding that tissue participation in lactate shuttling could change over time was
foreshadowed in work of Stainsby and Welch on dog muscles contracting in situ (35).
Gastrocnemius-plantaris muscles released lactate at the onset of electrically induced
contractions, but switched to net uptake as contractions continued. Hence, it was not
surprising that the same phenomenon (Stainsby Effect) was seen in human muscles during
continuous exercise (36, 37). In exercising men the switch in muscle from net lactate release to
uptake coincided with increases in blood flow and oxygen delivery to match metabolic demand
(36). Subsequently, and perhaps more importantly, studies of human subjects led to
recognition that resting and working human muscles simultaneously produced and consumed
lactate, and that elevated blood lactate concentration (lactatemia) and high blood lactate
turnover persisted during exercise when muscles switched from net release to uptake (36).
This latter observation meant that some other tissue was the net producer, and hence the
‘driver’ of circulating lactate availability. While this facet of lactate shuttling is basically
uninvestigated, it has been observed that under sympathetic stimulation, as occurs in exercise,
glycogenolysis and glycolysis in the integument results in net lactate release (38). Beyond the
integument, other organ sites of lactate production and net release into the circulation remain to
be identified; inactive skeletal muscle (39), and the gluconeogenic liver and kidneys are

probably not good candidates for lactate release (40) in exercising humans.

The initial ‘lactate shuttle’ posited glycolytic to oxidative tissue lactate exchange (1). However,
while less obvious, lactate shuttling is also apparent at rest when digestive, circulatory,
musculoskeletal, hepatorenal, and probably lymphatic systems are involved. For instance,
studies of postprandial glucose metabolism in animal models and humans show what has been
termed as the “Glucose Paradox,” or “Indirect Pathway of Hepatic Glycogen Synthesis” (41).
This concept recognizes that dietary glucose released into the hepatic portal vein initially
bypasses the liver and goes to the periphery where glycolysis converts glucose to lactate that is
subsequently released into the venous circulation and taken up from the arterial circulation by
liver for glycogen synthesis. This, paradoxical, “Indirect” pathway is to be contrasted with the
“Direct” pathway in which dietary glucose from the gut is taken up from the hepatic portal vein

and converted to liver glycogen on first circulatory pass.
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The initial concept of an Indirect Pathway of Hepatic Glycogen Synthesis was developed from
studies on lab animals and has been replicated in human subjects showing both indirect and
direct liver glycogen synthesis in healthy, postprandial humans. However, the balance of
Indirect and Direct glucose conversion to hepatic glycogen appears to be species related. It
has been confirmed in human subjects that glycolysis was the main initial postprandial fate of
glucose that accounted for most of overall disposal while oxidation and storage accounted for
the remainder. However, the majority of hepatic glycogen synthesis in postprandial humans
(>73%) was formed via the Direct Pathway (42). In the near future, it should be possible to
better understand how diet and other factors (e.g., hepatic glycogen content, sex, age, physical
activity level, insulin action) influence the balance of direct vs. indirect liver and muscle
glycogen synthesis in men and women using deuterium- and "*C-labeled glucose and lactate

tracers with magnetic resonance spectroscopy (MRS) of liver and skeletal muscle (43).

While considered to be a homogenous “organ system,” muscle is in fact a heterogeneous
tissue containing different types of muscle fibers, circulatory and connective cells and tissues,
motor nerve networks, and progenitor (satellite) cells among others (44). Skeletal muscle fiber
types have different metabolic and contractile characteristics owing to differences in myosin
isoform expression and densities of capillary and mitochondrial networks (29, 45, 46). Postural
muscles (e.g., soleus, erector spinae) are alternatively termed Intermediate, (red slow
oxidative, or Type | fibers. In many species deep vastus and lateral gastrocnemius are bright
red and termed Red or Type IlA fibers. In contrast white, fast twitch fibers are termed Type 11X
(in humans) or |IB (in other mammals). Results of the above-cited studies on the Indirect
Pathway of Hepatic Glycogen Synthesis are complimented by results of studies on dogs post-
feeding showing greater postprandial perfusion and glucose uptake in muscles containing
predominantly oxidative Type | and IIA fibers (47, 48). Thus, Types | and -lIA fibers are drivers
of the ‘postprandial lactate shuttle,” whereas Types [IB and 11X fibers are drivers of cell-cell
(fiber to fiber) lactate shuttling during moderate to hard intensity exercise with all fiber types
contributing organ-organ (muscle to heart) during maximal lactate efforts (4). Lactate flux rates
and tissue exchanges during exercise recovery are little studied, but oxidative tissue sites with
high mitochondrial reticulum densities, liver and kidneys likely playing major roles as splanchnic
vasoconstriction is relaxed. Seemingly, knowledge that mild exercise during recovery from

strenuous efforts helps clear lactatemia (49), studies of inter-organ lactate shuttling during
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exercise recovery might prove useful for developing protocols to reduce lactate accumulation

by mild functional electrical stimulation (FES) in conditions such as sepsis (50).

In closing this section on the history of lactate biology, it is important to note that the ideas of
lactate as the product of oxygen-limited metabolism and metabolic waste came into prominence
because of the early history and preeminence of researchers, including two Nobel Laureates
(A.V. Hill, Otto Meyerhof, and others of similar distinction (Rodolfo Margaria, David B. Dill). In
retrospect, it is regrettable that the findings of another Nobel Laureate, Otto Warburg on tumor
metabolism (51) were not more broadly interpreted because glycolysis leading to lactate
production is now recognized to occur under fully aerobic conditions (3, 14). However,
limitations in classical theory had negative effects on advancing the fields of lactate biology and
its translation to clinical practice. Hopefully, this article will have an effect of opening the doors
leading to a better understanding of the central role of lactate in physiological and metabolic
regulation, signaling and sensing. More expansive reviews of the history of lactate metabolism

are available and recommended (3, 10, 14, 52).
THE FORMS OF LACTATE SIGNALING

PGC-1a, Reactive Oxygen Species (ROS) and Related Signaling

The effect of repeated exercise bouts (i.e., endurance training) on stimulating mitochondrial
biogenesis is a classic finding (53, 54). Among the multiple upstream regulators of
mitochondrial biogenesis is lactate, which activates PGC-1a. and generates reactive oxygen
species (ROS). Incubation of C2C12 myocytes with lactate results in upregulation of hundreds
of genes apparently mediated by PGC-1a and ROS (55-57). The effect of intermittent lactate
exposure simulating exercise on myogenesis in cultured C2C12 myoblasts via ROS generation
has been replicated (56). Moreover, in mice, repeated intraperitoneal injection of
dichloroacetate (DCA), an inhibitor of lactate production, minimized increases in mRNA levels
of citrate synthase, cytochrome oxidase (COx), and fatty acid translocase (FAT/CD36) induced
by training (68). More recently, it has been discovered that histone lactylation affects the
expression of many genes (59, 60), including those of skeletal muscle and skeletal muscle

proteins (61).

Intermediary Metabolism:
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Muscle contractions and carbohydrate (CHO) nutrition influence numerous metabolic pathways;
some pathways (e.g., muscle glycolysis and glycogenolysis) are activated, while others (e.g.,
fatty acid mobilization and oxidation) are inhibited (4). Lactate is often a major factor in
determining outcomes of those pathways. Whether an individual is resting or exercising, fasted
or postprandial, the inevitable products of glycolysis in muscles under fully aerobic conditions
are lactate anions and hydrogen ions (3, 14). These downstream products of metabolism are
exported from sites of production and are exchanged within the muscular interstitium, released
into the venous effluent, and distributed to organs and tissues via systemic circulation. Lactate

and proton releases are indirectly linked (11, 62), not equivalent, and have individual effects.

Previously termed a “lactormone” (2), lactate exists in millimolar (mM), not nano- or pico-molar
concentrations as are other myokines (15). For example, arterial lactate concentration rises
from approximately 0.5 mM at rest to greater than 20 mM in arterial blood during hard exercise
(63). Further, lactate concentration in the venous effluent belies intramuscular production while
arterial levels are less due to dilution as well as cardiac and pulmonary parenchyma
metabolism (4, 64, 65). Via vascular conductance during exercise, lactate is an energy

substrate for the heart, red skeletal muscle, brain, and liver (32) (Figure 1).

Redox Biology:

As determined from the venous effluent of working muscles (66), or muscle biopsies (67), the
lactate/pyruvate ratio (L/P) in resting muscle (nominally 10) can rise an order of magnitude or
more during exercise (66, 67). The change in L/P, a surrogate for the NADH/NAD", reflects
massive cytosolic redox changes in both producer and conversely, in consumer cells and
tissues (Figure 2). Lactate accumulation results in ROS production via enzymatic and
spontaneous reactions (55, 68). Further, glycolytic flux to lactate activates Sirtuins 1 (SIRT-1)
and 3 (SIRT-3) via its effect on NAD" levels. With few exceptions, these effects of lactate
production on redox status at sites of production (i.e., driver cells) and disposal (i.e., recipient

cells) (13), have not been widely recognized, e.g. (15).

Allosteric Binding and Inhibition of Lipolysis:

Initially identified as an orphan G protein-coupled receptor, GPR-81 has been renamed
hydroxycarboxylic acid receptor 1 (HCAR-1) (69, 70). HCAR-1 is a lactate receptor that inhibits
lipolysis via cAMP response element binding protein (CREB) activation in adipose and other

diverse tissues (Figure 3). Plasma free fatty acid concentrations fall during hard exercise in part
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because of the inhibition of lipolysis following the rise in circulating lactate (3). The effect of

lactate signaling via HCAR-1 on lipolysis is little appreciated (15).

Mitochondrial Energy Substrate Utilization:

When activated muscle glycolysis and glycogenolysis result in the production of lactate and
pyruvate with the L/P being 10 at rest, and rising more than an order of magnitude during
moderate and greater intensity exercise (64, 67). Oxidation of the monocarboxylates yields
acetyl-CoA and subsequently, via acetyl-CoA carboxylase, malonyl-CoA, a ligand that inhibits
carnitine palmitoyltranferase 1 (CPT-1), and hence the uptake and oxidation of activated long-
chain fatty acids (71). More recently, allosteric binding of lactate to cardiolipin has been
associated with downregulation of CPT-2, further limiting mitochondrial uptake and oxidation of
activated fatty acids (72). Thus, lactate is involved in downregulation of carbon flux at both
initial and terminal ends of the pathway from fatty acid mobilization to oxidation. Rephrased,

lactate markedly suppresses fat metabolism during exercise. However, during exercise

recovery, lactate clearance has permissive effects on fatty acid mobilization and oxidation (73-

75). Hence, exercise recovery is a time of lipid mobilization and oxidation.

Mitochondrial Biogenesis:

The mitochondrial reticulum, now characterized as the “energy grid of the cell” (76) provides the
necessary fuels needed to handle various metabolic perturbations (77, 78). It is well
documented that endurance exercise training and increased lactate turnover promote
mitochondrial biogenesis (53, 79, 80) by increasing transcription and synthesis of mitochondrial
proteins and their insertion into the mitochondrial reticulum (81). The metabolic stress of
exercise raises lactate and AMP levels. The latter activates AMPK, an energy sensing molecule
that supports maintenance of cellular energy homeostasis by nhumerous mechanisms including
stimulation of mitochondrial biogenesis (82). Lactate acts as a major upstream signal of
peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1a), the master
regulator of mitochondrial biogenesis (55, 83). Taken together, lactate, AMPK, ROS, PGC-1q,
SIRT-1 and SIRT-3 play important roles in promoting mitochondrial biogenesis (55, 84, 85).

While it is likely that lactate is involved in mitochondrial biogenesis as described above, it is
also equally, or perhaps more likely that lactate is involved in the muscle hypertrophy of
resistance training (86). As reviewed recently by Lawson et al., lactate works to stimulate

muscle hypertrophy independent of and, in some ways, in concert with muscle tension.

10
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Powerful muscle contractions put the tissue under tension and simultaneously activate the
glycolytic pathway leading to lactate production. One signaling pathway leading to muscle
hypertrophy is lactate activation of insulin like growth factor 1 (IGF-1), downstream of which are
protein kinase B (PKB) and mammalian target of rapamycin (mTOR). In synergy lactate and
muscle tension join in mTOR signaling of the ribosomal protein p7056K1, and subsequently
ribosomal protein S6 (rpS6) that leads to increased muscle protein synthesis (MPS). A second
mechanism by which lactate stimulates muscle hypertrophy is via HCAR binding and activation
of the mitogen-activated protein kinase (MAPK) pathway that simulates satellite cell
proliferation and growth. A third lactate effect is to inhibit myostatin and increase activity of
folistatin that, again, stimulates satellite cell proliferation and growth. As well, lactate inhibits
histone deacetylases (HDAC) leading to histone acetyl-transferase (HAT) activity increasing

histone acetylation and lactylation and increasing gene expression that increase MPS (86).

Finally, on the subject of lactate-stimulated muscle hypertrophy, lactate may stimulate
testosterone secretion. Not surprisingly, the rise in blood lactate following hard exercise
accompanies increases in testosterone independent of changes in luteinizing hormone (LH).
The apparent correlation may be explained by studies on isolated Leydig cells in which lactate
stimulates testosterone production (87). Further, dose-dependent increases of cAMP and
testosterone production has been observed (88). Those results were interpreted to mean that
lactate has a stimulatory effect on testosterone secretion via cAMP level modulation.
Testosterone is considered an anabolic hormone, playing a primary role in activating mTOR, a

major affecter of MPS.

To summarize this section, it is fair to reiterate that the roles for lactate in regulation of gene

and protein synthesis regulation are becoming recognized (89) .

Vascular, Cardiac, and Pulmonary Requlation:

It is well established that endurance exercise training promotes angiogenesis, a process
mediated by growth factors such as vascular endothelial growth factor (VEGF) (90). Notably
also, in wound healing and repair, lactate stimulates the release of VEGF and other growth
factors to promote angiogenesis (91, 92). Further, with regard to the cardiovascular system, it is
recognized that lactate is the major fuel for the heart during exercise (31, 32, 93). Moreover,

lactate increases mMRNA levels of PGC-1a and COx expression in the heart (94). Perhaps most
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importantly, lactate accumulation in active muscle increases cardiac output by stimulating
muscle metaboreceptors with afferent input to central cardiovascular regulatory centers via
Types lll and IV sensory fibers as part of the metaboreflex (95, 96). As well, it has been shown
that lactate increases pulmonary ventilation during exercise via the carotid body olfactory

receptor (OIfr78) in mice (97). Supporting data on OIfr78 functioning in humans is lacking.

In addition to working with many other mechanisms and factors increasing oxygen delivery by
raising cardiac output, and maybe pulmonary ventilation, lactate participates in deoxygenation
of hemoglobin at the tissue level (i.e., the Bohr Effect) in which both hydrogen ions and lactate
anions serve as competitive inhibitors of oxygen association with hemoglobin and myoglobin.
Originally described by Hochachka et al. as part of a unifying theory of hypoxia tolerance (98),
and expanded upon by Clanton and colleagues (99, 100), the effect of lactate in promoting
oxygen release from oxymyoglobin independent of hydrogen ion has recently been confirmed
(101).

And finally, on the subject of the role of lactate in cardiopulmonary and cardiovascular
medicine, we respectfully acknowledge existence of a large body of work on the anaerobic
threshold (AT) (102, 103). That subject has been recently reviewed (52), but it is fair to state
that while the inflection in circulating lactate during graded exercise was misinterpreted to
signal the onset of tissue hypoxia, at no time did proponents of the AT suggest alternative

signaling roles of lactate such as those enumerated here.

