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Abstract

The cardiorespiratory and metabolic response to exercise has been associated with meeting the organism’s metabolic demands
during physical exertion. Of note, an incremental exercise is characterized by 1) cardiodynamic phase related to cardiac output
enhancement mainly determined by a positive chronotropic response, 2) ventilatory threshold one, associated with a significant
contribution of cardiovascular and pulmonary ventilation, and 3) ventilatory threshold two, correlated with a tremendous increase
in breathing and metabolic responses to exercise. Notably, it has been shown that the ventilatory response to exercise increases
concomitantly with the release and accumulation of metabolites (i.e., lactate released from skeletal muscle). The principal periph-
eral chemoreceptors are the carotid bodies (CBs), allocated into the carotid bifurcation and demonstrated to respond to several
stimuli, triggering autonomic and ventilatory responses. Indeed, in past and recent years, it has been shown that CB could
respond to lactate in in vitro and in vivo preparations, eliciting an increase in CB activity and ventilation. However, not all evi-
dence indicates that peripheral chemoreceptors respond to lactate. Thus, considering that CB chemoreceptors’ role in lactate-
dependent breathing response is not completely clear and their potential preponderance as metabolic sensors during exercise
has not been thoroughly explored, the present review was focused on the possible role of CB chemoreceptors as metabolic
sensors during physical exertion in a physiological context, proposing it as a new actor in exercise physiology.

carotid body; exercise; hypoxia; lactate; maximal oxygen uptake

INTRODUCTION

Daily physical activities usually take place at lower met-
abolic rates (3.5-7.0 mL/min/kg) relative to the maximum
aerobic capacity (35-50 mL/min/kg); however, during
dynamic nonsteady state exercise, oxygen (O,) uptake and
carbon dioxide (CO,) clearance increases more than 20-
fold to cope with the metabolic demand during physical
activity (1). It has been well-known for nearly a century
that the gas exchange rate relies on the respiratory and cir-
culatory capacity and muscle bioenergetics to respond
appropriately to exercise load (2, 3). The cardiopulmonary
exercise test (CPET or CPEX) has been classically used to
assess the maximal O, consumed during exercise (VOzmax)
(1, 4). Accordingly, relative to O, consumption and CO,
production, three events characterize a maximum incre-
mental exercise test: 1) cardiodynamic response, related to
increases in cardiac output (CO) mainly determined by an
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increase in heart rate (HR) (5-8), 2) ventilatory threshold
one (VT1), associated to a slight increase of O, uptake, CO,
clearance, and lactate production (~2-4 mM in venous
blood), but with a significant contribution of cardiovascu-
lar response (i.e., increases in HR) and pulmonary ventila-
tion; and 3) ventilatory threshold two (VT2) or anaerobic
threshold, associated with a more considerable increase in
cardiopulmonary response (i.e., HR and O, uptake) and
lactate accumulation (>10 mM in venous blood) (9).
Notably, during all these short-term responses (at normoxia),
the cardiorespiratory adjustments are essential to managing
0, demands from several cells, tissues, and organs (10-13).
However, in a hypoxic environment, where the O, availability
is decreased, the Vo,max and endurance performance are
markedly reduced (14-21); nevertheless, the evidence is not
completely clear, showing the precise mechanism that
explains the exercise performance deterioration in this envi-
ronment (22). Although physical performance deterioration
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() CAROTID BODY DURING EXERCISE

during hypoxia is undeniable, the mechanisms explaining
this phenomenon are not fully described, leading to various
hypothetical scenarios.

Interestingly, recent evidence suggests that the carotid
body (CB), primary arterial O, sensor (i.e., hypoxia) involved
in the regulation of breathing and hemodynamic response to
chemical alterations in the arterial blood, may serve as meta-
bolic sensors due to their ability to respond to several meta-
bolic-related signaling molecules such as insulin, glucose,
histamine, lactate, among others (23-26). Therefore, meta-
bolic signals released/accumulated during exercise may acti-
vate the CB, activating neural mechanisms, and initiating the
cardiopulmonary response. In this sense, lactate could be a
CB-dependent relevant actor during physical exertion, con-
sidering it is released and accumulated during exercise; how-
ever, the evidence is not entirely robust. Indeed, contrary to
this hypothetical scenario, it has been shown that glomus
cells, principal CB cells related to O, sensing derived from
Wistar rats, and ventilation from the same animals did not
respond to exogenous lactate (20 mM) (27). However, active
inspiration and expiration apparently could be CB-dependent
(28), suggesting that CB is relevant but not through a lactate-
dependent mechanism. Notwithstanding, it has been shown
that Wistar rats displayed a tremendous breathing response
to 2-M lactate infusion (29), which suggests that the mecha-
nism could be concentration-dependent. Therefore, consider-
ing the limited and controversial evidence, the present review
proposes a hypothetical scenario where the CB could be rele-
vant during exercise through a metabolic signal and neural
circuit activation.

Cardiopulmonary Response to an Incremental Exercise:
A Classical View

According to the oxygen Fick equation, the O, con-
sumption is Vo, = CO - (CaO, — Cv0,), where CO is cardiac
output, determined by the product between stroke vol-
ume (SV) and HR, CaO, is the arterial O, content, and
CvO, is the venous O, content (30). The CO and CaO, —
CvO, represent perfusion and diffusion, respectively, at
rest and during exercise (31). The SV is the difference
between end-diastolic volume and end-systolic volume,
which is affected by the pre- and after-heart loads and the
autonomic nervous system (venous return) (32). Along
with this, the HR is also determined by the sympathetic
and parasympathetic outflow to the heart. The other de-
terminant of O, uptake is diffusion, represented by the
difference between the arterial and venous O, contents,
determined by the arterial O,-carrying capacity and tissue
delivered, and by the ability of the respiratory system to
load O, in the pulmonary capillaries (31).

