
Frontiers in Physiology | www.frontiersin.org 1 June 2021 | Volume 12 | Article 689747

REVIEW
published: 30 June 2021

doi: 10.3389/fphys.2021.689747

Edited by: 
Karen Lambert,  

Université de Montpellier, France

Reviewed by: 
Lore Metz,  

Université Clermont Auvergne,  
France

Simon Timothy Bond,  
Baker Heart and Diabetes Institute, 

Australia

*Correspondence: 
Audrey Carrière  

audrey.carriere-pazat@inserm.fr

Specialty section: 
This article was submitted to  

Integrative Physiology,  
a section of the journal  
Frontiers in Physiology

Received: 01 April 2021
Accepted: 09 June 2021
Published: 30 June 2021

Citation:
Lagarde D, Jeanson Y, Portais J-C, 

Galinier A, Ader I, Casteilla L and 
Carrière A (2021) Lactate Fluxes and 

Plasticity of Adipose Tissues:  
A Redox Perspective.

Front. Physiol. 12:689747.
doi: 10.3389/fphys.2021.689747

Lactate Fluxes and Plasticity of 
Adipose Tissues: A Redox Perspective
Damien Lagarde 1,2,3, Yannick Jeanson 3, Jean-Charles Portais 3,4, Anne Galinier 3,5, 
Isabelle Ader 3, Louis Casteilla 3 and Audrey Carrière 3*

1 Goodman Cancer Research Center, McGill University, Montreal, QC, Canada, 2 Department of Biochemistry, 
McGill University, Montreal, QC, Canada, 3 Institut RESTORE, UMR 1301 INSERM, 5070 CNRS, Université Paul Sabatier, 
Toulouse, France, 4 MetaboHUB-MetaToul, National Infrastructure of Metabolomics and Fluxomics, Toulouse, France, 
5 Institut Fédératif de Biologie, CHU Purpan, Toulouse, France

Lactate, a metabolite produced when the glycolytic flux exceeds mitochondrial oxidative 
capacities, is now viewed as a critical regulator of metabolism by acting as both a carbon 
and electron carrier and a signaling molecule between cells and tissues. In recent years, 
increasing evidence report its key role in white, beige, and brown adipose tissue biology, 
and highlights new mechanisms by which lactate participates in the maintenance of 
whole-body energy homeostasis. Lactate displays a wide range of biological effects in 
adipose cells not only through its binding to the membrane receptor but also through its 
transport and the subsequent effect on intracellular metabolism notably on redox balance. 
This study explores how lactate regulates adipocyte metabolism and plasticity by balancing 
intracellular redox state and by regulating specific signaling pathways. We also emphasized 
the contribution of adipose tissues to the regulation of systemic lactate metabolism, their 
roles in redox homeostasis, and related putative physiopathological repercussions 
associated with their decline in metabolic diseases and aging.

Keywords: lactate, redox metabolism, white adipocytes, beige adipocytes, brown adipocytes, adipose tissues, 
metabolic dialogs

INTRODUCTION

Energy metabolism is based on redox (i.e., reduction and oxidation reactions) metabolism that 
corresponds to a finely tuned network of electron transfer between molecules. Oxidative catabolism 
releases electrons, which are accepted by coenzymes such as NADP+ and NAD+, which then 
become reduced (i.e., NADPH,H+ and NADH,H+; Wu et  al., 2016a; Hosios and Vander Heiden, 
2018; Xiao et  al., 2018). Regenerating oxidized forms of coenzymes is critical to ensure proper 
metabolic activity (Figure 1). Electron assimilation, which corresponds to the storage of electrons 
within newly synthetized molecules (anabolism), and electron dissemination, which corresponds 
to the release of electrons within the environment, mainly through mitochondrial respiration 
and lactic acid fermentation, are keys for regenerating oxidized forms of coenzymes and 
maintaining redox homeostasis (Figure  1). In addition to supporting energy homeostasis, the 
redox state drives a variety of cellular functions, such as cell proliferation, differentiation, 
senescence, and secretory activity. The maintenance and adjustment of redox homeostasis are 
essential for normal cell and tissue function, and increasing evidence demonstrates that the 
redox state is the primary conductor regulating metabolic adaptation during stress (Gaude et al., 2018). 
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However, redox metabolism is inevitably associated with electron 
leaks and reactive oxygen species (ROS) production, which, if 
not properly managed, can lead to oxidative stress and its 
related toxicities (Holmstrom and Finkel, 2014).