Lactate and the Inflammasome: Is Lactate an Assailant, Defender or Innocent Bystander?

A growing body of literature can be interpreted to mean that lactate is an upstream,
physiological signal that, depending on the stress, and tissue, can act in an anti-or pro-

inflammatory capacity, often mediated by downstream cytokines and other mechanisms.

Delayed Onset Muscle Soreness: Historically, muscle soreness following hard exercise has
been attributed to lactate accumulation. However, lactate disposal is rapid, typically clearing in
minutes after exercise while delayed onset muscle soreness (DOMS) peaks 24-48 hours after
hard exercise, long after lactate is cleared (104). Contrary to long-standing ideas in the etiology
of DOMS, it may well be that lactate is anti-, not pro-inflammatory. For example, Hoque and
colleagues (105) showed that lactate binding to HCAR-1 downregulates Toll like receptor

induction of the pyrin domain-containing protein 3 (NLRP3) inflammasome and production of

12
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IL1-B, via Arrestin beta 2 (ARR-32). Examples of HCAR-1 binding by lactate outside of exercise
also supports the response in the inflammasome and is the mechanism by which lactate
suppresses inflammation in patients with acute organ injury such as acute pancreatitis (105,
106), hepatitis (105), and sepsis (107). Additionally, Chu and colleagues found elevated levels
of H3K17 lactylation in septic patients compared to healthy volunteers, exhibiting this
epigenetic modifier as an important biomarker (108). Overall, changes in lactate concentration
sufficient to bind lactate to HCAR-1 and down regulate NLRP3 inflammasome are important

examples of lactate functioning as a myokine and exerkine.

Chronic Inflammation and Autoimmunity: Lactate is high (10 mM) in joints of rheumatoid
arthritis patients (109). In those spaces there occurs a positive feedback loop in which CD4+ T
cells produce high levels of prollinflammatory cytokine, IL[117, while the cytotoxic capacity of
CD8+ T cells is reduced, thus aggravating the inflammatory response (110). Similarly, in a
mouse model of allergic asthma there occurs a proliferation of T cells with production of pro-
inflammatory cytokines IL[15, IL[117, and IFN[Cly in airway mucosa (111). The pro-inflammatory
response was inhibited by use of DCA an inhibitor of PDK, leading to PDH activation and
redirecting glycolytic flux to oxidative disposal. However, experiments with the LDH blocker
oxamate were not conducted. Hence, the apparent correlative findings implicating a role of
lactate in pro-inflammatory responses illustrate the need for mechanistic explanations of why
lactate concentration was elevated; was production elevated, or clearance is reduced, and what
are the sequela by which lactate activates or suppresses inflammatory responses?
Foreshadowing what the results might be, for the present it looks that while endogenously
produced lactate might elicit pro-inflammatory responses, exogenously supplied lactate may

have anti-inflammatory effects. Hence, a redox control mechanism may be implicated.

Lactate Signaling, the Microbiome and the Splanchnic Bed:

Functional roles for the gut microbiome and its role in health and disease are currently of
significant interest (112), particularly because of relationships between microbiota and the
prevalence of chronic conditions such as insulin resistance and metabolic syndrome (113).
Lactate appears in the gut by several mechanisms, including the consumption of probiotics
(e.g., fermented foods) containing lactate and prebiotic, fiber-containing foods that promote
fermentation and lactate production. In the colon, Lactobacillus, Bifidobacterium, and

Firmicutes ferment fiber-containing carbohydrate foods to pyruvate and lactate. How lactate
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and other products of gut fermentation have systemic effects is a topic of investigation.
However, one mechanism may be related to the presence of sodium-mediated
monocarboxylate (lactate) transporters (sMCT) in intestinal mucosa (114, 115). Depending on
concentration gradients, sSMCT expression in the gut can either export lactate after a meal rich
in fructose (116), glucose (4), or pre- or probiotics, or take up lactate after hard exercise that

results in lactatemia.

For completeness on this section it is worth noting that some bacterial species produce racemic
(L and D) lactate enantiomers, the D isoform being neurotoxic (117-119). Regrettably, D-
lactatemia often difficult to detect because many current technologies only detect presence of

the L isoform.

One mechanism by which gut lactate may affect systemic metabolism is through enteral
signaling after eating, specifically by lactate stimulating sensory nerves associated with
mesenteric lymphatic fluid (MLF) (Gregory W. Aponte, personal communication). Using a
rodent model investigators in the Aponte lab and their collaborators have observed that after
eating, glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide
(GIP) are secreted and induce the release of substance P (SP) that enhances insulin secretion
(120). Like the actions of GLP-1 and GIP in their roles as incretins (i.e., substances that lower
blood glucose levels by stimulation of insulin secretion), lactate also stimulates SP-containing
afferent nerves associated with MLF, thus contributing to the control of blood glucose
concentration after eating. With regard to the role of the secretion of incretins it would not be
surprising that lactate signaling involves GPR132, which, like GPR81 (HCAR-1), signals
through cAMP and CREB (121). As suggested previously, lactate release from the bowel into
the systemic circulation via sMCTs with disposal elsewhere in the body indicates presence of a
‘gut-soma lactate shuttle’ (3). This area of lactate kinetics and signaling in promoting gut and

systemic health begs for further investigation.

The Intestinal Mucosa, Liver and Hepatic-Portal Circulation:

Classically, it has been understood that the liver and kidneys are the splanchnic sites of lactate
disposal via gluconeogenesis for maintenance of glycemia (122), or hepatic glycogen synthesis
(123). However, with realization of the ‘indirect pathway of hepatic glycogen synthesis’ (41),

and the ‘postprandial lactate shuttle’ (4), a question now arises as to whether the liver, or
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splanchnic bed as a whole, can contribute lactate to the systemic circulation. Evidence for

splanchnic lactate production is sparse, but is supportive.

In rats instrumented with indwelling portal vein catheters, a porto-peripheral lactate gradient
was present after glucose ingestion, reflecting the production of lactate in or by the intestine
(124). With regard to hepatic lactate production, lactate release from the liver under glucagon
stimulation was not seen in dogs (125). These cross-species comparisons implicate the upper

Gl tract as a site of lactate production.

Despite a dearth of direct (arterial-venous difference, a-v) information on splanchnic lactate
production in humans, information from the sports nutrition field may be helpful. Using
combinations of glucose, fructose and lactate tracers to evaluate the use of oral carbohydrate
energy sources in sports drinks investigators have observed carbon atoms from an orally
ingested fructose tracer to appear in the systemic circulation as labeled lactate (116, 126).
Hence, there is evidence for postprandial splanchnic lactate release in humans following the
ingestion of one carbohydrate energy source, fructose. A similar phenomenon following

ingestion of the disaccharide, sucrose (glucose + fructose) is likely (3).

Hunger, Appetite, and Nutrition:

In the context of overall factors affecting human health and nutrition that are released in
response to changes in physiological status, perhaps no less important is the influence

exerkines have on aspects of nutrition such as hunger and appetite.

The biochemistry behind hunger regulation is a complicated and active area of research.
However, it is clear that the arcuate nucleus of the hypothalamus is the site of hunger
regulation (127, 128). The gut hormone ghrelin is one of the hormones that informs the
hypothalamic centers of body energy status (129, 130). The suppressive effect of hard
exercise on appetite (131-133) is consistent with results that lactatemia acts via suppression of
ghrelin secretion (129, 134). The ghrelin receptor [growth hormone secretagogue receptor
(GHSR-10)] is a G-protein coupled receptor expressed throughout both the stomach and Gl
tract. Recently, it was found that lactate, short chain fatty acids, and other bacterial excretions
in the Gl tract are able to attenuate ghrelin-mediated signaling through the GHSR-1a. (135).

Hence, in combination with lactate produced by gut microbiota, the heightened levels of blood
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lactate during exercise can enter the bowel via sSMCTs and attenuate ghrelin receptor signaling,

thus revealing how hard exercise attenuates hunger.

Another mechanism by which the lactatemia of exercise and illness may have a suppressive
effect on appetite and hunger, and therefore obesity (3), is that lactate readily crosses the
blood-brain barrier via monocarboxylate transporters (MCTs) and directly affects hypothalamic
function (136). Initial results on brain tissues ex vivo are supported by results of studies using
magnetic resonance spectroscopy (MRS) on healthy individuals (137). Anecdotally, hunger
disappeared in studies on 12-hour fasted men given exogenous lactate infusion (138). Also of
note, athletes competing in 400 — 1,500 meter runs that result in extraordinary lactatemia are

seldom hungry immediately after hard training or competition.

And finally on the apparent linkages between lactatemia, appetite suppression, and resistance
to obesity, based on studies on several mammalian species, including humans, it appears that
lactate complexed with phenylalanine (Lac-Phe) downregulates appetite and prevents obesity
(139). As recently reported, the production of Lac-Phe is catalyzed by the enzyme carnosine
dipeptidase 2 (CNDP2) that is apparently substrate concentration driven and is expressed in
macrophages, monocytes and other immune and epithelial cells in diverse organs. The
arcuate nucleus or other site of Lac-Phe action is yet to be determined. However, at this point
it is probably appropriate to note that while the authors described sprint exercise blood lactate
levels in excess of 25 mM, the corresponding Lac-Phe level approximated 200 nM, a 125-fold
difference between lactate and Lac-Phe concentrations (their Figures 5e and 5f). In this
purported signaling pathway, the driver molecule is apparent. Lactate in high physiological
conditions likely complexes with (lactylates) many other biologically important substances

including amino acids, proteins, and nucleic acids, vide infra.

Lactate and The Brain:

The brain demonstrates the capacity to oxidize lactate as an energy source (140-143). As part
of glutamatergic signaling, astrocytes take up glucose from the blood and produce lactate to be
shuttled to neurons that utilize lactate as the primary energy source in what is known as the
‘astrocyte-neuron lactate shuttle’ (ANLS) (144, 145). In neurons, lactate signals by virtue of
HCAR-1 binding (70), as well as redox signaling (3, 13). Importantly, in healthy humans, the
lactatemia of exercise results in increased cerebral lactate uptake and improved executive

function (146, 147). As well, using isotopic tracers, brain lactate uptake was undiminished in
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Traumatic Brain Injury (TBI) patients compared to healthy controls with over 90% of lactate
uptake being oxidized in both groups (142, 143). Those results led to the idea of supporting

recovery of TBI patients by exogenous L-lactate infusion (19).

Physical exercise leads to the release of brain-derived neurotropic factor (BDNF) (148) in the
dentate gyrus of the hippocampus resulting in neurogenesis. More recently, studies of arterial-
venous differences and cerebral blood flow measurements show that hard exercise leading to
lactatemia results in cerebral lactate uptake followed by BDNF release (147). Furthermore,
researchers have shown higher exercise intensity, eliciting higher blood lactate concentrations,
increased cognitive function, independent of sex or BDNF polymorphisms (149). Importantly,
utilizing exogenous lactate infusion into resting subjects, Schiffer et al. showed the effect of
lactate on brain BDNF release (150), thus demonstrating a mechanism dependent on lactate
signaling as opposed to some other factor such as irisin (15). Several genes involved with
neuronal synaptic plasticity, such as Arc, Zif268, c-Fos, SRF, and BDNF are upregulated in the
presence of lactate in primary neurons of mice. The upregulation of these genes favors the
development of Long-term memory (LTM), via the activation of the N-methyl-D-aspartate
receptor (NMDAR) and the Erk1/2 cascade, through an intracellular redox state change (151,
152). For BDNF, the expression is regulated by the Silent Information Regulator 1 (STIR1)
dependent induction of the PGC10/FNDCS5 pathway (151).

In studies of NMDAR-dependent neuronal plasticity, a genome-wide transcriptional analysis
detected a group of genes that are upregulated by exposure to lactate. Included are genes
involved in the mitogen-activated protein kinase (MAPK) signaling pathway that plays a crucial
role on cell proliferation (153). Lactate signaling and activation of the MAPK pathway is

discussed below.

Lactate Signaling of TGF-B2:

An obvious contradiction in the literature involves the short- and long-term effects of exercise

on lipid mobilization and oxidative disposal. As reviewed above, moderate to hard exercise
results in lactatemia, crossover to CHO dependence (154), and inhibition of lipolysis during
hard exercise in humans regardless of training state when HCAR-1 signaling is known to be
activated (155, 156). In contrast are data on a mouse model indicating that lactate released
during exercise caused transforming growth factor-f2 (TGF-32) to be secreted from adipose

tissue, which resulted in improved glucose tolerance (75). On the basis of their elegant work,
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the authors proposed a lactate-TGF-B2 signaling axis. Seemingly, these conflicts would be
resolved by studies on humans showing that TGF-f signaling is responsible for increased lipid
metabolism following exercise when crossover to lipid oxidation occurs (74, 154). If so, an
important mechanism by which lactate affects the regulation of energy substrate partitioning
during and after exercise would be revealed. Glycolysis and glycogenolysis during exercise
produce lactate. Through HCAR-1, lactate first inhibits lipid mobilization and oxidation. Then,
via TGF-B2 signaling, lactate sets into motion events giving rise to increased metabolic

flexibility during exercise recovery after lactate is cleared (157).

The aforementioned paradox involving HCAR-1 and TGF-2 antagonism appears to be one of
several paradoxes surrounding lactatemia, exercise, and exercise training. Another noteworthy
paradox is that the pro-inflammatory cytokine IL-6 released from working muscle may be the
long sought ‘muscle factor’ by which hepatic glucose release is matched to metabolic demand
during exercise (158). Another paradoxical effect of lactate signaling stems from the multiple
effects attributed to TGF-2. While TGF-B2 is involved in the purported lactate-TGF-32
signaling axis (75), TGF-B2 is potentially injurious. For instance, disruption of the blood brain
barrier (BBB) following injury results in TGF-f activation and stimulation of the Smad2 complex,
which in turn leads to protein degradation via inhibition of AKT/mTOR pathway (159). TGF-3
activation following disruption of the BBB illustrates that TGF-8 may not always be a beneficial

exerkine.

The Rose Has Thorns: Lactate in Maladies including the Emperor Cancer, and in Mimicking

Glucose:

Static measurements of lactate concentration indicate lactatemia is associated with severity of
disease and poor prognosis (160). But is lactate accumulation the result of poor clearance, or
is it an appropriate strain response to a stressor? In illnesses and injuries, the question is
seldom asked and typically unanswered (50, 107). Nevertheless, inappropriate lactate signaling
may be implicated in conditions as diverse as tumorigenesis and the regulation of insulin

secretion during exercise.

Lactate in Cancer: Warburg and Minami first described the metabolic phenotype characteristic
of cancer cells (51). They noted high glucose uptake and excessive lactate formation in cancer

cells even under fully oxygenated conditions; hence adoption of the term “Warburg Effect”
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(161), sometimes also inappropriately described as “aerobic glycolysis’ even though oxygen is
neither a substrate for, nor a product of glycolysis. Still, while the high glucose uptake and
lactate release phenotype remains a hallmark of cancer, there is no consensus on the meaning
of the Warburg Effect. Initially, the excessive lactate formation of cancer cells and tumors led
Warburg to propose that cancer was an injury to the cellular respiratory apparatus. However,
cancer cells have mitochondria that are capable of respiring with lactate (162, 163). In contrast,
many similarities between cancer and healthy exercise phenotypes have been described (164).
Consequently, it was proposed that augmented lactate production (lactagenesis) initiated by
gene mutations is the reason and purpose of the Warburg Effect and that dysregulated lactate
metabolism and signaling are key elements in carcinogenesis (165). Support for the hypothesis
of dysregulated lactate metabolism in carcinogenesis (3, 9, 164) is found in the results of recent
experiments showing that lactate secreted from cancer cells into the stroma surrounding tumors
downregulates p62 transcription in stromal cells through a mechanism involving redox change
(i.e., the NAD*/NADH ratio, vide supra), which impairs poly(ADP-ribose)-polymerase 1 (PARP-
1) activity. Subsequently, PARP-1 inhibition prevents the poly(ADP-ribosyl)ation of AP-1
transcription factors, c-FOS and c-JUN, which is an obligate step for p62 downregulation (166).
Further, it was shown that PARP inhibitors mimic lactate in the reduction of stromal p62 levels,
as well as the subsequent stromal activation both in vitro and in vivo. These findings may give

rise to a drug effective at inhibiting cancer-associated fibroblasts.