A massive cellular network of redox enzymes, couples, 
thiols, and metabolites supports electron flow between molecules 
that cooperate to maintain redox homeostasis. Among the 
different factors that can communicate metabolic and redox 
states between cells and organs, lactate plays a key role (Brooks, 
2018; Ferguson et  al., 2018; Rabinowitz and Enerback, 2020). 
In fact, the single and reversible reaction catalyzed by lactate 
dehydrogenase, which is submitted to the law of mass action 
and depends on the relative concentrations of lactate and 
pyruvate, directly regulates the cytosolic NAD+/NADH ratio. 
As this redox reaction is close to equilibrium, the lactate/
pyruvate ratio is considered as a marker of the cytosolic redox 
potential. Lactate production – which is mainly derived from 
glucose catabolism, although a small part can be  obtained 
from alanine metabolism – and its export ensure redox 
homeostasis when the energy load overwhelms the oxidative 
capacities (Figure 2). Far from being a metabolic waste product, 
exported lactate can be  consumed and oxidized either by 
neighboring cells or by organs at distance, making the link 
between glycolytic and oxidative pathways, and ensuring tissue 
and whole-body redox homeostasis (Brooks, 2018; Ferguson 
et  al., 2018; Rabinowitz and Enerback, 2020).

Interorgan communication is key for maintaining whole-
body energy and redox homeostasis on stresses and metabolic 
challenges (Castillo-Armengol et al., 2019). Among the different 
organs supporting such dialogs, the different types of adipose 
tissues (i.e., white, brown, and beige) play a key role (Cinti, 
2012; Chouchani and Kajimura, 2019). In this study, we described 
how lactate can act as a redox signaling metabolite driving 
the fate of adipose cells and that lactate fluxes within adipose 

tissues may be  key for whole-body redox homeostasis. Before 
exploring these aspects, we  briefly described the main 
characteristics of lactate metabolism and adipose tissues.

LACTATE METABOLISM AS A KEY 
METABOLIC PATHWAY FOR THE 
MAINTENANCE OF REDOX 
HOMEOSTASIS

For many years, lactate has been viewed as a metabolic waste 
product, produced by glycolytic cells devoid of mitochondria 
or when glycolytic flux exceeds the oxidative capacities of cells. 
This historical view also associated lactate production with a 
potentially harmful effect, given the link between lactate and 
proton export, which can indeed contribute to microenvironment/
blood acidification. However, lactate production is key for redox 
homeostasis and enables redox pressure disposal when the 
energy load overwhelms the oxidative capacities of a given 
cell (Figure  2), thereby limiting electron leaks and related 
oxidative stress. Once exported, lactate acts as a metabolic 
carrier ensuring the exchange of carbons and electrons between 
cells and organs. Intercellular and interorgan flows of lactate 
exist, and several collaborative lactate-dependent 
metabolic dialogs have been described as key for maintaining 
energy and redox homeostasis (Sonveaux et  al., 2008; Pellerin 
and Magistretti, 2012; Rodriguez-Colman et  al., 2017; 
Leveillard et  al., 2019; Zhang et  al., 2020).

From the Cell-Centric View…
In a glycolytic cell, lactate production from pyruvate and its 
export out of the cell are critical for intracellular redox 
homeostasis, in particular, when the glycolytic flux exceeds the 

FIGURE 1 | Electrons as primary source of energy for cellular activity. Electrons represent the primary source of energy in cells. During catabolic processes, 
electrons are released from nutrients (which are oxidized) and are accepted by co-enzymes (which become reduced). Two processes are key for regenerating 
oxidized forms of co-enzymes and thus for redox homeostasis: the assimilation and dissemination processes.
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mitochondrial oxidative capacities. The reduction of pyruvate 
into lactate by the lactate dehydrogenase activity is associated 
with the oxidation of NADH,H+ into NAD+. This is critical 
for the activity of the glyceraldehyde dehydrogenase, which 
requires NAD+ to catalyze a key step of the glycolytic pathway. 
Since the reaction catalyzed by lactate dehydrogenase activity 
is reversible and is submitted to the law of mass action, export 

of lactate is required to enable the reaction to further moving 
toward the lactate production. The transport of lactate is classically 
described as mediated by monocarboxylate transporters (MCT), 
especially the isoforms 1–4 that are considered as the main 
lactate (also pyruvate and ketone bodies) transporters (Halestrap, 
2013; Perez-Escuredo et  al., 2016). The transport of lactate is 
associated with the transport of proton and it is bidirectional 

A

B

FIGURE 2 | Lactate transport and redox balance. (A) Inter-cellular lactate exchange is associated with inter-cellular electron fluxes. (B) Schematic representation of 
monocarboxylate transporters (MCT) which are constituted by 12 transmembrane domains, and their chaperone proteins (basigin and embigin). The transport of 
monocarboxylates (lactate, pyruvate, and ketone bodies) is associated with a proton transport (symport) and occurs bidirectionally depending on the 
electrochemical gradient. Adapted from Carriere et al. (2020). TCA, tricarboxylic acid cycle.
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depending on the electrochemical gradient. The export of lactate 
through MCT, which massively occurs in a glycolytic cell, is 
therefore systematically associated with a simultaneous export 
of protons. Thus, the export of lactate does not solely correspond 
to an export of carbon and energy but rather to a crucial 
metabolic pathway for the maintenance of redox homeostasis 
in glycolytic cells (Figure  2). Besides the canonical 
MCT-dependent transport, alternative modes of lactate transport 
have recently been identified such as the SLC5A12 transporters 
in T lymphocytes (Pucino et  al., 2019) or the connexin 43  in 
pancreatic cells (Dovmark et  al., 2017).