Lactate shuttling in tumors has led to serious attempts to repress tumorigenesis by blocking the
release of lactate from highly glycolytic, glucose-consuming cells and those that respire lactate
(167-171). Monocarboxylate transporters (MCTs) are bi-directional symporters facilitating
movement of protons and lactate anions down concentration gradients (172). While MCTs are
ubiquitous and scaffolded in plasma membranes of most cells, including cancer cells,
erythrocytes, and cells in the heart, muscle and brain (173-175), blocking MCTs has been
considered a possible pharmaceutical target in cancer research. However, the lack of a drug to
target cancer cells has been a problem (176). As the quest to find cancer-specific MCT
blockers has been unsuccessful as of yet, others are looking for alternative approaches to
blocking lactate shuttling in tumors and cancer, such as by limiting the expression of CD147,
the scaffold for MCT insertion into cell membranes (vide supra) (177-180), knocking down
lactate dehydrogenase (LDH) expression (181), by preventing the reduction of stromal cell p62

levels (166), or by interfering with lactate signaling by silencing HCAR-1 (9). Yet again, the
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ubiquitous presence of proteins engendering lactate signaling requires the pharmacological

blockers target tumors, not the host.

Lactate, Lactate Dehydrogenase and the Glycolytic Phenotype In Cancer: Originally believed to
reside exclusively in the cytoplasm, LDH is now widely accepted as part of the mitochondrial
reticulum and is annotated in the MitoCarta (182) and MitoMiner (183).2 Further, using
immunocoprecipitation and colocalization technologies mitochondrial LDH can be found in and
visualized in muscle histological sections (184) as well as in cultured myocytes (185). Most
recently, excised bands identifying LDH in isolated muscle mitochondrial preparations
subjected to proteomic analysis confirm that the bands are LDH. In the cytosol, the equilibrium
constant (Keq =1,000) pushes the conversion of pyruvate to lactate. Necessarily then, for
lactate to become the major fuel for cell respiration, mitochondrial LDH is necessary for lactate
oxidation to pyruvate (186-189). Therefore, targeting cytosolic LDH in cancer cells could
potentially decrease several classes of cancer proliferation rates, including pancreatic tumors,
renal cell carcinoma, bladder cancer, and non-small-cell lung cancer (NSCLC) (190). LDH gene
expression can be upregulated epigenetically (methylation, acetylation, lactylation),
transcriptionally, and post-translationally. It was recently demonstrated that incubating H1299
(non-small cell lung cancer) cells with lactate resulted in downregulation of enzymes supporting
glycolytic flux (hexo- and pyruvate kinases), while enzymes of oxidative metabolism (isocitrate
and succinate dehydrogenases) were upregulated (191). Because the authors also observed
increased levels of lactylation, there may be a connection between this epigenetic modification
and changes in the entire metabolic pathway. The myriad of modifications to LDH can promote
a range of malignant phenotypes via cell proliferation, survival, metastasis, oxidative stress
protection, and angiogenesis induction, thereby supporting persistent growth (192). As a
biomarker, serum levels of LDH can serve as an index in cancer diagnosis (190). Likewise, a
noteworthy procedure revealed that surgical removal of tumors resulted in decreased levels of
serum LDH (193). With such a diverse set of factors that can influence cancer cell survival,
decreasing LDH activity via silencing may serve as a therapeutic treatment. For example, the
silencing LDH in transgenic NSCLC mouse models has shown to decrease tumorigenesis and
disease curtailment after 6 weeks of gene knockout (194). Furthermore, the use of potassium

oxamate, an LDH inhibitor, has been shown to also decrease lactate production and may be a

Readers are referred to the Author Recommended Internet Resources listed after citations.
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promising anticancer agent in human gastric cancer cells (195) and HelLa cells in tissue culture
(196). Moreover, clinical trials using gossypol, a cotton plant derived phenol, is known to
compete with NADH and possesses anti-cancer effects in vivo. When administered orally,
adrenal tumor size was reduced (197) and in patients with metastatic breast cancer, serum

tumor markers were decreased (198).

In closing this section, it is appropriate to comment on the seemingly contrasting roles of lactate
in encouraging a healthy phenotype while also being involved in carcinogenesis. To reiterate,
endurance training and cancer phenotypes have a lot in common, including the presence of
high glycolytic rates, resulting in lactate production and accumulation (199). Indeed, high rates
of glucose consumption and lactate production are hallmarks of cancer, the so called Warburg
Effect (200). Accordingly, it is a concern that lactatemia resulting from high-intensity interval
training (HIT) could induce transformation of cancer-prone cells. However, results of
epidemiological studies support the idea that regular physical activity reduces the risk of many
common cancers, including cancer of the breast, colon, bladder, uterus, esophagus, kidney,
lung and stomach. It is noteworthy that the organs protected from cancer by physical exercise
have apparently little to do with exercise itself, suggesting the presence of a protective
cytokine, myokine, adipokine or metabolite during exercise (201). Given this observation, a
proposal is that intermittent lactate release and circulation during physical activity improves
lactate clearance and preconditions cells, tissues and organs by reducing the chance that

lactagenesis promotes carcinogenesis (199).

Recently, Feng et al. may have provided a mechanistic explanation of the ‘exercise
prevents/lactate promotes cancer’ dichotomy (202). Using a mouse model with transplanted
MC38 tumors the investigators found that subcutaneous administration of sodium lactate
resulted in CD8+ T cell-dependent tumor growth inhibition. Single cell transcriptomics analysis
revealed increased proportion of stem-like TCF-1-expressing CD8+ T cells among intra-tumoral
CD3+ cells. Their results indicated that exogenous lactate inhibits histone deacetylase activity,
which resulted in increased acetylation at H3K27 of the TCF7 super enhancer locus, ultimately
increasing TCF7 gene expression. As well, the investigators showed that CD8+ T cells pre-
treated with lactate efficiently inhibited tumor growth when transferred to tumor-laden mice.

Consequently, the investigators interpreted their results to mean that sodium lactate could
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provide tumor immunity. Interestingly, glucose did not have a similar effect. This is important

because in tumors the low pH environment retards protective effects of CD8+ T cells.

As exciting as the results appear, it is clearly early-stages in terms of proposing lactate infusion
as cancer immune therapy. One consideration is that physical exercise raises both lactate
anion and hydrogen ion concentrations. In contrast, sodium lactate administration results in a
mild alkalosis (203). Hence, it could be that the alkalosis of sodium or other, non-acidic lactate
compounds could mitigate the effects of low-pH environments, thus facilitating the protective
effects of CD8+ T cells. Using lactate anions to mitigate the effects of acidosis and provide
nutritional support in exercise (18) and sepsis (204) is not new. Hopefully, in the near future
new technologies such as fluorescent indicators of lactate (FiLa) (205) will advance our

understanding of the role of lactate in health and disease.

The role of lactate in cancer biology is a huge field worthy of a volume of reviews. Suffice it to
reassert that lactate upregulates a glycolytic cell phenotype while also suppressing an oxidative
phenotype. Lactate also supports angiogenesis, (206), cell migration, metastasis and self-

sufficient metabolism, all of which encourage progression to cancer (3, 9).

Lactate and other Maladies: Studies on cultured osteoclasts indicate that glycolysis leads to
lactate production and that lactate is the active metabolite mediating bone resorption (207). As
such, investigators are exploring ways to block glycolysis and lactate production in osteoclasts
as a therapeutic strategy in diseases characterized by osteoclast-mediated bone loss such as

ovariectomy, postmenopausal osteoporosis and rheumatoid arthritis.

Lactate Signaling and Sensing in Mimicking Glucose Resulting in Hyperinsulinemia and

Hypoglycemia: Lactate-glucose interactions are complex, but usually glucose, not lactate

controls insulin secretion. However, problems can arise if lactate interferes with glucose-insulin
signaling. Classically, as recognized in Cori cycle (122) and the lactate shuttle (30, 208),
glucose and glycogen are the precursors to lactate formation (2, 209), and lactate is the major
gluconeogenic precursor (122, 210-213). However, whereas blood glucose levels provide
important feedback in the regulation of insulin and counter-regulatory hormones, lactate
normally plays no direct role in the regulation of insulin secretion and by that mechanism lactate

is excluded from the regulatory processes.
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In the normal pancreatic islet, MCT gene expression is silenced, and hence protein synthesis
and insertion into B-cell plasma membranes is prevented (214, 215). The silencing of MCT
expression in pancreatic -cells keeps extracellular lactate from affecting intracellular redox and
thereby interfering with glucose sensing and insulin secretion (216). Silencing of MCT1 in
pancreatic B-cells is evolutionary proof that lactate overrides glucose in regulating energy
substrate partitioning in general, and insulin secretion in particular when the dominant role of
lactate must be suppressed. In this regard, it is noteworthy that persons with failed silencing of
MCT1 expression and resulting MCT insertion into plasma membranes of pancreatic -cells
become hypoglycemic during hard exercise. This is because the presence of plasma
membrane MCT1 allows lactate to gain entry into pancreatic B-cells that affects cell redox, just
as if blood glucose was elevated. Thus, the signal is misinterpreted as indicating systemic
hyperglycemia (that does not exist), thereby stimulating pancreatic insulin secretion, and

increased glucose disposal causing hypoglycemia (217).

HIF and/or LIF?

The transcription factor hypoxia inducible factor-1 (HIF-1) is recognized for being the master

regulator of oxygen homeostasis (218). Knowledge of its role in exercise was inspired by
results from studies of cell biology, including cancer biology, rodent and human studies (219).
Literature on the subject HIF-1 expression shows a tight relationship with glycolysis such that
one is tempted to consider thinking of the transcription factor also as a ‘lactate induced factor’
(LIF), particularly if feedback control of HIF-1 is considered. This association has been
previously mentioned (3) and described more fully (220), but remains unclear (221, 222). For
the present the hypoxia inducible/lactate induced factor (HIF/LIF) appears to have both direct
signaling and indirect physiological effects resulting in a more glycolytic, and less oxidative
muscle phenotype. Exceptions may include VEGF formation (92) and upregulation of MCT
expression (223). Consequently, from the standpoint of using regular physical exercise to
maintain or improve health over the lifespan (15, 221, 224), at present the role of HIF in

adaptation to exercise is not completely understood.

HIF-1 is a heterodimeric molecule with pairs of two sub-units: HIF-1a (regulatable sub-units)
and HIF-1BO 00000 0000000000000 0000000), dimersCOO00 Ha purported
evolutionary role in high altitude adaptation (225). HIF-18 OO0 00sO0O0OO000dOThe aryl

hydrocarbon receptor nuclear translocator (ARNT). After synthesis, HIF-1a is hydroxylated on
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proline residues by prolyl hydroxylase 1-3 (PHD1-3). This allows for ubiquitination by the von
Hippel-Lindau ubiquitin ligase E3 (VHL E3), leading to degradation of the protein complex by
the 26s proteasome. During hypoxia (low oxygen concentration), PHD1-3 is inhibited and HIF-
1o is not degraded and remains active (226). In cancer cells a similar effect of lactate in
activating HIF-1 was first observed (227-229).

Consistent with the concept that HIF promotes a glycolytic phenotype, constitutively in mice
HIF-1 is higher in fast than slow twitch muscles and is increased following high intensity
exercise training (230). HIF-1 increases gene and protein expression of pyruvate
dehydrogenase kinase (PDHK), thus phosphorylating and inactivating the PDH complex which
is responsible for catalyzing the decarboxylation of pyruvate to acetyl-coenzyme A, the first step
in the mitochondrial catabolism of pyruvate (231). As a consequence, by increasing expression
of PDHK HIF acts to down regulate oxidative metabolism, decrease lactate clearance and
promote lactate accumulation, which are not desirable effects for health, healthy aging or

exercise endurance.

Data on HIF expression and signaling by oxygen and high lactate obtained on studies using cell
culture techniques and rodent models need to be understood by comparison with results of
studies on humans. Studies on normoxic humans show that the intramuscular partial pressure
of oxygen (PO3) remains above the critical mitochondrial PO, during exercise eliciting maximal
oxygen uptake (VOzmax) (232). Moreover, in a clever, one leg knee extensor training study
Lundby and colleagues demonstrated a short-term (6-hr) effect of exercise in HIF-1a and -2o.
expression that was attenuated by exercise training. Because exercise testing and training
studies were conducted under normoxia and neither muscle PO, or lactate levels were
measured, the authors concluded the changes in HIF expression were exercise, but not
hypoxia-induced (233). More recently to assess the effects of high intensity interval training
(HIT) on muscle gene expression Norrbom and colleagues used cutting-edge Transcription-
Factor Motif-Enrichment Analyses on leg muscle from 11 men before and after nine bouts of
HIIT, (3 x/wk.)(3 wk.) (222). They found that almost 2,000 genes across 84 pathways were
differentially expressed in response to a single HIIT session. Most prominent among those was
upregulation of HIF-1a expression. Overall, the transcriptional response to acute exercise was
strikingly similar at 3 wk., 83% (n = 1,650) of the genes regulated after the 1st compared to the

9th bout. Again, neither muscle PO, nor lactate levels were measured (222). However, as seen
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previously (233), the responses post-training were 30% attenuated compared to the first bout.
The attenuation differed substantially between pathways and was especially pronounced for
glycolysis and cellular adhesion compared to MAPK pathway genes such as that coding for
VEGF.

At present, it is appropriate to suspect that the HIF low oxygen/high lactate response is part of
the transient response to exercise training, particularly with regard to the glycolytic aspects of
muscle metabolism. However, HIF-related effects observed in cell systems and in mammalian
models are to be considered along with results from a plethora of studies showing that
endurance training increases cardiovascular capacity in women and men (234-236), increases
muscle perfusion (237), stimulates mitochondrial biogenesis (53-55), increases the expression
of monocarboxylate transporter isoform 1 (MCT1) and subtly shifts the pattern of LDH A/B
expression (221, 223, 238), and increases lactate clearance (36, 239). Hence, it appears that
some, but not all of the outcomes of HIF-1 signaling occur in humans during exercise or as a

consequence of exercise training (221, 222).

Does The Future Stem from the Beginning?

As articulated at the outset, to date literature on lactate signaling and sensing fall largely within
the domains of exercise and nutrient delivery metabolism. However, as investigators turn the
page and delve into new areas of lactate biology we will better understand how perturbations in
lactate turnover and accumulation, sensing and signaling could have beneficial or other,
sometimes detrimental, consequences. For instance, Rinaudo and colleagues showed that the
hyperoxic environment of in vitro fertilization can result in perturbations in the L/P and ROS
generation (240) that are associated with insulin resistance and loss of metabolic flexibility in
offspring (241). In concert, it has been shown that pyruvate is indispensable for pre-
implantation development and zygotic gene activation (ZGA) beyond 2-cell (2C) stage of
development, following which either pyruvate or lactate can facilitate continued cell
development and ZGA (242-244). In contrast, neither glucose nor glutamine were able to
advance development and ZGA beyond 2C (17). Of particular interest is histone lactylation, not

only for the effects of gene expression in adults, but also in early stages of development (245).