…To the Ecosystem-Centric View
At the cellular level, lactate production is key to manage redox 
pressure. At the tissue or whole organism level, the cells able 
to consume lactate are essential to handle electron fluxes carried 
out by this metabolite and to maintain redox homeostasis. In 
fact, if lactate can appear as a metabolic waste for some cells, 
it is also a substrate for many other cells throughout the body. 
The quantification of metabolic fluxes using in vivo 13C metabolite 
infusion experiments identified lactate as the main source of 
carbons fueling the Krebs cycle, in both physiological and 
pathological conditions (Faubert et  al., 2017; Hui et  al., 2017, 
2020). Lactate also feeds biosynthesis pathways such as 
gluconeogenesis (Cori and Cori, 1929; Cori, 1981) and lipogenesis 
(Katz and Wals, 1974; Chen et  al., 2016). The importance of 
lactate as a nutrient precursor has been demonstrated for almost 
100  years when Carl Ferdinand and Gerty Theresa Cori 
demonstrated the role of muscle-produced lactate in hepatic 
gluconeogenesis (Cori and Cori, 1929; Cori, 1981). Whatever 
the metabolic pathways, when lactate is consumed by cells, this 
is associated with the import of electrons (Figure  2). In fact, 
lactate is oxidized into pyruvate by the lactate dehydrogenase 
activity and this is associated with the reduction of NAD+ into 
NADH,H+. Lactate-consuming cells must be  able to manage 
these electron fluxes, through electron assimilation or dissemination 
processes. Mitochondrial activity corresponds to an electron 
dissemination process (Figure  1). If the electron load is in 
adequacy with the oxidative capacity of mitochondria, the 
production of mitochondrial ROS is low. However, if electron 
load overwhelms the oxidative capacities of mitochondria, the 
escape of electrons from the respiratory chain and the production 
of ROS are increased. Therefore, the rate of the lactate-dependent 
production of mitochondrial ROS results from the unbalance 
between the yield of electrons provided to the respiratory chain 
and the oxidative capacities, these latter depending on the quantity 
of mitochondria, the state of coupling/uncoupling, and the 
bioenergetics needs of the cells. Very interestingly, lactate by 
itself can activate specific signaling pathways to facilitate these 
electron management processes such as triggering mitochondrial 
biogenesis in muscle cells (Hashimoto et al., 2007) and inducing 
the expression of the uncoupling protein 1 (UCP1) in adipocytes 
(see the “Reciprocal relationships between lactate metabolism 
and adipose tissue biology” section; Carriere et  al., 2014). These 
two cellular responses converge toward an increased oxidative 
potential, which will promote NADH,H+ oxidation and NAD+ 
regeneration.

THE MAIN ROLES OF ADIPOSE 
TISSUES IN WHOLE-BODY ENERGY 
AND REDOX HOMEOSTASIS

Among the different organs that cooperate to maintain whole-
body energy homeostasis (Castillo-Armengol et  al., 2019), 
adipose tissues are key not only because of their capacity to 
store the excess of energy under the form of triglycerides in 
white adipose tissues but also through the capacity of brown 
and beige adipose tissues to dissipate energy as heat (Chouchani 
and Kajimura, 2019). Lactate and redox metabolism play a 
critical role in the properties of each of these adipose depots 
(Carriere et  al., 2020). Before highlighting the underlying 
mechanisms (see the “Reciprocal relationships between lactate 
metabolism and adipose tissue biology” section), following is 
a short description of their main characteristics.

White Adipocytes, From Energy Storage to 
Energy Release
White adipocytes are specialized cells with a unique ability to 
store energy into triglycerides during caloric intake and to release 
it in the form of fatty acids during periods of caloric deficit. 
Following chronic caloric excess, the expansion of white adipose 
tissue through the increase of adipocytes size (hypertrophy) 
and the formation of new adipocytes from progenitors 
(hyperplasia) contribute to the storage of energy in excess. At 
the opposite, when energy has to be  made available for cellular 
activity, white adipocytes can mobilize their lipid stores through 
lipolysis to release energy (Lafontan and Langin, 2009).