Beyond the possibility that lactate could influence nuclear gene expression by lactylation,

another emerging possibility is that lactate could influence the mitochondrial genome. The
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mitochondrial reticulum contains multiple copies of a distinct circular genome containing 13
protein-encoding genes. However, short open reading frames (sORFs) encoded in the
mitochondrial genome have been recently identified. Importantly, such sORFs produce
bioactive peptides, collectively referred to as mitochondrial-derived peptides (MDPs), which
have broad physiological functions (246, 247). MOTS-c (mitochondrial ORF of the 12S rRNA
type-c) is an MDP that that is purported to promote “metabolic homeostasis” in response to
stress. Consequently, MOTS-c has been referred to a “mitokine”. At present regulation of
MOTS-c expression appears to be under dual control, in part, via AMPK (248), and in part by
ROS (247) that determine the adaptive nuclear gene expression following nuclear translocation
(249).

In a recent study examining the role of exercise on ameliorating the effects of aging on muscle
metabolic homeostasis, Reynolds et al. (250) gave MOTS-c to mice and cultured myocytes and
determined the MOTS-c response in exercise humans. Balloon plots derived from RNA-seq
data of MOTS-c treated skeletal muscle from old mice showed activation of AMPK.
Additionally, C2C12 myoblasts showed common transcription factors, including those
influencing the response to oxidative stress, protein localization to the nucleus, and
mitochondrial organization. Despite the operating hypothesis that MOTS-c is involved in
preservation of cellular metabolic homeostasis in response to stress, the authors failed to
measure lactate in cultured myocytes, exercised mice or humans. The myoblast response to
lactate includes AMPK activation and ROS generation (55). Hence, could it be that an exerkine
(lactate) gives rise to a mitokine (MOTS-c)? This potential role of lactate signaling in promoting

“metabolic homeostasis” warrants further investigation.

Conclusion

The role of lactate in normal and pathological conditions has come a long way from its
traditional view as a metabolic waste product and cause of muscle fatigue (1-6). Lactate works
in diverse ways to affect physiology and metabolism; sometimes the action is direct such as in
the lactate receptor HCAR-1, or other times in concert with other signals such as via with the
carotid body olfactory receptor (OIfr78) in the control of breathing. Certainly, lactate is not the
only myokine of exerkine (15), but lactate has important signaling functions to be considered. In
terms of energy substrate partitioning lactate is at the fulcrum of metabolic regulation, at low

levels either permissive of lipolysis and mitochondrial fatty acid oxidation, or at high levels
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inhibiting lipolysis and mitochondrial fatty acid uptake and oxidation (13). Lactate is formed
under fully aerobic conditions during postprandial rest and exercise (4, 10, 14). As revealed by
the presence of the postprandial lactate shuttle (4), lactate is the metabolic intermediate
involved in dietary carbohydrate distribution and disposal. Mechanisms by which lactate
operates to control energy substrate partitioning include mass action (3), allosteric binding (69,
70, 251), ROS production (55), canonical intracellular signaling (252), central nervous system
signaling via substrate supply (144) and protein lactylation (139), and gene expression via
histone lactylation (59). With all due respect to classical and contemporary discoveries in
metabolic regulation, it is reasonable to assert that ‘lactate is the major myokine and exerkine’
because of its abundance, dynamic range of concentration change, effect on cell redox and
multiple independent and coordinated regulatory effects on major metabolic pathways in
diverse tissues (89, 253). Lactate fuels the spiral mitochondrial reticulum at the base of the
sperm head. The event of conception is followed by the influence of lactate on embryonic
development (17, 245), and subsequently over the lifespan (241).
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Legends To Figures

1. lllustration of roles of driver and recipient cells in lactate shuttle signaling. Lactate fluxes
from sites of production and high concentration in driver cell compartments and tissues to sites
of lower concentration in recipient disposal sites. Note that depending on metabolic
conditions some sites can switch from driver to recipient cells. Examples of switching are
several and include initial lactate release from muscle beds at the onset of exercise to uptake
by the same muscle bed as blood flow and oxygenation increase to meet metabolic demands.
At that time, other tissues such as the integument become lactate shuttle drivers. Another
example occurs after carbohydrate nutrition when red skeletal muscle takes up glucose and
releases lactate as part of the “postprandial lactate shuttle.” Seen from the perspective of
Figure 1, lactate shuttling provides for fuel energy carbon exchange and metabolic signaling.

Figure modified from (4). Recreated with BioRender.com.

2. lllustration of the cellular Redox exchange caused by lactate shuttling. At driver sites lactate
production results for reduction of pyruvate to lactate. However, at recipient sites oxidation of
lactate to pyruvate occurs. Pyruvate reduction to lactate and subsequent oxidation of lactate to
pyruvate result in millimolar changes in cellular NADH/NAD+ ratios. Among other forms of
lactate signaling described in text or Figure 3, changes in cell redox caused by lactate shuttling

are most profound. Figure modified from (254). Recreated with BioRender.com.

3. lllustration of diverse forms of Intracellular lactate Shuttling. Lactate producer (Driver) cells
and tissues (broad solid lines and arrow heads) contributing to circulating lactate include
contributions from the integument, gut, fast-glycolytic skeletal muscle, postprandial red skeletal
muscle, and mixed skeletal muscle at the onset of exercise. Lactate consumer (Recipient) sites
disposing of lactate (dashed lines and lesser arrow heads) include mitochondrial lactate
oxidation in red and mixed skeletal muscle, the heart and brain during steady rate exercise.
Also included are (dashed lines and lesser arrow heads) for lactate disposal via
gluconeogenesis in the liver and kidneys, and for the brain neurons (as part of the ANLS).
Lactate-stimulated IL-6 release from monocytes and working muscle is an example of lactate-
stimulated cytokine release. Whether drivers or recipients, all cells experience redox signaling
effects. Signaling sites not involving carbon exchange or transformation include white adipose
where lactate inhibits lipolysis via HCAR and CREB signaling, the heart when peripheral

muscle lactate accumulation stimulates the metaboreflex with afferent signaling to the
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medullary cardiovascular center via Types IlI- and -IV sensory fibers which increases cardiac
output, pulmonary ventilation via the carotid body olfactory receptor (OIfr78), the skeletal
muscle where stimulates mitochondrial biogenesis via PGC-1a, ROS and sirtuin activation and
dissociates oxymyoglobin and blood oxyhemoglobin, the brain where lactate from the arterial
circulation of glycolysis in astrocytes fuels neurons and participates in glutamatergic signaling
as well as stimulates neurogenesis in the hippocampus and BDNF secretion. Moreover,
lactatemia and tissue lactate accumulation have an epigenetic effect via lactylation of histones,
and lactate has anti-inflammatory effects. Tissues involved starting top left and looking
clockwise: skeletal muscle fibers, gluconeogenic organs the liver and kidneys, white adipose
tissue, working red skeletal muscle, monocytes, the lungs, integument, skeleton, gut wall and
microbiome, the brain, all nucleated cells containing DNA, the heart, ova and sperm. Created
with BioRender.com. Solid and dashed lines indicate flux directions, but not rates because

typically lactate Ra=Rd in a steady state.

30
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



821

822
823
824

825

826
827

828
829

830
831
832

833
834
835

836
837

838
839

840
841
842

843
844

845
846

847
848

849

850
851
852

853
854
855
856

References

1. Brooks GA. Glycolytic end product and oxidative substrate during sustained exercise in
mammals--the "lactate shuttle. Comparative Physiology and Biochemistry - Current Topics and
Trends, Volume A, Respiration - Metabolism - Circulation 208-218, 1985.

2. Brooks GA. Lactate shuttles in nature. Biochem Soc Trans 30: 258-264, 2002.

3. Brooks GA. The Science and Translation of Lactate Shuttle Theory. Cell Metab 27: 757-
785, 2018.

4. Brooks GA, Arevalo JA, Osmond AD, Leija RG, Curl CC, and Tovar AP. Lactate in
contemporary biology: a phoenix risen. J Physiol 600: 1229-1251, 2022.

5. Hui S, Ghergurovich JM, Morscher RJ, Jang C, Teng X, Lu W, Esparza LA, Reya T,
Le Z, Yanxiang Guo J, White E, and Rabinowitz JD. Glucose feeds the TCA cycle via
circulating lactate. Nature 551: 115-118, 2017.

6. Chen YJ, Mahieu NG, Huang X, Singh M, Crawford PA, Johnson SL, Gross RW,
Schaefer J, and Patti GJ. Lactate metabolism is associated with mammalian mitochondria.
Nat Chem Biol 12: 937-943, 2016.

7. Rabinowitz JD, and Enerback S. Lactate: the ugly duckling of energy metabolism. Nat
Metab 2: 566-571, 2020.

8. Goodwin ML, Gladden LB, Nijsten MW, and Jones KB. Lactate and cancer: revisiting
the warburg effect in an era of lactate shuttling. Front Nutr 1: 27, 2014.

9. San-Millan I, and Brooks GA. Reexamining cancer metabolism: lactate production for
carcinogenesis could be the purpose and explanation of the Warburg Effect. Carcinogenesis
2016.

10. Gladden LB. Lactate metabolism: a new paradigm for the third millennium. J Physiol
558: 5-30, 2004.

11. Rogatzki MJ, Ferguson BS, Goodwin ML, and Gladden LB. Lactate is always the end
product of glycolysis. Front Neurosci 9: 22, 2015.

12. Brooks GA. Lactate production under fully aerobic conditions: the lactate shuttle during
rest and exercise. Fed Proc 45: 2924-2929, 1986.

13. Brooks GA. Lactate as a fulcrum of metabolism. Redox Biol 35: 101454, 2020.

14. Ferguson BS, Rogatzki MJ, Goodwin ML, Kane DA, Rightmire Z, and Gladden LB.
Lactate metabolism: historical context, prior misinterpretations, and current understanding. Eur
J Appl Physiol 118: 691-728, 2018.

15. Chow LS, Gerszten RE, Taylor JM, Pedersen BK, van Praag H, Trappe S, Febbraio
MA, Galis ZS, Gao Y, Haus JM, Lanza IR, Lavie CJ, Lee CH, Lucia A, Moro C, Pandey A,
Robbins JM, Stanford Kl, Thackray AE, Villeda S, Watt MJ, Xia A, Zierath JR, Goodpaster
BH, and Snyder MP. Exerkines in health, resilience and disease. Nat Rev Endocrinol 2022.

31
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



857
858

859
860

861
862
863

864
865

866
867
868

869
870
871

872
873
874
875

876
877

878
879
880

881
882

883
884

885
886

887
888

889
890
891

16. Jones AR. Metabolism of lactate by mature boar spermatozoa. Reprod Fertil Dev 9:
227-232, 1997.

17.  Sharpley M, Chi F, Hoeve J, and Banerjee U. Metabolic plasticity drives development
during mammalian embryogenesis. Developmental Cell 56: 2329-2347, 2020.

18. Azevedo JL, Tietz E, Two-Feathers T, Paull J, and Chapman K. Lactate, fructose and
glucose oxidation profiles in sports drinks and the effect on exercise performance. PloS one 2:
€927, 2007.

19. Brooks GA, and Martin NA. Cerebral metabolism following traumatic brain injury: new
discoveries with implications for treatment. Front Neurosci 8: 408, 2014.

20. Bouzat P, Sala N, Suys T, Zerlauth JB, Marques-Vidal P, Feihl F, Bloch J, Messerer
M, Levivier M, Meuli R, Magistretti PJ, and Oddo M. Cerebral metabolic effects of exogenous
lactate supplementation on the injured human brain. Intensive Care Med 40: 412-421, 2014.

21. Oddo M, Levine JM, Frangos S, Maloney-Wilensky E, Carrera E, Daniel RT, Levivier
M, Magistretti PJ, and LeRoux PD. Brain lactate metabolism in humans with subarachnoid
hemorrhage. Stroke 43: 1418-1421, 2012.

22. Quintard H, Patet C, Zerlauth JB, Suys T, Bouzat P, Pellerin L, Meuli R, Magistretti
P, and Oddo M. Improvement of neuroenergetics by hypertonic lactate therapy in patients with
traumatic brain injury is dependent on baseline cerebral lactate/pyruvate ratio. J Neurotrauma
2015.

23. Hill AV, Long CNH, and Lupton H. Muscular exercise, lactic acid and the supply and
utilisation of oxygen. Pt VII-VIIl. Proc Roy Soc B 97: 155-176, 1924.

24. Margaria R., Edwards H.T. a, and Dill DB. The possible mechanisms of contracting
and paying the oxygen debt and the réle of Lactic Acid In Muscular Contraction. Am J Physiol
106: 689-715, 1933.

25. Donovan CM, and Brooks GA. Endurance training affects lactate clearance, not lactate
production. Am J Physiol 244: E83-92, 1983.

26. Brooks GA, and Donovan CM. Effect of endurance training on glucose kinetics during
exercise. Am J Physiol 244: E505-512, 1983.

27. Hooker AM, and Baldwin KM. Substrate oxidation specificity in different types of
mammalian muscle. Am J Physiol 236: C66-69, 1979.

28. Baldwin KM, Campbell PJ, and Cooke DA. Glycogen, lactate, and alanine changes in
muscle fiber types during graded exercise. Journal of applied physiology 43: 288-291, 1977.

29. Barnard RJ, Edgerton VR, Furukawa T, and Peter JB. Histochemical, biochemical,
and contractile properties of red, white, and intermediate fibers. Am J Physiol 220: 410-414,
1971.

32
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



892
893

894
895
896

897

898
899
900

901
902

903
904

905
906
907

908
909
910

911
912

913
914

915
916

917
918

919
920
921

922
923
924

925
926

30. Brooks GA. Anaerobic threshold: review of the concept and directions for future
research. Med Sci Sports Exerc 17: 22-34, 1985.

31. Gertz EW, Wisneski JA, Stanley WC, and Neese RA. Myocardial substrate utilization
during exercise in humans. Dual carbon-labeled carbohydrate isotope experiments. J Clin
Invest 82: 2017-2025, 1988.

32. Brooks GA. Role of the Heart in Lactate Shuttling. Front Nutr 8: 663560, 2021.

33. Mazzeo RS, Brooks GA, Budinger TF, and Schoeller DA. Pulse injection, 13C tracer
studies of lactate metabolism in humans during rest and two levels of exercise. Biomed Mass
Spectrom 9: 310-314, 1982.

34. Stanley WC, Gertz EW, Wisneski JA, Morris DL, Neese RA, and Brooks GA.
Systemic lactate kinetics during graded exercise in man. Am J Physiol 249: E595-602, 1985.

35. Welch HG, and Stainsby WN. Oxygen debt in contracting dog skeletal muscle in situ.
Respir Physiol 3: 229-242, 1967 .

36. Bergman BC, Wolfel EE, Butterfield GE, Lopaschuk GD, Casazza GA, Horning MA,
and Brooks GA. Active muscle and whole body lactate kinetics after endurance training in
men. Journal of applied physiology 87: 1684-1696, 1999.

37. Stanley WC, Gertz EW, Wisneski JA, Neese RA, Morris DL, and Brooks GA. Lactate
extraction during net lactate release in legs of humans during exercise. Journal of applied
physiology 60: 1116-1120, 1986.