Brown Adipocytes, Oxidation of 
Substrates, and Nonshivering 
Thermogenesis
Since its rediscovery in human adults in 2009 (Cypess et al., 2009; 
van Marken Lichtenbelt et  al., 2009; Virtanen et  al., 2009), 
the contribution of brown adipose tissue to energy expenditure 
and metabolic health has been intensely studied (Sidossis and 
Kajimura, 2015; Betz and Enerback, 2018; Hussain et al., 2020). 
Brown adipocytes display significant oxidative capacities due 
to a large number of mitochondria and the presence of the 
mitochondrial UCP1 located in the mitochondrial inner 
membrane, which uncouples the oxidation processes from ATP 
synthesis (Cannon and Nedergaard, 2004). Cold exposure 
increases the expression of UCP1 and activates its uncoupling 
activity, in particular, by the fatty acids released during the 
sympathetic activation of lipolysis (Bertholet and Kirichok, 
2017). Then, energy is dissipated as heat, at the expense of 
ATP synthesis (Nicholls and Locke, 1984).

Beige Adipocytes, Inducible on Stress in 
White Adipose Depots
Beige adipocytes display metabolic characteristics very similar 
to those of brown adipocytes, including UCP1 expression. 
However, they appear in specific regions of some white adipose 
tissues (Barreau et al., 2016; Dichamp et al., 2019) on metabolic 
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challenges such as cold exposure (Young et al., 1984; Loncar, 1991; 
Cousin et  al., 1992) through distinct cellular mechanisms 
(Barbatelli et  al., 2010; Lee et  al., 2012; Wang et  al., 2013; 
Park et  al., 2021), and the brown-like phenotype disappears 
once the stress is over (Rosenwald et al., 2013). Notably, several 
UCP1-independent thermogenic mechanisms within beige (and 
brown) adipocytes have been recently uncovered (Roesler and 
Kazak, 2020). Although cold exposure is an important driver 
for beiging of adipose tissue, several other stimuli have been 
recently highlighted such as physical exercise (Bostrom et  al., 
2012; Dewal and Stanford, 2019), cancer-associated cachexia 
(Kir et  al., 2014; Petruzzelli et  al., 2014; Han et  al., 2018), 
massive burn (Porter et  al., 2015; Sidossis et  al., 2015), and 
intermittent fasting (Li et  al., 2017), but the role of beige 
adipocytes in these contexts remained to be  clarified.

Adipose Tissues and Energy Homeostasis: 
A Redox View
One of the main characteristics of adipose tissues is their 
great plasticity, i.e., their ability to adapt their phenotype, 
metabolic activity, and function according to the nutritional 
status of the host and in response to metabolic challenges to 
ensure energy homeostasis (Chouchani and Kajimura, 2019). 
Besides this canonical view, one can consider adipose tissues 
as key regulators of electron fluxes, given their capacity to 
store electrons within triglycerides and to disseminate them, 
in white and brown/beige adipose tissues, respectively. In fact, 
in addition to carbon storage, the capacity of white adipocytes 
to store triglycerides can be  viewed as a very efficient process 
of electron assimilation and storage, consistently with the 
reduced state observed during adipogenesis (Galinier et  al., 
2006). Since the high oxidation of NADH,H+ into NAD+ occurs 
in the presence of activated UCP1, brown and beige adipocytes 
may also play a key role in the redox balance by acting as 
controllable electron dissemination systems. These intimate 
relationships between adipose tissues and redox metabolism 
are strengthened by the growing evidence that lactate metabolism 
can fine-tune adipose tissue biology according to the metabolic 
conditions and that, reciprocally, adipose tissues impact systemic 
lactate metabolism.

RECIPROCAL RELATIONSHIPS 
BETWEEN LACTATE METABOLISM AND 
ADIPOSE TISSUE BIOLOGY

In addition to the well-known impact of adipose tissues on 
glucose and lipid systemic homeostasis, recent findings highlight 
them as regulators of other circulating metabolites, such as 
succinate (Mills et  al., 2018, 2021) or branched-chain amino 
acids (Yoneshiro et  al., 2019). Several metabolites have also 
been shown to promote adipocyte plasticity toward a beige 
phenotype (Sahuri-Arisoylu et  al., 2016; Liu et  al., 2020). In 
the following section, we  focused on the relationships between 
lactate metabolism and metabolic activity of adipose tissues, 
highlighting that lactate can act as a signaling molecule in 

adipose tissues and that, reciprocally, adipose tissues can impact 
systemic lactate metabolism.