38. Johnson JA, and Fusaro RM. The role of the skin in carbohydrate metabolism. Adv
Metab Disord 60: 1-55, 1972.

39. Consoli A, Nurjahan N, Gerich JE, and Mandarino LJ. Skeletal muscle is a major site
of lactate uptake and release during hyperinsulinemia. Metabolism 41: 176-179, 1992.

40. Gerich JE, Meyer C, Woerle HJ, and Stumvoll M. Renal gluconeogenesis: its
importance in human glucose homeostasis. Diabetes Care 24: 382-391, 2001.

41. Foster DW. Banting lecture 1984. From glycogen to ketones--and back. Diabetes 33:
1188-1199, 1984.

42. Woerle HJ, Meyer C, Dostou JM, Gosmanov NR, Islam N, Popa E, Wittlin SD, Welle
SL, and Gerich JE. Pathways for glucose disposal after meal ingestion in humans. Am J
Physiol Endocrinol Metab 284: E716-725, 2003.

43. Stender S, Zaha VG, Malloy CR, Sudderth J, DeBerardinis RJ, and Park JM.
Assessment of Rapid Hepatic Glycogen Synthesis in Humans Using Dynamic (13)C Magnetic
Resonance Spectroscopy. Hepatol Commun 4: 425-433, 2020.

44, Kedlian V, Wang Y, Liu T, Chen X, Bolt L, Shen Z, Fasouli ES, Kleshchevnikov1 V,
L. T, Lawrence JE, Ni H, Q. G, Yang L, Polanski K, Dabrowska M, Tudor C, Li X, Bayrakta

33
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



927
928

929
930

931
932

933
934

935
936
937

938
939

940
941

942
943

944
945

946
947
948

949
950
951

952
953
954

955
956
957

958
959
960

O, Patel M, Meyer KB, Kumasaka N, Mahbubani KT, Xiang AP, Saeb-Parsy K, Teichmann
SA, and Zhang H. Human skeletal muscle ageing atlas. bioRxiv 2022.

45, Barnard RJ, Edgerton VR, and Peter JB. Effect of exercise on skeletal muscle. I.
Biochemical and histochemical properties. J Appl Physiol 28: 762-766, 1970.

46. Kirkwood SP, Packer L, and Brooks GA. Effects of endurance training on a
mitochondrial reticulum in limb skeletal muscle. Arch Biochem Biophys 255: 80-88, 1987.

47. James DE, Kraegen EW, and Chisholm DJ. Effects of exercise training on in vivo
insulin action in individual tissues of the rat. J Clin Invest 76: 657-666, 1985.

48. James DE, Zorzano A, Boni-Schnetzler M, Nemenoff RA, Powers A, Pilch PF, and
Ruderman NB. Intrinsic differences of insulin receptor kinase activity in red and white muscle.
J Biol Chem 261: 14939-14944, 1986.

49. Gisolfi C, Robinson S, and Turrell ES. Effects of aerobic work performed during
recovery from exhausting work. J Appl Physiol 21: 1767-1772, 1966.

50. See EJ, and Bellomo R. The importance of applying physiological principles of
hyperlactataemia to the study of human disease. J Physiol 599: 1933, 2021.

51. Warburg O, and Minami S. Versuche an Uberlebendem Carcinom-gewebe. Klinische
Wochenschrift 2: 776-777, 1923.

52. Poole DC, Rossiter HB, Brooks GA, and Gladden LB. The anaerobic threshold: 50+
years of controversy. J Physiol 2020.

53. Holloszy JO. Biochemical adaptations in muscle. Effects of exercise on mitochondrial
oxygen uptake and respiratory enzyme activity in skeletal muscle. J Biol Chem 242: 2278-2282,
1967.

54. Davies KJ, Packer L, and Brooks GA. Biochemical adaptation of mitochondria,
muscle, and whole-animal respiration to endurance training. Arch Biochem Biophys 209: 539-
554, 1981.

55. Hashimoto T, Hussien R, Oommen S, Gohil K, and Brooks GA. Lactate sensitive
transcription factor network in L6 cells: activation of MCT1 and mitochondrial biogenesis. Faseb
J 21: 2602-2612, 2007.

56. Willkomm L, Schubert S, Jung R, Elsen M, Borde J, Gehlert S, Suhr F, and Bloch
W. Lactate regulates myogenesis in C2C12 myoblasts in vitro. Stem cell research 12: 742-753,
2014.

57. Genders AJ, Martin SD, McGee SL, and Bishop DJ. A physiological drop in pH

decreases mitochondrial respiration, and HDAC and Akt signaling, in L6 myocytes. Am J
Physiol Cell Physiol 316: C404-C414, 2019.

34
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



961
962
963

964
965
966
967

968
969

970

971
972

973
974

975
976
977

978
979

980
981

982
983

984
985

986
987
988

989
990
991

992
993
994

995
996

58. Hoshino D, Tamura Y, Masuda H, Matsunaga Y, and Hatta H. Effects of decreased
lactate accumulation after dichloroacetate administration on exercise training-induced
mitochondrial adaptations in mouse skeletal muscle. Physiol Rep 3: 2015.

59. Zhang D, Tang Z, Huang H, Zhou G, Cui C, Weng Y, Liu W, Kim S, Lee S, Perez-
Neut M, Ding J, Czyz D, Hu R, Ye Z, He M, Zheng YG, Shuman HA, Dai L, Ren B, Roeder
RG, Becker L, and Zhao Y. Metabolic regulation of gene expression by histone lactylation.
Nature 574: 575-580, 2019.

60. Dai X, Lv X, Thompson EW, and Ostrikov KK. Histone lactylation: epigenetic mark of
glycolytic switch. Trends Genet 2021.

61. Leija RG, Osmond AD, Arevalo JA, Duong JJ, and Brooks GA. Unpublsihed 2022.

62. Bangsbo J, Johansen L, Graham T, and Saltin B. Lactate and H+ effluxes from
human skeletal muscles during intense, dynamic exercise. J Physiol 462: 115-133, 1993.

63. Cheetham ME, Boobis LH, Brooks S, and Williams C. Human muscle metabolism
during sprint running. J Appl Physiol (1985) 61: 54-60, 1986.

64. Henderson GC, Horning MA, Lehman SL, Wolfel EE, Bergman BC, and Brooks GA.
Pyruvate shuttling during rest and exercise before and after endurance training in men. J Appl/
Physiol 97: 317-325, 2004.

65. Johnson ML, Emhoff CA, Horning MA, and Brooks GA. Transpulmonary lactate
shuttle. Am J Physiol Regul Integr Comp Physiol 302: R143-149, 2012.

66. Henderson GC, Horning MA, Wallis GA, and Brooks GA. Pyruvate metabolism in
working human skeletal muscle. Am J Physiol Endocrinol Metab 292: E366, 2007.

67. Sahlin K, Harris RC, Nylind B, and Hultman E. Lactate content and pH in muscle
obtained after dynamic exercise. Pflugers Arch 367: 143-149, 1976.

68. Ali MA, Yasui F, Matsugo S, and Konishi T. The lactate-dependent enhancement of
hydroxyl radical generation by the Fenton reaction. Free Radic Res 32: 429-438, 2000.

69. Ahmed K, Tunaru S, Tang C, Muller M, Gille A, Sassmann A, Hanson J, and
Offermanns S. An autocrine lactate loop mediates insulin-dependent inhibition of lipolysis
through GPR81. Cell metabolism 11: 311-319, 2010.

70. Bergersen LH. Lactate transport and signaling in the brain: potential therapeutic targets
and roles in body-brain interaction. Journal of cerebral blood flow and metabolism : official
Journal of the International Society of Cerebral Blood Flow and Metabolism 2014.

71. Saddik M, Gamble J, Witters LA, and Lopaschuk GD. Acetyl-CoA carboxylase
regulation of fatty acid oxidation in the heart. The Journal of biological chemistry 268: 25836-
25845, 1993.

72. San-Millan |, Sparagna GC, Chapman HL, Warkins VL, Chatfield KC, Shuff SR,
Martinez JL, and Brooks GA. Chronic Lactate Exposure Decreases Mitochondrial Function by

35
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



997
998

999
1000
1001

1002
1003
1004

1005
1006
1007
1008
1009

1010
1011
1012

1013
1014

1015
1016

1017
1018

1019
1020

1021
1022
1023

1024
1025

1026
1027

1028
1029
1030

1031
1032
1033

Inhibition of Fatty Acid Uptake and Cardiolipin Alterations in Neonatal Rat Cardiomyocytes.
Front Nutr 9: 809485, 2022.

73. Henderson GC, Fattor JA, Horning MA, Faghihnia N, Johnson ML, Luke-Zeitoun M,
and Brooks GA. Glucoregulation is more precise in women than in men during postexercise
recovery. Am J Clin Nutr 87: 1686-1694, 2008.

74. Henderson GC, Fattor JA, Horning MA, Faghihnia N, Johnson ML, Mau TL, Luke-
Zeitoun M, and Brooks GA. Lipolysis and fatty acid metabolism in men and women during the
postexercise recovery period. J Physiol 584: 963-981, 2007.

75. Takahashi H, Alves CRR, Stanford Kl, Middelbeek RJW, Pasquale N, Ryan RE, Xue
R, Sakaguchi M, Lynes MD, So K, Mul JD, Lee MY, Balan E, Pan H, Dreyfuss JM,
Hirshman MF, Azhar M, Hannukainen JC, Nuutila P, Kalliokoski KK, Nielsen S, Pedersen
BK, Kahn CR, Tseng YH, and Goodyear LJ. TGF-beta2 is an exercise-induced adipokine that
regulates glucose and fatty acid metabolism. Nat Metab 1: 291-303, 2019.

76. Glancy B, Hartnell LM, Malide D, Yu ZX, Combs CA, Connelly PS, Subramaniam S,
and Balaban RS. Mitochondrial reticulum for cellular energy distribution in muscle. Nature 523:
617-620, 2015.

77. Kirkwood SP, Munn EA, and Brooks GA. Mitochondrial reticulum in limb skeletal
muscle. Am J Physiol 251: C395-402, 1986.

78. Brooks GA, Fahey TD, and Baldwin KM. EXERCISE PHYSIOLOGY: Human
Bioenergetics and Its Applications. Kindle Direct Publishing, Lexington, KY, 2019.

79. Holloszy JO, and Coyle EF. Adaptations of skeletal muscle to endurance exercise and
their metabolic consequences. J Appl Physiol Respir Environ Exerc Physiol 56: 831-838, 1984.

80. Botella J, Motanova ES, and Bishop DJ. Muscle contraction and mitochondrial
biogenesis — A brief historical reappraisal. Acta Physiol (Oxf) e13813: 2022.

81. Joseph AM, Pilegaard H, Litvintsev A, Leick L, and Hood DA. Control of gene
expression and mitochondrial biogenesis in the muscular adaptation to endurance exercise.
Essays Biochem 42: 13-29, 2006.

82. Hardie DG, and Sakamoto K. AMPK: A key sensor of fuel and energy status in skeletal
muscle. Physiology (Bethesda) 21: 48-60, 2006.

83. Handschin C, and Spiegelman BM. PGC-1 coactivators and the regulation of skeletal
muscle fiber-type determination. Cell Metab 13: 351, 2011.

84. Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, Troy A, Cinti
S, Lowell B, Scarpulla RC, and Spiegelman BM. Mechanisms controlling mitochondrial
biogenesis and respiration through the thermogenic coactivator PGC-1. Cell 98: 115-124, 1999.

85. Vargas-Ortiz K, Perez-Vazquez V, Figueroa A, Diaz FJ, Montano-Ascencio PG, and
Macias-Cervantes MH. Aerobic training but no resistance training increases SIRT3 in skeletal
muscle of sedentary obese male adolescents. Eur J Sport Sci 18: 226-234, 2018.

36
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1034
1035
1036

1037
1038

1039
1040
1041
1042

1043
1044
1045

1046
1047

1048
1049

1050
1051
1052

1053
1054
1055

1056
1057
1058

1059

1060
1061

1062
1063

1064
1065
1066

1067
1068

86. Lawson D, Vann C, choenfeld BJ, and Haun C. Beyond Mechanical Tension: A
Review of Resistance Exercise-Induced Lactate Responses. J Funct Morphol Kinesiol 7: 81,
2022.

87. Lin H, Wang SW, Wang RY, and Wang PS. Stimulatory effect of lactate on
testosterone production by rat Leydig cells. J Cell Biochem 83: 147-154, 2001.

88. Lu SS, Lau CP, Tung YF, Huang SW, Chen YH, Shih HC, Tsai SC, Lu CC, Wang SW,
Chen JJ, Chien EJ, Chien CH, and Wang PS. Lactate and the effects of exercise on
testosterone secretion: evidence for the involvement of a cAMP-mediated mechanism. Med Sci
Sports Exerc 29: 1048-1054, 1997.

89. Brooks GA, Osmond AD, Arevalo JA, Curl CC, Duong JJ, Horning MA, Moreno
Santillan DD, and Leija RG. Lactate as a major myokine and exerkine. Nat Rev Endocrinol
2022.

90. Prior BM, Yang HT, and Terjung RL. What makes vessels grow with exercise training?
J Appl Physiol (1985) 97: 1119-1128, 2004.

91. Hunt TK, Aslam R, Hussain Z, and Beckert S. Lactate, with oxygen, incites
angiogenesis. Adv Exp Med Biol 614: 73-80, 2008.

92. Hunt TK, Aslam RS, Beckert S, Wagner S, Ghani QP, Hussain MZ, Roy S, and Sen
CK. Aerobically derived lactate stimulates revascularization and tissue repair via redox
mechanisms. Antioxid Redox Signal 9: 1115-1124, 2007.

93. Gertz EW, Wisneski JA, Neese R, Bristow JD, Searle GL, and Hanlon JT. Myocardial
lactate metabolism: evidence of lactate release during net chemical extraction in man.
Circulation 63: 1273-1279, 1981.

94. Cunha TF, Vieira JS, Santos JB, Coelho MA, Brum PC, and Gabriel-Costa D.
Lactate modulates cardiac gene expression in mice during acute physical exercise. Braz J Med
Biol Res 55: 11820, 2022.

95. Kaufman MP. Metaboreflex control of the heart. J Physiol 588: 1037-1038, 2010.

96. O'Leary DS. Autonomic mechanisms of muscle metaboreflex control of heart rate. J
Appl Physiol (1985) 74: 1748-1754, 1993.

97. Chang AJ, Ortega FE, Riegler J, Madison DV, and Krasnow MA. Oxygen regulation
of breathing through an olfactory receptor activated by lactate. Nature 527: 240-244, 2015.

98. Hochachka PW, Buck LT, Doll CJ, and Land SC. Unifying theory of hypoxia tolerance:
molecular/metabolic defense and rescue mechanisms for surviving oxygen lack. Proc Natl Acad
Sci U S A 93: 9493-9498, 1996.

99. Clanton TL. Managing the power grid: how myoglobin can regulate PO2 and energy
distribution in skeletal muscle. J Appl Physiol (1985) 126: 787-790, 2019.

37
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1069
1070

1071
1072
1073

1074
1075

1076
1077
1078

1079
1080

1081
1082
1083

1084
1085
1086

1087
1088

1089
1090
1091

1092
1093
1094
1095

1096
1097
1098
1099
1100

1101
1102
1103

1104
1105

100. Clanton TL, Hogan MC, and Gladden LB. Regulation of cellular gas exchange, oxygen
sensing, and metabolic control. Compr Physiol 3: 1135-1190, 2013.

101. Adepu KK, Bhandari D, Anishkin A, Adams SH, and Chintapalli SV. Myoglobin
Interaction with Lactate Rapidly Releases Oxygen: Studies on Binding Thermodynamics,
Spectroscopy, and Oxygen Kinetics. Int J Mol Sci 23: 2022.

102. Wasserman K, and Mcllroy MB. Detecting the Threshold of Anaerobic Metabolism in
Cardiac Patients during Exercise. Am J Cardiol 14: 844-852, 1964.

103. Kindermann W, Simon G, and Keul J. The significance of the aerobic-anaerobic
transition for the determination of work load intensities during endurance training. Eur J Appl
Physiol Occup Physiol 42: 25-34, 1979.

104. Schwane JA, Watrous BG, Johnson SR, and Armstrong RB. Is Lactic Acid Related
to Delayed-Onset Muscle Soreness? Phys Sportsmed 11: 124-131, 1983.

105. Hoque R, Farooq A, Ghani A, Gorelick F, and Mehal WZ. Lactate reduces liver and
pancreatic injury in Toll-like receptor- and inflammasome-mediated inflammation via GPR81-
mediated suppression of innate immunity. Gastroenterology 146: 1763-1774, 2014.

106. Wu BU, Hwang JQ, Gardner TH, Repas K, Delee R, Yu S, Smith B, Banks PA, and
Conwell DL. Lactated Ringer's solution reduces systemic inflammation compared with saline in
patients with acute pancreatitis. Clin Gastroenterol Hepatol 9: 710-717 €711, 2011.

107. Garcia-Alvarez M, Marik P, and Bellomo R. Sepsis-associated hyperlactatemia. Crit
Care 18: 503, 2014.

108. Chu X, Di C, Chang P, Li L, Feng Z, Xiao S, Yan X, Xu X, Li H, Qi R, Gong H, Zhao
Y, Xiao F, and Chang Z. Lactylated Histone H3K18 as a Potential Biomarker for the Diagnosis
and Predicting the Severity of Septic Shock. Front Immunol 12: 786666, 2021.

109. Haas R, Smith J, Rocher-Ros V, Nadkarni S, Montero-Melendez T, D'Acquisto F,
Bland EJ, Bombardieri M, Pitzalis C, Perretti M, Marelli-Berg FM, and Mauro C. Lactate
Regulates Metabolic and Pro-inflammatory Circuits in Control of T Cell Migration and Effector
Functions. PLoS Biol 13: €1002202, 2015.

110. Pucino V, Certo M, Bulusu V, Cucchi D, Goldmann K, Pontarini E, Haas R, Smith J,
Headland SE, Blighe K, Ruscica M, Humby F, Lewis MJ, Kamphorst JJ, Bombardieri M,
Pitzalis C, and Mauro C. Lactate Buildup at the Site of Chronic Inflammation Promotes
Disease by Inducing CD4(+) T Cell Metabolic Rewiring. Cell Metab 30: 1055-1074 e1058,
2019.

111. Ostroukhova M, Goplen N, Karim MZ, Michalec L, Guo L, Liang Q, and Alam R. The
role of low-level lactate production in airway inflammation in asthma. Am J Physiol Lung Cell
Mol Physiol 302: L300-307, 2012.

112. Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R, and Gordon JI.
The human microbiome project. Nature 449: 804-810, 2007.

38
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1106
1107
1108
1109
1110

1111
1112
1113

1114
1115
1116

1117
1118
1119
1120

1121
1122

1123
1124

1125
1126

1127
1128
1129
1130

1131
1132
1133

1134
1135

1136
1137

1138
1139

1140
1141
1142

113. Vrieze A, Van Nood E, Holleman F, Salojarvi J, Kootte RS, Bartelsman JF, Dallinga-
Thie GM, Ackermans MT, Serlie MJ, Oozeer R, Derrien M, Druesne A, Van Hylckama Vlieg
JE, Bloks VW, Groen AK, Heilig HG, Zoetendal EG, Stroes ES, de Vos WM, Hoekstra JB,
and Nieuwdorp M. Transfer of intestinal microbiota from lean donors increases insulin
sensitivity in individuals with metabolic syndrome. Gastroenterology 143: 913-916 €917, 2012.

114. Coady MJ, Chang MH, Charron FM, Plata C, Wallendorff B, Sah JF, Markowitz SD,
Romero MF, and Lapointe JY. The human tumour suppressor gene SLC5A8 expresses a
Na+-monocarboxylate cotransporter. J Physiol 557: 719-731, 2004.

115. Teramae H, Yoshikawa T, Inoue R, Ushida K, Takebe K, Nio-Kobayashi J, and
Iwanaga T. The cellular expression of SMCT2 and its comparison with other transporters for
monocarboxylates in the mouse digestive tract. Biomed Res 31: 239-249, 2010.

116. Lecoultre V, Benoit R, Carrel G, Schutz Y, Millet GP, Tappy L, and Schneiter P.
Fructose and glucose co-ingestion during prolonged exercise increases lactate and glucose
fluxes and oxidation compared with an equimolar intake of glucose. Am J Clin Nutr 92: 1071-
1079, 2010.

117. Thurn JR, Pierpont GL, Ludvigsen CW, and Eckfeldt JH. D-lactate encephalopathy.
Am J Med 79: 717-721, 1985.

118. Chan L, Slater J, Hasbargen J, Herndon DN, Veech RL, and Wolf S. Neurocardiac
toxicity of racemic D,L-lactate fluids. Integr Physiol Behav Sci 29: 383-394, 1994.

119. Pohanka M. D-Lactic Acid as a Metabolite: Toxicology, Diagnosis, and Detection.
Biomed Res Int 2020: 3419034, 2020.

120. Mayer F, Gunawan AL, Tso P, and Aponte GW. Glucagon-like peptide 1 and glucose-
dependent insulinotropic polypeptide stimulate release of substance P from TRPV1- and
TRPA1-expressing sensory nerves. Am J Physiol Gastrointest Liver Physiol 319: G23-G35,
2020.

121. Lund ML, Egerod KL, Engelstoft MS, Dmytriyeva O, Theodorsson E, Patel BA, and
Schwartz TW. Enterochromaffin 5-HT cells - A major target for GLP-1 and gut microbial
metabolites. Mol Metab 11: 70-83, 2018.

122. Cori CF, and Cori GT. Carbohydrate metabolism. Annual review of biochemistry 15:
193-218, 1946.

123. Nilsson LH, and Hultman E. Liver and muscle glycogen in man after glucose and
fructose infusion. Scand J Clin Lab Invest 33: 5-10, 1974.

124. Smadja C, Morin J, Ferre P, and Girard J. Metabolic fate of a gastric glucose load in
unrestrained rats bearing a portal vein catheter. Am J Physiol 254: E407-413, 1988.

125. Wasserman DH, Lickley HL, and Vranic M. Interactions between glucagon and other

counterregulatory hormones during normoglycemic and hypoglycemic exercise in dogs. J Clin
Invest 74: 1404-1413, 1984.

39
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1143
1144
1145

1146
1147

1148
1149

1150
1151
1152

1153
1154

1155
1156
1157

1158
1159
1160

1161
1162

1163
1164
1165

1166
1167
1168
1169

1170
1171
1172

1173
1174
1175
1176

1177
1178
1179

126. Theytaz F, de Giorgi S, Hodson L, Stefanoni N, Rey V, Schneiter P, Giusti V, and
Tappy L. Metabolic fate of fructose ingested with and without glucose in a mixed meal.
Nutrients 6: 2632-2649, 2014.

127. Gale SM, Castracane VD, and Mantzoros CS. Energy homeostasis, obesity and eating
disorders: recent advances in endocrinology. J Nutr 134: 295-298, 2004.

128. Murphy KG, and Bloom SR. Gut hormones and the regulation of energy homeostasis.
Nature 444: 854-859, 2006.

129. Vanderheyden LW, McKie GL, Howe GJ, and Hazell TJ. Greater lactate accumulation
following an acute bout of high-intensity exercise in males suppresses acylated ghrelin and
appetite postexercise. J Appl Physiol (1985) 128: 1321-1328, 2020.

130. Ghosal S, Myers B, and Herman JP. Role of central glucagon-like peptide-1 in stress
regulation. Physiol Behav 122: 201-207, 2013.

131. Schmid SM, Jauch-Chara K, Hallschmid M, Oltmanns KM, Peters A, Born J, and
Schultes B. Lactate overrides central nervous but not beta-cell glucose sensing in humans.
Metabolism 57: 1733-1739, 2008.

132. Schultes B, Schmid SM, Wilms B, Jauch-Chara K, Oltmanns KM, and Hallschmid
M. Lactate infusion during euglycemia but not hypoglycemia reduces subsequent food intake in
healthy men. Appetite 58: 818-821, 2012.

133. McCarthy SF, Islam H, and Hazell TJ. The emerging role of lactate as a mediator of
exercise-induced appetite suppression. Am J Physiol Endocrinol Metab 319: E814-E819, 2020.

134. Islam H, Townsend LK, McKie GL, Medeiros PJ, Gurd BJ, and Hazell TJ. Potential
involvement of lactate and interleukin-6 in the appetite-regulatory hormonal response to an
acute exercise bout. J Appl Physiol (1985) 123: 614-623, 2017.

135. Torres-Fuentes C, Golubeva AV, Zhdanov AV, Wallace S, Arboleya S, Papkovsky
DB, El Aidy S, Ross P, Roy BL, Stanton C, Dinan TG, Cryan JF, and Schellekens H. Short-
chain fatty acids and microbiota metabolites attenuate ghrelin receptor signaling. FASEB J 33:
13546-13559, 2019.

136. Borg MA, Tamborlane WV, Shulman GI, and Sherwin RS. Local lactate perfusion of
the ventromedial hypothalamus suppresses hypoglycemic counterregulation. Diabetes 52: 663-
666, 2003.

137. Boumezbeur F, Petersen KF, Cline GW, Mason GF, Behar KL, Shulman Gl, and
Rothman DL. The contribution of blood lactate to brain energy metabolism in humans
measured by dynamic 13C nuclear magnetic resonance spectroscopy. J Neurosci 30: 13983-
13991, 2010.

138. Miller BF, Fattor JA, Jacobs KA, Horning MA, Navazio F, Lindinger MIl, and Brooks
GA. Lactate and glucose interactions during rest and exercise in men: effect of exogenous
lactate infusion. J Physiol 544: 963-975, 2002.

40
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1180
1181
1182
1183
1184

1185
1186

1187
1188

1189
1190
1191

1192
1193
1194

1195
1196
1197

1198
1199
1200

1201
1202
1203

1204
1205
1206

1207
1208

1209
1210
1211

1212
1213
1214

1215
1216
1217

139. Li VL, He Y, Contrepois K, Liu H, Kim JT, Wiggenhorn AL, Tanzo JT, Tung AS, Lyu
X, Zushin PH, Jansen RS, Michael B, Loh KY, Yang AC, Carl CS, Voldstedlund CT, Wei
W, Terrell SM, Moeller BC, Arthur RM, Wallis GA, van de Wetering K, Stahl A, Kiens B,
Richter EA, Banik SM, Snyder MP, Xu Y, and Long JZ. An exercise-inducible metabolite that
suppresses feeding and obesity. Nature 606: 785-790, 2022.

140. Schurr A, West CA, and Rigor BM. Lactate-supported synaptic function in the rat
hippocampal slice preparation. Science 240: 1326-1328, 1988.

141. Schurr A. Lactate: the ultimate cerebral oxidative energy substrate? J Cereb Blood Flow
Metab 26: 142-152, 2006.

142. Glenn TC, Martin NA, Horning MA, McArthur DL, Hovda D, Vespa PM, and Brooks
GA. Lactate: Brain Fuel in Human Traumatic Brain Injury. A Comparison to Normal Healthy
Control Subjects. J Neurotrauma 32: 820-832, 2015.

143. Glenn TC, Martin NA, McArthur DL, Hovda DA, Vespa P, Johnson ML, Horning MA,
and Brooks GA. Endogenous Nutritive Support after Traumatic Brain Injury: Peripheral Lactate
Production for Glucose Supply via Gluconeogenesis. J Neurotrauma 32: 811-819, 2015.

144. Pellerin L, and Magistretti PJ. Glutamate uptake into astrocytes stimulates aerobic
glycolysis: a mechanism coupling neuronal activity to glucose utilization. Proc Natl Acad Sci U
S A 91: 10625-10629, 1994.

145. Pellerin L, Pellegri G, Bittar PG, Charnay Y, Bouras C, Martin JL, Stella N, and
Magistretti PJ. Evidence supporting the existence of an activity-dependent astrocyte-neuron
lactate shuttle. Dev Neurosci 20: 291-299, 1998.

146. Overgaard M, Rasmussen P, Bohm AM, Seifert T, Brassard P, Zaar M, Homann P,
Evans KA, Nielsen HB, and Secher NH. Hypoxia and exercise provoke both lactate release
and lactate oxidation by the human brain. FASEB J 26: 3012-3020, 2012.

147. Hashimoto T, Tsukamoto H, Takenaka S, Olesen ND, Petersen LG, Sorensen H,
Nielsen HB, Secher NH, and Ogoh S. Maintained exercise-enhanced brain executive function
related to cerebral lactate metabolism in men. FASEB J 32: 1417-1427, 2018.

148. Cotman CW, and Berchtold NC. Exercise: a behavioral intervention to enhance brain
health and plasticity. Trends Neurosci 25: 295-301, 2002.

149. Ballester-Ferrer JA, Roldan A, Cervello E, and Pastor D. Memory Modulation by
Exercise in Young Adults Is Related to Lactate and Not Affected by Sex or BDNF
Polymorphism. Biology (Basel) 11: 2022.

150. Schiffer T, Schulte S, Sperlich B, Achtzehn S, Fricke H, and Struder HK. Lactate
infusion at rest increases BDNF blood concentration in humans. Neurosci Lett 488: 234-237,
2011.

151. EIl Hayek L, Khalifeh M, Zibara V, Abi Assaad R, Emmanuel N, Karnib N, EIl-
Ghandour R, Nasrallah P, Bilen M, Ibrahim P, Younes J, Abou Haidar E, Barmo N, Jabre
V, Stephan JS, and Sleiman SF. Lactate Mediates the Effects of Exercise on Learning and

41
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1218
1219

1220
1221
1222

1223
1224
1225

1226
1227

1228
1229
1230

1231
1232
1233

1234
1235

1236
1237

1238
1239
1240

1241
1242

1243
1244
1245

1246
1247
1248

1249
1250
1251
1252

Memory through SIRT1-Dependent Activation of Hippocampal Brain-Derived Neurotrophic
Factor (BDNF). J Neurosci 39: 2369-2382, 2019.

152. Yang J, Ruchti E, Petit JM, Jourdain P, Grenningloh G, Allaman |, and Magistretti
PJ. Lactate promotes plasticity gene expression by potentiating NMDA signaling in neurons.
Proc Natl Acad Sci U S A 111: 12228-12233, 2014.

153. Margineanu MB, Mahmood H, Fiumelli H, and Magistretti PJ. L-Lactate Regulates
the Expression of Synaptic Plasticity and Neuroprotection Genes in Cortical Neurons: A
Transcriptome Analysis. Front Mol Neurosci 11: 375, 2018.

154. Brooks GA, and Mercier J. Balance of carbohydrate and lipid utilization during
exercise: the "crossover" concept. Journal of applied physiology 76: 2253-2261, 1994.

155. Friedlander AL, Casazza GA, Horning MA, Buddinger TF, and Brooks GA. Effects of
exercise intensity and training on lipid metabolism in young women. Am J Physiol 275: E853-
863, 1998.