Lactate Regulates the Metabolic Activity 
of White, Brown, and Beige Adipocytes
White adipocytes convert a significant part of the metabolized 
glucose into lactate (Hagstrom et  al., 1990; DiGirolamo et  al., 
1992; Krycer et  al., 2019). The magnitude of the glucose 
conversion to lactate can reach 50–70% of total glucose 
metabolized (DiGirolamo et al., 1992). Several signaling pathways 
regulate this glycolytic pathway such as the insulin-dependent 
signaling, the FOXK1/2 transcription factors being recently 
highlighted as important molecular mediators (Sukonina et  al., 
2019). In addition to adipocytes, the stromal vascular fraction 
of white adipose tissues is also an important lactate producer, 
as demonstrated in cells isolated from several rat adipose tissues 
(Rotondo et  al., 2019). Lactate regulates white adipose cell 
biology and metabolic activity through paracrine and autocrine 
effects, by acting as a metabolic substrate feeding lipogenesis 
as a lipid precursor (Katz and Wals, 1974; Francendese and 
Digirolamo, 1981; Chen et  al., 2016) and by stimulating the 
adipogenic differentiation program of preadipocytes, as recently 
demonstrated (Harada et  al., 2018). This is consistent with 
the increase in the MCT expression along white adipocyte 
differentiation (Petersen et  al., 2017). Lactate also inhibits the 
lipolytic activity of white adipocytes by binding to the Gi-coupled 
G protein-coupled receptor (GPR81; Ahmed et  al., 2010). In 
brief, lactate effects are linked to those of insulin, one of the 
main lipolysis inhibitors. Insulin increases glucose utilization, 
a large part of this glucose is converted into lactate that is 
exported. In an autocrine/paracrine manner, lactate binds to 
GPR81 that – through its effects on adenylate cyclase – induces 
a decrease in the level of cAMP and therefore lipolysis (Ahmed 
et  al., 2010; Figure  3). Lactate might thus be  observed as a 
metabolic signal, promoting white adipogenesis and anabolism, 
to increase the energy storage capacities of white adipose tissues.

Despite a very different metabolic profile and much greater 
oxidative capacities, brown adipose tissue is also a major site 
of lactate production. Although glucose consumption feeds the 
oxidative metabolism of brown adipose tissue (Wang et  al., 
2020b), a large amount of this glucose is converted into lactate 
and exported (Ma and Foster, 1986; Schweizer et  al., 2018; 
Weir et  al., 2018), in particular during cold/noradrenergic 
stimulation. Intense glycolysis ensured by the export of lactate 
may feed multiple metabolic pathways in brown adipocytes 
activated by cold, including ATP production (i.e., to compensate 
for the very low mitochondrial ATP production), the pentose 
phosphate pathway (i.e., redox balance and lipid synthesis), 
and glycerol production (i.e., lipogenesis; Hankir and Klingenspor, 
2018). Stimulation by the β3 adrenergic pathway also increases 
lactate release by beige adipocytes in an MCT1-dependent 
manner, and this lactate release is required for the efficient 
utilization of glucose by beige adipocytes (Lagarde et  al., 2020; 
Figure  4). This is due to the key role of lactate production 
and export for redox homeostasis, as discussed earlier. 
The importance of redox homeostasis for thermogenic 
adipocytes has been recently highlighted (Nguyen et al., 2020). 
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Further highlighting the importance of MCT1-dependent lactate 
fluxes in beige adipocyte biology, this transporter is expressed 
by the subpopulation of adipocytes that turn UCP1 positive 
on cold exposure, making of it as a marker of inducible beige 
adipocytes (Lagarde et al., 2020). This finding is very reminiscent 
of what is occurring during the postnatal development of brown 
adipose tissue, since only adipocytes expressing MCT1 give 
rise to UCP1+ mature brown adipocytes in Syrian hamster 
(Okamatsu-Ogura et al., 2018). MCT1 is also strongly expressed 
in brown adipocytes of adult mice (Iwanaga et  al., 2009) and 
supports optogenetically induced nonshivering thermogenesis 
(Jeong et  al., 2018) through the transport of lactate into 
mitochondria (Jeong et  al., 2018).

Concomitantly to the net lactate outgoing flux and even 
when glucose is not limiting, a significant import of lactate 
occurs through MCT1, as shown by 13C lactate isotopic tracing 
experiments. From the thermodynamic point of view, lactate 
exchange through the plasma membrane is representing the 
transmembrane equilibration of the respective electrochemical 
gradients of the transported species (i.e., lactate and protons 
in this case) in the two compartments through the lactate 
transporter(s). In other words, the transport is reversible, which 
means that it does operate in the two directions at the same 
time with a net flux in one particular direction. Importantly, 
the imported lactate feeds the oxidative metabolism of beige 
adipocytes (Lagarde et  al., 2020), as also shown for white and 
brown adipose tissues (Hui et  al., 2017, 2020). However, the 
noradrenergic pathway does not increase lactate uptake in beige 
adipocytes but fosters lactate release, as a result of high increase 
in glycolytic flux (Lagarde et  al., 2020). Glucose might be  then 