156. Friedlander AL, Casazza GA, Horning MA, Usaj A, and Brooks GA. Endurance
training increases fatty acid turnover, but not fat oxidation, in young men. Journal of applied
physiology 86: 2097-2105, 1999.

157. Brooks GA. Mammalian fuel utilization during sustained exercise. Comparative
Biochemistry and Physiology Part B, Biochemistry and Molecular Biology 120: 89-107, 1998.

158. Pedersen BK, and Febbraio MA. Muscle as an endocrine organ: focus on muscle-
derived interleukin-6. Physiol Rev 88: 1379-1406, 2008.

159. Larsson L, Degens H, Li M, Salviati L, Lee Yl, Thompson W, Kirkland JL, and
Sandri M. Sarcopenia: Aging-Related Loss of Muscle Mass and Function. Physiol Rev 99: 427-
511, 2019.

160. Cantor JR, and Sabatini DM. Cancer cell metabolism: one hallmark, many faces.
Cancer discovery 2: 881-898, 2012.

161. Racker E. Bioenergetics and the problem of tumor growth: : an understanding of the
mechanism of the generation and control of biological energy may shed light on the problem of
tumor growth. Am Sci 60: 56-63, 1972.

162. Hussien R, and Brooks GA. Mitochondrial and plasma membrane lactate transporter
and lactate dehydrogenase isoform expression in breast cancer cell lines. Physiol Genomics
43: 255-264, 2011.

163. Hensley CT, Faubert B, Yuan Q, Lev-Cohain N, Jin E, Kim J, Jiang L, Ko B, Skelton
R, Loudat L, Wodzak M, Klimko C, McMillan E, Butt Y, Ni M, Oliver D, Torrealba J, Malloy
CR, Kernstine K, Lenkinski RE, and DeBerardinis RJ. Metabolic Heterogeneity in Human
Lung Tumors. Cell 164: 681-694, 2016.

42
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1253
1254
1255

1256
1257
1258

1259
1260
1261
1262

1263
1264
1265
1266

1267
1268
1269
1270
1271

1272
1273

1274
1275
1276

1277
1278

1279
1280

1281

1282
1283
1284

1285
1286
1287

1288
1289
1290

164. San-Millan I, and Brooks GA. Assessment of Metabolic Flexibility by Means of
Measuring Blood Lactate, Fat, and Carbohydrate Oxidation Responses to Exercise in
Professional Endurance Athletes and Less-Fit Individuals. Sports Med 48: 467-479, 2018.

165. San-Millan |, Julian CG, Matarazzo C, Martinez J, and Brooks GA. Is Lactate an
Oncometabolite? Evidence Supporting a Role for Lactate in the Regulation of Transcriptional
Activity of Cancer-Related Genes in MCF7 Breast Cancer Cells. Front Oncol 9: 1536, 2019.

166. Linares JF, Cid-Diaz T, Duran A, Osrodek M, Martinez-Ordonez A, Reina-Campos
M, Kuo HH, Elemento O, Martin ML, Cordes T, Thompson TC, Metallo CM, Moscat J, and
Diaz-Meco MT. The lactate-NAD(+) axis activates cancer-associated fibroblasts by
downregulating p62. Cell Rep 39: 110792, 2022.

167. Sonveaux P, Vegran F, Schroeder T, Wergin MC, Verrax J, Rabbani ZN, De
Saedeleer CJ, Kennedy KM, Diepart C, Jordan BF, Kelley MJ, Gallez B, Wahl ML, Feron
O, and Dewhirst MW. Targeting lactate-fueled respiration selectively kills hypoxic tumor cells
in mice. J Clin Invest 118: 3930-3942, 2008.

168. Doherty JR, Yang C, Scott KE, Cameron MD, Fallahi M, Li W, Hall MA, Amelio AL,
Mishra JK, Li F, Tortosa M, Genau HM, Rounbehler RJ, Lu Y, Dang CV, Kumar KG, Butler
AA, Bannister TD, Hooper AT, Unsal-Kacmaz K, Roush WR, and Cleveland JL. Blocking
lactate export by inhibiting the Myc target MCT1 Disables glycolysis and glutathione synthesis.
Cancer Res 74: 908-920, 2014.

169. Draoui N, and Feron O. Lactate shuttles at a glance: from physiological paradigms to
anti-cancer treatments. Dis Model Mech 4: 727-732, 2011.

170. Draoui N, Schicke O, Seront E, Bouzin C, Sonveaux P, Riant O, and Feron O.
Antitumor activity of 7-aminocarboxycoumarin derivatives, a new class of potent inhibitors of
lactate influx but not efflux. Mol Cancer Ther 13: 1410-1418, 2014.

171. Doherty JR, and Cleveland JL. Targeting lactate metabolism for cancer therapeutics. J
Clin Invest 123: 3685-3692, 2013.

172. Brown MA, and Brooks GA. Trans-stimulation of lactate transport from rat sarcolemmal
membrane vesicles. Arch Biochem Biophys 313: 22-28, 1994.

173. Brooks GA. Cell-cell and intracellular lactate shuttles. J Physiol 587: 5591-5600, 2009.

174. Garcia CK, Goldstein JL, Pathak RK, Anderson RG, and Brown MS. Molecular
characterization of a membrane transporter for lactate, pyruvate, and other monocarboxylates:
implications for the Cori cycle. Cell 76: 865-873, 1994.

175. Price NT, Jackson VN, and Halestrap AP. Cloning and sequencing of four new
mammalian monocarboxylate transporter (MCT) homologues confirms the existence of a
transporter family with an ancient past. Biochem J 329 ( Pt 2): 321-328, 1998.

176. Ovens MJ, Davies AJ, Wilson MC, Murray CM, and Halestrap AP. AR-C155858 is a
potent inhibitor of monocarboxylate transporters MCT1 and MCT2 that binds to an intracellular
site involving transmembrane helices 7-10. Biochem J 425: 523-530, 2010.

43
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1291
1292
1293

1294
1295
1296
1297

1298
1299
1300

1301
1302
1303

1304
1305
1306

1307
1308
1309
1310

1311
1312

1313
1314

1315
1316
1317

1318
1319
1320

1321
1322
1323

1324
1325

1326
1327

177. Baba M, Inoue M, Itoh K, and Nishizawa Y. Blocking CD147 induces cell death in
cancer cells through impairment of glycolytic energy metabolism. Biochem Biophys Res
Commun 374: 111-116, 2008.

178. Schneiderhan W, Scheler M, Holzmann KH, Marx M, Gschwend JE, Bucholz M,
Gress TM, Seufferlein T, Adler G, and Oswald F. CD147 silencing inhibits lactate transport
and reduces malignant potential of pancreatic cancer cells in in vivo and in vitro models. Gut
58: 1391-1398, 2009.

179. Su J, Chen X, and Kanekura T. A CD147-targeting siRNA inhibits the proliferation,
invasiveness, and VEGF production of human malignant melanoma cells by down-regulating
glycolysis. Cancer Lett 273: 140-147, 2009.

180. Zou W, Yang H, Hou X, Zhang W, Chen B, and Xin X. Inhibition of CD147 gene
expression via RNA interference reduces tumor cell invasion, tumorigenicity and increases
chemosensitivity to paclitaxel in HO-8910pm cells. Cancer Lett 248: 211-218, 2007.

181. Sheng SL, Liu JJ, Dai YH, Sun XG, Xiong XP, and Huang G. Knockdown of lactate
dehydrogenase A suppresses tumor growth and metastasis of human hepatocellular
carcinoma. FEBS J 279: 3898-3910, 2012.

182. Pagliarini DJ, Calvo SE, Chang B, Sheth SA, Vafai SB, Ong SE, Walford GA,
Sugiana C, Boneh A, Chen WK, Hill DE, Vidal M, Evans JG, Thorburn DR, Carr SA, and
Mootha VK. A mitochondrial protein compendium elucidates complex | disease biology. Cell
134: 112-123, 2008.

183. Calvo SE, Clauser KR, and Mootha VK. MitoCarta2.0: an updated inventory of
mammalian mitochondrial proteins. Nucleic Acids Res 44: D1251-1257, 2016.

184. Hashimoto T, Masuda S, Taguchi S, and Brooks GA. Immunohistochemical analysis
of MCT1, MCT2 and MCT4 expression in rat plantaris muscle. J Physiol 567: 121-129, 2005.

185. Hashimoto T, Hussien R, and Brooks GA. Colocalization of MCT1, CD147, and LDH
in mitochondrial inner membrane of L6 muscle cells: evidence of a mitochondrial lactate
oxidation complex. Am J Physiol Endocrinol Metab 290: E1237-1244, 2006.

186. Brooks GA, Dubouchaud H, Brown M, Sicurello JP, and Butz CE. Role of
mitochondrial lactate dehydrogenase and lactate oxidation in the intracellular lactate shuttle.
Proc Natl Acad Sci U S A 96: 1129-1134, 1999.

187. Brooks GA, Brown MA, Butz CE, Sicurello JP, and Dubouchaud H. Cardiac and
skeletal muscle mitochondria have a monocarboxylate transporter MCT1. Journal of applied
physiology 87: 1713-1718, 1999.

188. Butz CE, McClelland GB, and Brooks GA. MCT1 confirmed in rat striated muscle
mitochondria. J Appl Physiol (1985) 97: 1059-1066, 2004.

189. Jacobs RA, Meinild AK, Nordsborg NB, and Lundby C. Lactate oxidation in human
skeletal muscle mitochondria. Am J Physiol Endocrinol Metab 304: E686-694, 2013.

44
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1328
1329

1330
1331
1332

1333
1334
1335

1336
1337

1338
1339
1340
1341
1342

1343
1344
1345

1346
1347
1348

1349
1350
1351

1352
1353
1354
1355

1356
1357
1358

1359
1360

1361
1362

1363
1364
1365

190. Miao P, Sheng S, Sun X, Liu J, and Huang G. Lactate dehydrogenase A in cancer: a
promising target for diagnosis and therapy. IUBMB Life 65: 904-910, 2013.

191. Jiang J, Huang D, Jiang Y, Hou J, Tian M, Li J, Sun L, Zhang Y, Zhang T, Li Z, Li Z,
Tong S, and Ma Y. Lactate Modulates Cellular Metabolism Through Histone Lactylation-
Mediated Gene Expression in Non-Small Cell Lung Cancer. Front Oncol 11: 647559, 2021.

192. Feng Y, Xiong Y, Qiao T, Li X, Jia L, and Han Y. Lactate dehydrogenase A: A key
player in carcinogenesis and potential target in cancer therapy. Cancer Med 7. 6124-6136,
2018.

193. Colgan SM, Mukherjee S, and Major P. Hypoxia-induced lactate dehydrogenase
expression and tumor angiogenesis. Clin Colorectal Cancer 6: 442-446, 2007.

194. Xie H, Hanai J, Ren JG, Kats L, Burgess K, Bhargava P, Signoretti S, Billiard J,
Duffy KJ, Grant A, Wang X, Lorkiewicz PK, Schatzman S, Bousamra M, 2nd, Lane AN,
Higashi RM, Fan TW, Pandolfi PP, Sukhatme VP, and Seth P. Targeting lactate
dehydrogenase--a inhibits tumorigenesis and tumor progression in mouse models of lung
cancer and impacts tumor-initiating cells. Cell Metab 19: 795-809, 2014.

195. Zhao Z, Han F, Yang S, Wu J, and Zhan W. Oxamate-mediated inhibition of lactate
dehydrogenase induces protective autophagy in gastric cancer cells: involvement of the Akt-
mTOR signaling pathway. Cancer Lett 358: 17-26, 2015.

196. Papaconstantinou J, and Colowick SP. The role of glycolysis in the growth of tumor
cells. |. Effects of oxamic acid on the metabolism of Ehrlich ascites tumor cells in vitro. J Biol
Chem 236: 278-284, 1961.

197. Flack MR, Pyle RG, Mullen NM, Lorenzo B, Wu YW, Knazek RA, Nisula BC, and
Reidenberg MM. Oral gossypol in the treatment of metastatic adrenal cancer. The Journal of
clinical endocrinology and metabolism 76: 1019-1024, 1993.

198. Van Poznak CH, Unger JM, Darke AK, Moinpour C, Bagramian RA, Schubert MM,
Hansen LK, Floyd JD, Dakhil SR, Lew DL, Wade JL, 3rd, Fisch MJ, Henry NL, Hershman
DL, and Gralow J. Association of Osteonecrosis of the Jaw With Zoledronic Acid Treatment for
Bone Metastases in Patients With Cancer. JAMA Oncol 7: 246-254, 2021.

199. San-Millan I, and Brooks GA. Reexamining cancer metabolism: lactate production for
carcinogenesis could be the purpose and explanation of the Warburg Effect. Carcinogenesis
38: 119-133, 2017.

200. Warburg O. The Metabolism of Carcinoma Cells. The Journal of Cancer Research 9:
148-163, 1925.

201. Powers SK, Ji LL, and Leeuwenburgh C. Exercise training-induced alterations in
skeletal muscle antioxidant capacity: a brief review. Med Sci Sports Exerc 31: 987-997., 1999.

202. Feng Q, Liu Z, Yu X, Huang T, Chen J, Wang J, Wilhelm J, Li S, Song J, Li W, Sun
Z, Sumer BD, Li B, Fu YX, and Gao J. Lactate increases stemness of CD8 + T cells to
augment anti-tumor immunity. Nat Commun 13: 4981, 2022.

45
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1366
1367
1368

1369
1370

1371
1372
1373
1374

1375
1376
1377

1378
1379
1380
1381

1382
1383
1384

1385
1386

1387
1388
1389

1390
1391
1392

1393
1394
1395

1396
1397
1398

1399
1400

1401
1402

203. Miller BF, Lindinger MI, Fattor JA, Jacobs KA, Leblanc PJ, Duong M, Heigenhauser
GJ, and Brooks GA. Hematological and acid-base changes in men during prolonged exercise
with and without sodium-lactate infusion. Journal of applied physiology 98: 856-865, 2005.

204. Marik P, and Bellomo R. A rational approach to fluid therapy in sepsis. Br J Anaesth
116: 339-349, 2016.

205. LiX,Zhangy, XulL,Wang A, Zou Y, Li T, Huang L, Chen W, Liu S, Jiang K, Zhang
X, Wang D, Zhang L, Zhang Z, Zhang Z, Chen X, Jia W, Zhao A, Yan X, Zhou H, Zhu L, Ma
X, Ju Z, Jia W, Wang C, Loscalzo J, Yang Y, and Zhao Y. Ultrasensitive sensors reveal the
spatiotemporal landscape of lactate metabolism in physiology and disease. Cell Metab 2022.

206. San-Millan I, Julian CG, Matarazzo C, and Brooks GA. Is lactate an Oncometabolite?
Evidence Supporting a Role for Lactate in the Regulation of Transcriptional Activity of Cancer-
related Genes in MCF7 Breast Cancer Cells. Front Oncol - Cancer Metabolism 9: 1-10, 2020.

207. Taubmann J, Krishnacoumar B, Bohm C, Faas M, Muller DIH, Adam S, Stoll C,
Bottcher M, Mougiakakos D, Sonnewald U, Hofmann J, Schett G, Kronke G, and
Scholtysek C. Metabolic reprogramming of osteoclasts represents a therapeutic target during
the treatment of osteoporosis. Sci Rep 10: 21020, 2020.

208. Brooks GA. Glycolytic end product and oxidative substrate during sustained exercise in
mammals--the "lactate shuttle. Comparative Physiology and Biochemistry - Current Topics and
Trends, Volume A, Respiration - Metabolism - Circulation 208-218, 1984.