preferred over lactate as a circulating substrate feeding 
thermogenesis during cold exposure. In response to an increase 
in systemic lactatemia, the import of lactate may be  favored 
in beige adipocytes. The physiological situations where lactate 
utilization is increased in beige adipocytes to promote their 
oxidative metabolism are unknown to our knowledge. In addition 
to the regulation of the metabolic activity of adipocytes and 
independently of the β3 adrenergic signaling, intracellular lactate 
regulates the expression of UCP1 by acting on the intracellular 
redox balance, thereby contributing to the beiging of 
adipose tissues.

Lactate as a Signaling Molecule Inducing 
Beiging
In addition to its role as an energy substrate supporting the 
oxidative metabolism of beige and brown adipocytes, lactate 
acts as a signaling molecule triggering their development 
(Carriere et  al., 2014; Figure  5). This effect is independent 
on the lactate receptor GPR81 but requires redox modifications 
due to the transport of lactate by MCT1 and increased NADH,H+/
NAD+ ratio subsequent to the lactate conversion into pyruvate 
by lactate dehydrogenase. Notably, lactate–UCP1 signaling does 
not occur in the presence of an uncoupling agent (i.e., a state 
equivalent to activated UCP1), very consistently with the role 
of NADH,H+/NAD+ ratio as a metabolic sensor regulating 
UCP1 expression. Since UCP1-dependent uncoupling accelerates 
the activity of the respiratory chain by therefore facilitating 
NADH,H+ oxidation and the overall electron flow, we proposed 
that UCP1-dependent uncoupling may be  key for redox stress 
management (Carriere et al., 2014; Jeanson et al., 2015; Figure 5). 

FIGURE 3 | Mechanism of lipolysis inhibition induced by adipocyte dependent lactate production in response to increased glucose utilization stimulated by insulin. 
Imported glucose following insulin signaling is converted to lactate and then exported. By an autocrine/paracrine action, lactate activates the GPR81 receptor which, 
through its effects on adenylate cyclase, decreases the level of cAMP and therefore lipolysis. Adapted from Ahmed et al. (2010). Pl3K, phosphoinositide 3-kinase; 
POE3B, phosphodiesterase 3B; AMPc, cyclic adenosine monophosphate; ATP, adenosine triphosphate; AC, adenylate cyclase; and GPR81, G protein-coupled 
receptors associated with inhibitory regulative G-protein (Gi).
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This is supported by findings demonstrating that the uncoupling 
activity of UCP1 is activated by mitochondrial ROS (Chouchani 
et  al., 2016) and that UCP1 controls ROS in brown adipose 
tissue (Jastroch, 2017). Lactate-induced UCP1 expression could 
represent an adaptive mechanism where adipocytes acquire 
increased oxidative capacities to maintain redox homeostasis. 
The role of lactate as a beiging inducer has been shown in 
different contexts (Figure  6). The implication of intracellular 
lactate production in UCP1 induction has been demonstrated 
in preadipocytes (Bai et  al., 2016) and in muscle cells (Kim 
et  al., 2017). It has also been demonstrated that during 
intermittent fasting, the reprogramming of the intestinal 
microbiota induces lactate production that contributes to the 
beiging of white adipose tissue, which plays an important role 
in the improvement of metabolic profiles (Li et  al., 2017). The 
alteration of lactate-UCP1 signaling has physiopathological 
consequences, as the inhibition of lactate production through 
interferon regulatory factor-3 (IRF3)-mediated inhibition of 
lactate dehydrogenase contributes to the downregulation of 
UCP1 expression and thermogenesis, in an inflammatory context 
(Yan et  al., 2021). Recently, in a mouse model exhibiting a 

mutation in the skeletal muscle Ca2+ release channel (i.e., RYR1) 
that induces malignant hyperthermia, an increased production 
of lactate in muscle is involved in the beiging of white adipose 
tissue and the activation of brown adipose tissue in an MCT1-
dependent manner, which would actively contribute to the 
hyperthermic phenotype (Wang et  al., 2020a). Together, these 
recent studies highlight the physiological and pathological 
importance of lactate-induced beiging. In addition, to promote 
beiging, lactate also induces the expression and secretion of 
the fibroblast growth factor-21  in both adipocytes (Jeanson 
et  al., 2016) and muscle cells (Villarroya et  al., 2018), which 
is an important regulator of glucose homeostasis and which 
triggers adaptive responses to reduce metabolic stresses. Thus, 
lactate, by various independent mechanisms, increases the 
oxidative capacities of beige adipocytes and stimulates the 
release of factors enabling adaptation to redox pressure and 
metabolic stresses.