209. Hultman EA. Physiological role of muscle glycogen in man. Physiology of Muscular
Exercise 199-1112, 1967.

210. Bergman BC, Horning MA, Casazza GA, Wolfel EE, Butterfield GE, and Brooks GA.
Endurance training increases gluconeogenesis during rest and exercise in men. Am J Physiol
Endocrinol Metab 278: E244-251, 2000.

211. Emhoff CA, Messonnier LA, Horning MA, Fattor JA, Carlson TJ, and Brooks GA.
Gluconeogenesis and hepatic glycogenolysis during exercise at the lactate threshold. Journal
of applied physiology 114: 297-306, 2013.

212. Meyer C, Dostou JM, Welle SL, and Gerich JE. Role of human liver, kidney, and
skeletal muscle in postprandial glucose homeostasis. American journal of physiology
Endocrinology and metabolism 282: E419-427, 2002.

213. Meyer C, Stumvoll M, Dostou J, Welle S, Haymond M, and Gerich J. Renal substrate
exchange and gluconeogenesis in normal postabsorptive humans. American journal of
physiology Endocrinology and metabolism 282: E428-434, 2002.

214. Pullen TJ, Khan AM, Barton G, Butcher SA, Sun G, and Rutter GA. Identification of
genes selectively disallowed in the pancreatic islet. Islets 2: 89-95, 2010.

215. Rutter GA, Pullen TJ, Hodson DJ, and Martinez-Sanchez A. Pancreatic beta-cell
identity, glucose sensing and the control of insulin secretion. Biochem J 466: 203-218, 2015.

46
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1403
1404
1405

1406
1407
1408
1409

1410
1411
1412

1413
1414

1415
1416

1417
1418

1419
1420
1421

1422
1423
1424

1425
1426
1427
1428

1429
1430
1431
1432

1433
1434

1435
1436
1437

1438
1439

216. Bender K, Newsholme P, Brennan L, and Maechler P. The importance of redox
shuttles to pancreatic beta-cell energy metabolism and function. Biochem Soc Trans 34: 811-
814, 2006.

217. Otonkoski T, Jiao H, Kaminen-Ahola N, Tapia-Paez I, Ullah MS, Parton LE, Schuit
F, Quintens R, Sipila I, Mayatepek E, Meissner T, Halestrap AP, Rutter GA, and Kere J.
Physical exercise-induced hypoglycemia caused by failed silencing of monocarboxylate
transporter 1 in pancreatic beta cells. Am J Hum Genet 81: 467-474, 2007.

218. Semenza GL, and Wang GL. A nuclear factor induced by hypoxia via de novo protein
synthesis binds to the human erythropoietin gene enhancer at a site required for transcriptional
activation. Mol Cell Biol 12: 5447-5454, 1992.

219. Semenza GL. Tumor metabolism: cancer cells give and take lactate. J Clin Invest 118:
3835-3837, 2008.

220. Nalbandian M, and Takeda M. Lactate as a Signaling Molecule That Regulates
Exercise-Induced Adaptations. Biology (Basel) 5: 2016.

221. Lindholm ME, and Rundqvist H. Skeletal muscle hypoxia-inducible factor-1 and
exercise. Exp Physiol 101: 28-32, 2016.

222. Norrbom JM, Ydfors M, Lovric A, Perry CGR, Rundqvist H, and Rullman E. A HIF-1
signature dominates the attenuation in the human skeletal muscle transcriptional response to
high-intensity interval training. J Appl Physiol (1985) 132: 1448-1459, 2022.

223. Pilegaard H, Terzis G, Halestrap A, and Juel C. Distribution of the lactate/H+
transporter isoforms MCT1 and MCT4 in human skeletal muscle. American Journal of
Physiology 276: E843-848, 1999.

224. Powell KE, King AC, Buchner DM, Campbell WW, DiPietro L, Erickson KI, Hillman
CH, Jakicic JM, Janz KF, Katzmarzyk PT, Kraus WE, Macko RF, Marquez DX, McTiernan
A, Pate RR, Pescatello LS, and Whitt-Glover MC. The Scientific Foundation for the Physical
Activity Guidelines for Americans, 2nd Edition. J Phys Act Health 1-11, 2018.

225. Huerta-Sanchez E, Jin X, Asan, Bianba Z, Peter BM, Vinckenbosch N, Liang Y, Yi
X, He M, Somel M, Ni P, Wang B, Ou X, Huasang, Luosang J, Cuo ZX, Li K, Gao G, Yin Y,
Wang W, Zhang X, Xu X, Yang H, Li Y, Wang J, Wang J, and Nielsen R. Altitude adaptation
in Tibetans caused by introgression of Denisovan-like DNA. Nature 512: 194-197, 2014.

226. Semenza GL. Regulation of Metabolism by Hypoxia-Inducible Factor 1. Cold Spring
Harb Symp Quant Biol 2011.

227. De Saedeleer CJ, Copetti T, Porporato PE, Verrax J, Feron O, and Sonveaux P.
Lactate activates HIF-1 in oxidative but not in Warburg-phenotype human tumor cells. PloS one
7:e46571, 2012.

228. Lu J, Tan M, and Cai Q. The Warburg effect in tumor progression: mitochondrial
oxidative metabolism as an anti-metastasis mechanism. Cancer Lett 356: 156-164, 2015.

47
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1440
1441

1442
1443
1444

1445
1446
1447

1448
1449
1450

1451
1452
1453

1454
1455

1456
1457
1458

1459
1460
1461

1462
1463

1464
1465
1466

1467
1468
1469

1470
1471
1472

1473
1474
1475

229. Semenza GL. HIF-1: upstream and downstream of cancer metabolism. Curr Opin Genet
Dev 20: 51-56, 2010.

230. Abe T, Kitaoka Y, Kikuchi DM, Takeda K, Numata O, and Takemasa T. High-intensity
interval training-induced metabolic adaptation coupled with an increase in Hif-1alpha and
glycolytic protein expression. J Appl Physiol (1985) 119: 1297-1302, 2015.

231. Kim JW, Tchernyshyov I, Semenza GL, and Dang CV. HIF-1-mediated expression of
pyruvate dehydrogenase kinase: a metabolic switch required for cellular adaptation to hypoxia.
Cell metabolism 3: 177-185, 2006.

232. Richardson RS, Noyszewski EA, Leigh JS, and Wagner PD. Lactate efflux from
exercising human skeletal muscle: role of intracellular PO2. Journal of applied physiology 85:
627-634, 1998.

233. Lundby C, Gassmann M, and Pilegaard H. Regular endurance training reduces the
exercise induced HIF-1alpha and HIF-2alpha mRNA expression in human skeletal muscle in
normoxic conditions. Eur J Appl Physiol 96: 363-369, 2006.

234. Friedlander AL, Casazza GA, Horning MA, Huie MJ, and Brooks GA. Training-
induced alterations of glucose flux in men. Journal of applied physiology 82: 1360-1369, 1997.

235. Friedlander AL, Casazza GA, Horning MA, Huie MJ, Piacentini MF, Trimmer JK,
and Brooks GA. Training-induced alterations of carbohydrate metabolism in women: women
respond differently from men. Journal of applied physiology 85: 1175-1186, 1998.

236. Zarins ZA, Wallis GA, Faghihnia N, Johnson ML, Fattor JA, Horning MA, and
Brooks GA. Effects of endurance training on cardiorespiratory fithess and substrate partitioning
in postmenopausal women. Metabolism 58: 1338-1346, 2009.

237. Poole DC, Behnke BJ, and Musch TI. The role of vascular function on exercise
capacity in health and disease. J Physiol 599: 889-910, 2021.

238. Dubouchaud H, Butterfield GE, Wolfel EE, Bergman BC, and Brooks GA.
Endurance training, expression, and physiology of LDH, MCT1, and MCT4 in human skeletal
muscle. Am J Physiol Endocrinol Metab 278: E571-579, 2000.

239. Messonnier LA, Emhoff CA, Fattor JA, Horning MA, Carlson TJ, and Brooks GA.
Lactate kinetics at the lactate threshold in trained and untrained men. J Appl Physiol (1985)
114: 1593-1602, 2013.

240. Feuer S, Liu X, Donjacour A, Simbulan R, Maltepe E, and Rinaudo P. Common and
specific transcriptional signatures in mouse embryos and adult tissues induced by in vitro
procedures. Reproduction 2016.

241. Tolani AT, Cedars MI, Zablotska LB, and Rinaudo PF. Full Title: Metabolomic Profile
of Children Conceived with Medically Assisted Technologies. The Journal of clinical
endocrinology and metabolism 2022.

48
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1476
1477
1478

1479
1480
1481

1482
1483

1484
1485
1486

1487
1488

1489
1490
1491

1492
1493
1494
1495

1496
1497
1498

1499
1500
1501
1502

1503
1504
1505
1506

1507
1508
1509

1510
1511

242. Brown JJ, and Whittingham DG. The roles of pyruvate, lactate and glucose during
preimplantation development of embryos from F1 hybrid mice in vitro. Development 112: 99-
105, 1991.

243. Nagaraj R, Sharpley MS, Chi F, Braas D, Zhou Y, Kim R, Clark AT, and Banerjee U.
Nuclear Localization of Mitochondrial TCA Cycle Enzymes as a Critical Step in Mammalian
Zygotic Genome Activation. Cell 168: 210-223 e211, 2017.

244. Lane M, and Gardner DK. Mitochondrial malate-aspartate shuttle regulates mouse
embryo nutrient consumption. J Biol Chem 280: 18361-18367, 2005.

245. Lee SH, Liu X, Jimenez-Morales D, and Rinaudo PF. Murine blastocysts generated by
in vitro fertilization show increased Warburg metabolism and altered lactate production. Elife
11: 2022.

246. Lee C, Yen K, and Cohen P. Humanin: a harbinger of mitochondrial-derived peptides?
Trends Endocrinol Metab 24: 222-228, 2013.

247. Yuan J, Wang M, Pan Y, Liang M, Fu Y, Duan Y, Tang M, Laher |, and Li S. The
mitochondrial signaling peptide MOTS-c improves myocardial performance during exercise
training in rats. Sci Rep 11: 20077, 2021.

248. Lee C, Zeng J, Drew BG, Sallam T, Martin-Montalvo A, Wan J, Kim SJ, Mehta H,
Hevener AL, de Cabo R, and Cohen P. The mitochondrial-derived peptide MOTS-c promotes
metabolic homeostasis and reduces obesity and insulin resistance. Cell Metab 21: 443-454,
2015.

249. Kim KH, Son JM, Benayoun BA, and Lee C. The Mitochondrial-Encoded Peptide
MOTS-c Translocates to the Nucleus to Regulate Nuclear Gene Expression in Response to
Metabolic Stress. Cell Metab 28: 516-524 €517, 2018.

250. Reynolds JC, Lai RW, Woodhead JST, Joly JH, Mitchell CJ, Cameron-Smith D, Lu
R, Cohen P, Graham NA, Benayoun BA, Merry TL, and Lee C. MOTS-c is an exercise-
induced mitochondrial-encoded regulator of age-dependent physical decline and muscle
homeostasis. Nat Commun 12: 470, 2021.

251. Lauritzen KH, Morland C, Puchades M, Holm-Hansen S, Hagelin EM, Lauritzen F,
Attramadal H, Storm-Mathisen J, Gjedde A, and Bergersen LH. Lactate receptor sites link
neurotransmission, neurovascular coupling, and brain energy metabolism. Cerebral cortex 24
2784-2795, 2014.

252. Benton CR, Yoshida Y, Lally J, Han XX, Hatta H, and Bonen A. PGC-1alpha
increases skeletal muscle lactate uptake by increasing the expression of MCT1 but not MCT2
or MCT4. Physiol Genomics 35: 45-54, 2008.

253. Brooks GA. Lactate shuttle -- between but not within cells? J Physiol 541: 333-334,
2002.

49
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1512
1513
1514
1515

1516

254. Brooks GA, Osmond AD, Leija RG, Curl CC, Arevalo JA, Duong JJ, and Horning
MA. The blood lactate/pyruvate equilibrium affair. Am J Physiol Endocrinol Metab 322: E34-
E43, 2022.

Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



1517

1518
1519
1520
1521
1522
1523
1524

Author-Recommended Internet Resources

MitoCarta

https://www.broadinstitute.org/scientific-community/science/programs/metabolic-disease-

program/publications/mitocarta/mitocarta-in-0),

MitoMiner

(http://mitominer.mrc-mbu.cam.ac.uk/release-4.0/begin.do)

51
Downloaded from journals.physiology.org/journal/jappl at Univ Comp De Madrid Fac De Med (154.059.124.141) on January 17, 2023.



Title: Lactate as a Myokine and Exerkine: Drivers and Signals of Physiology and Metabolism

Table 1: Lactate as a Signaling Molecule: Drivers, Targets, Messengers, and Actions

Downstream Target Cell/
Driver Messenger/Action Tissue Biological Action References
Adipocytes Inhibits Lipolysis,
tissue, Inflammation
Contracting Neurons, and Suppression,
Skeletal Skeletal Muscle (69, 70, 86,
Muscle HCAR-1 Muscle Hypertrophy 105-107))
Contracting
Skeletal Fatty acid
Muscle CPT-2 Mitochondria oxidation (72)
Contracting Post-
Skeletal Histone Transcription
Muscle Lactylation DNA/ Nucleus Alterations (59, 60)
Contracting Stimulates
Skeletal Metabolically mitochondrial
Muscle PGC-1a active tissue biogenesis (55-57)
Contracting Stimulates
Skeletal Metabolically  skeletal muscle
Muscle IGF-1 active tissue hypertrophy (86)
Contracting Stimulates
Skeletal Metabolically mitochondrial
Muscle Sirtuins 1 and 3 active tissue biogenesis (55, 84, 85)
Contracting
Skeletal Allosteric Increase
Muscle binding? Lyding Cells Testosterone (87, 88).
Contracting Dentate
Skeletal Gyrus of the Stimulates (147, 149-
Muscle BDNF Hippocampus neurogenesis 152) .
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Contracting

Skeletal Endothelial Promotes
Muscle VEGF cells angiogenesis (90-92)
Contracting Stimulates
Skeletal pulmonary
Muscle OIrf78 Carotid body ventilation (97)
Metaboreflex
Contracting Types &IV Stimulates
Skeletal Sensory Pulmonary
Muscle Allosteric Binding Fibers Ventilation (95)
Contracting
Skeletal Increases
Muscle Allosteric Binding Myoglobin Deoxygenation (99-101)
Intestinal L- Stimulates
Gut GLP-1 cells Insulin Secretion (120)
Intestinal Incretin
Gut GPR132 Mucosa Secretion (121)
Postprandial Suppression of
Red Muscle Ghrelin Hypothalamus Appetite (134, 135)
Increased

Secretion of

Contracting TGFB-2,
Skeletal Adipose Improved Insulin
Muscle TGF-b2 tissue Sensitivity (75)
Decreases
Autophagy/
Tumor Stroma Increase Cancer
Cancer Cell p62 Cells Cell Proliferation (166, 206)
Sodium
Lactate Histone Inhibited tumor
incubation Deacetylase CD8+ cells growth (202)
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Contracting
Skeletal
Muscle/

Postprandial

Skeletal Allosteric Binding, Liver & Increased
Muscle Redox? Kidneys Gluconeogenesis (4, 122, 123)
Allosteric Binding, Skeletal Osteoclast
Bone Redox? Remodeling Activation (207)
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