All these findings highlight how lactate metabolism plays 
a role in the biology, metabolism, and plasticity of adipose 
tissues, by acting as a redox stress signal enabling cell adaptation. 
Interestingly, several studies of the literature show that adipose 

FIGURE 4 | MCT1 is a key regulator of lactate bidirectional fluxes in beige adipocytes. MCT1, which is expressed at the cell surface of beige adipocytes, sustains 
bidirectional lactate fluxes. Lactate export, which is predominant under noradrenergic stimulation such as cold exposure, supports glycolysis through NAD+ 
regeneration (red arrows). Concomitant lactate import occurs (green arrows), which fuels the oxidative metabolism and promotes the induction of UCPl, thereby 
increasing the oxidative capacity of beige adipocytes (adapted from Lagarde et al., 2020). ETC, electron transport chain; ATPase, ATP synthase; and FA, fatty acids.
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tissues can regulate systemic lactate metabolism, opening 
physiopathological perspectives.

Contribution of Adipose Tissues to the 
Regulation of Systemic Lactate 
Metabolism
Several tissues contribute to the regulation of lactate systemic 
levels, such as muscles, liver, red blood cells, brain, and heart, the 
rate of lactate release and uptake depending on the 
physiopathological situations for each tissue 
(Adeva-Andany et  al., 2014). It is known that white adipose 
tissues are an important site of lactate production that can 
impact lactate circulating levels (DiGirolamo et  al., 1992), 
probably due, at least in part, to the fact that they represent 
an important percentage of the total body weight. The quantitative 
contribution of all adipose depots to total systemic lactate 
metabolism is, however, unclear and not resolved to our 
knowledge. Due to the insulin-dependent stimulation of glucose 
uptake, lactate release by white adipose tissue increases in a 
postabsorptive state and is likely a major contributor to the 

increased circulating levels of lactate following insulin or glucose 
challenge in healthy humans (Hagstrom et  al., 1990; 
Jansson et  al., 1994; Qvisth et  al., 2007). Lactate release by 
adipose tissues is further enhanced in elderly and obese subjects 
(Jansson et  al., 1994; Faintrenie and Geloen, 1997) due to 
their high-fat mass and the decrease in their oxidative capacities, 
notably due to hypoxia (Trayhurn and Alomar, 2015). Fasting 
plasma lactate concentration is increased in obese subjects 
compared with lean control patients, and also in diabetic 
patients (Lovejoy et  al., 1992; Adeva-Andany et  al., 2014), 
which might be  an early change in the time course of the 
disease (Wu et  al., 2016b). These results are in agreement with 
the positive correlation observed between the size of adipocytes 
and the quantity of lactate produced (DiGirolamo et al., 1992). 
In the context of obesity, hypertrophic adipocytes with extremely 
limited oxidative potential and saturated storage capacities are 
less able to use glucose as a carbon source for oxidative 
metabolism. Glucose is then massively converted into lactate 
and exported. Although the role of lactate in the development 
of insulin resistance needs to be  further investigated, lactate 

FIGURE 5 | Lactate induces beiging as a way to dissipate redox pressure. Following its import through MCT1, lactate is converted into pyruvate. This conversion is 
associated with the reduction of NAD+ into NADH,H+. The increased NADH, H+/NAD+ ratio triggers UCP1 expression. Due to the properties of UCP1 and its effects 
on the respiratory chain, UCP1-dependent uncoupling accelerates oxidation of NADH,H+ into NAD+. Thus, UCP1-dependent uncoupling, in addition to its 
involvement in non-shivering thermogenesis, may also play an active role in redox homeostasis. Of note, MCT1 is expressed at the cell surface of the subpopulation 
of adipocytes that will express UCP1 after cold exposure, highlighting it as a marker of inducible beige adipocytes (Carriere et al., 2014; Jeanson et al., 2015; 
Lagarde et al., 2020).
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could compromise insulin signaling and glucose transport in 
muscle (Choi et  al., 2002). These results suggest that in the 
context of obesity or aging, the alteration of the oxidative 
potential of white adipose tissues may increase lactate production 
by adipocytes, which might participate in the development of 
metabolic diseases. Using MCT1 heterozygous mice that are 
resistant to obesity (Lengacher et  al., 2013), the transport of 
lactate into hepatocytes has been shown to contribute to the 
development of hepatic steatosis (Carneiro et al., 2017), suggesting 
that during obesity, dysregulated lactate metabolism may 
participate to the development of metabolic disorders. Among 
the underlying mechanisms, the acetylation of lactate 

dehydrogenase B in the liver of high-fat-diet-exposed mice 
would contribute to impaired lactate clearance and liver steatosis 
(Wang et  al., 2021). Notably, the decrease of beiging in the 
obesity-associated lactate-rich environment could be  due to 
several mechanisms such as the loss of cellular plasticity and/
or the alteration of lactate-sensing mechanisms and impaired 
lactate fluxes in adipose cells in an obesity context. Although 
genetic models are definitively required to better investigate 
the role of adipose tissues in the regulation of lactate systemic 
lactate fluxes, a transgenic Drosophila model harboring the 
inhibition of lactate dehydrogenase specifically in the fat body 
has been recently generated. Very interestingly, these flies 

FIGURE 6 | Different contexts associated with lactate-induced beiging. In vivo, reprogramming of gut microbiota following intermittent fasting is associated with 
increased lactate production, which may contribute to beiging that improved systemic metabolic parameters (Li et al., 2017). Increased muscle lactate production 
caused by a calcium channel mutation is associated with beiging (Wang et al., 2020a). Intracellular production of lactate induced by pdcd4 and piperine in 
preadipocytes and C2C12 cells respectively, upregulates UCPl expression (Bai et al., 2016; Kim et al., 2017). IRF3/ISG15-mediated inhibition of lactate 
dehydrogenase decreased lactate-induced UCPl expression thus impairing thermogenesis during inflammation (Yan et al., 2021).
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exhibited a decrease in circulating levels of lactate, which was 
associated with an improved body-wide glucose utilization 
(Krycer et  al., 2019), further highlighting the role of adipose 
tissues in whole-body energy homeostasis through their impact 
on the circulating levels of lactate.

The role of brown and beige adipose tissues on the regulation 
of systemic lactate metabolism is poorly described. However, 
physical exercise that is associated with increased lactate 
circulating levels induces beiging (Bostrom et  al., 2012; Dewal 
and Stanford, 2019) and increases the expression of MCT1  in 
brown and beige adipose tissues (De Matteis et  al., 2013). 
This could therefore increase the rate of lactate utilization in 
these tissues, as a way to manage redox pressure and related 
oxidative stress. Whether beige and brown adipocytes could 
act as lactate metabolic sinks as recently proposed for succinate 
(Mills et  al., 2018, 2021) or branched-chain amino acids 
(Yoneshiro et  al., 2019) remain to be  demonstrated. This 
hypothesis may be supported by the positive correlation between 
plasma lactate and body temperature in five healthy volunteers 
subjected to physical exercise (Son’kin et al., 2014). Interestingly, 
the rise in blood lactate levels precedes the rise in temperature. 
In this study, the highest body and local temperatures at the 
nape of the neck (i.e., the location of brown adipose tissue 
in humans) as well as the highest blood lactate levels were 
observed not during exercise but within minutes afterward. 
We  could envision that during exercise, some of the lactate 
produced is consumed by the muscle and heart, but that when 
exercise is stopped, the activation of brown adipose tissue could 
limit the rise in blood lactate levels.

Conclusion and Perspectives
Neglected during many years and even considered as a metabolic 
waste, the multiple roles of lactate as metabolic substrate, redox 
shuttle, and signaling molecule participate to its rehabilitation 
as a hub for multiple metabolic pathways notably in adipose 
tissues. At the whole-body level, the capacities to maintain 
redox homeostasis on challenges are key for energetic 
homeostasis. Given their important mass and their high plasticity, 
adipose tissues appear to be major players in the redox balance 
and are perfectly adapted to respond to acute and chronic 
redox stresses. Adipose tissues may act as a redox buffering 
system by assimilating or disseminating electrons depending 
on the situation and regulating systemic redox homeostasis 
through interorgan metabolic dialogs. Although most cells of 
the organism are capable of transporting lactate, the significant 
capacities of adipocytes to store energy in excess (i.e., white 
adipocytes) or to dissipate it in the form of heat (i.e., beige 
and brown adipocytes) and their high cellular and metabolic 

plasticity make them cells that are specially adapted to play 
this redox buffering function. Lactate-dependent cellular 
responses may be  part of the stress-responsive mechanisms 
enabling adipose cells to acquire an appropriate phenotype to 
face stresses. Any lack of appropriate response to lactate challenge 
could have tissue and whole-body repercussions. It is known 
that in a context of obesity or aging, due to mitochondrial 
dysfunctions, a decrease in adrenergic tone and modification 
of inflammatory state, plasticity of adipose tissues, their storage 
capacity, and their oxidative capacities are reduced. In these 
pathological contexts, adipose tissues may no longer allow the 
body to face redox stress and could even contribute to it by 
increasing lactate release. Investigating the existence of new 
interorgan communication, which is mediated by lactate or 
additional metabolites involved in redox homeostasis, and their 
role during aging or metabolic diseases is definitively an exciting 
area for future studies.
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