One of the principal determinants of VO,m.x iS the CO.
Indeed, a linear relationship between Vo,max and HR has been
observed. The HR increase, as well as the rise of SV during exer-
cise (increase the venous return), have been attributed to sym-
pathoexcitation and parasympathetic withdrawal (32, 33).
However, exceptional exercise performance has been associ-
ated with an exacerbated vagal outflow (34-36). Along with
this, studies in rats have shown that activation of parasym-
pathetic neurons through optogenetic and chemogenetic
approaches can improve exercise performance, mimicking

the effects of a training regimen, while silencing cardiovagal
neurons can impair exercise capacity (37). Furthermore, it
has been shown that parasympathetic drive is crucial to exer-
cise-mediated increases in coronary artery blood flow
through vasoactive intestinal peptide (vasodilator) in sheep
(38) (Fig. 1). Notably, severe deterioration of parasympa-
thetic drive is associated with a parallel decline in exercise
performance during hypoxia in both humans and rodents
have been observed (39-41).

Thus, during exercise, the sympathoexcitation contributes
to venous contraction, and together, active muscles, which
can function as a pump, promote an increase in the cardiac
preload; on the other hand, the exercise-dependent parasym-
pathetic overactivation could contribute to facilitated O,
uptake of heart muscle during physical exertion. Notably,
during a reduction of O, availability, the aerobic capacity is
markedly reduced (14-21). Nevertheless, there are no severe
changes in the left ventricle chamber diameter during hy-
poxia. Still, in contrast, the internal diameter of the right ven-
tricle is slightly decreased due to elevated pulmonary pressure
after short-term hypoxic exposure (42), which could suggest
that CO is reduced; nevertheless, as the HR increases, the CO
is preserved during hypoxia. Consequently, cardiac perfusion
is maintained during hypoxia, suggesting that the adverse
effects of hypoxia on Vo, are more related to diffusion than
increased perfusion.

Potential Role of Neural Control on the
Cardiorespiratory and Metabolic Response during
Incremental Exercise

Further to the classical view of physiological response dur-
ing an incremental exercise, the neural control of autonomic
functions could be more involved than was initially pro-
posed. Thus, in this section, we described and explored some
potential contributions of sensors, which have yet to be con-
sidered, from an exercise phase-dependent manner during
an incremental physical exertion.

Cardiodynamic response.

It is well known that there is an increase in energy demand
during physical activity and, consequently, an increase in car-
diopulmonary and metabolic responses to meet the new
energy requirements (2). During the initial phase of physical
activity, there is a cardiodynamic response, led by an increase
in HR and SV, with a secondary contribution from ventilation
(10-13). It has been proposed that the cardiodynamic phase is
related to the exercise pressor reflex (EPR) and not necessarily
to the chemoreflex, activating brainstem cardiovascular regu-
latory centers (43-45). The EPR is a feedback mechanism
associated with group III/IV muscle afferent sensory neurons,
which are anatomically connected with the brainstem cardio-
vascular control areas. These fibers are activated by intramus-
cular mechanical and chemical stimuli, triggering increased
discharge, which promotes an activation of the cardiovascular
system (46). Notably, the activation of the EPR activates the
nucleus tractus solitarii (NTS) and the rostral ventrolateral
medulla (RVLM), eliciting a sympathoexcitation promot-
ing an increase of blood pressure and CO, coping with the
exercise-dependent metabolic demand (46-48). Interestingly,
metabolic signals, such as lactate, released by the skeletal
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Autonomic Nuclei

Figure 1. Classical physiological response
to an incremental physical exercise.
During incremental physical effort, there is
a significant increase in cardiac output
(CO), which is determined by an increase
in stroke volume (SV) and heart rate (HR)
(perfusion). It has been proposed that the

QL Brainstem
| i 1
E SV tCoronary artery
HR vasodilation

Mitochondria
Activity

muscle during the cardiodynamic phase may impact cardio-
pulmonary regulation. However, this is still a matter of
debate, even considering the lower accumulation during low-
intensity exercise (8, 49).

Ventilatory threshold 1.

As the exercise intensity increases, the VT1 phase appears,
characterized by a significant increase in pulmonary venti-
lation. Nevertheless, there is still no significant accumula-
tion of lactate (~5% compared with the baseline circulating
concentration) without relevant changes in arterial gases
(9, 49-51). Therefore, a metabolic signal regarding eliciting
a ventilatory drive could be discarded. Interestingly, it has
been demonstrated that breathing rate during locomotion
(i.e., similar to low-intensity exercise) is related to the
mesencephalic locomotor region and spinal cord through
activation of preBotzinger complex and central chemo-
receptors (52). Indeed, the cuneiform nucleus from the
mesencephalic locomotor region directly projects and
activates the preBotzinger complex through glutamatergic
neurons (52); therefore, the locomotion itself elicited a
breathing response to exercise. Furthermore, the breath-
ing-dependent locomotion elicited by activation of L2
through N-methyl-p-aspartate (NMDA)/5-HT receptors
also required central chemoreceptor cell integrity allo-
cated into the retrotrapezoid nucleus (RTN) in brainstem-
spinal cord neonatal preparation (52). Central chemorecep-
tor neurons in the RTN are critical players in the regulation
of CO,-mediated central ventilatory drive (53) through acti-
vation of the center pattern generator (54). Nevertheless, it
is well known that the arterial gases are not modified by
breathing compensation until the anaerobic threshold
(VT2).

Ventilatory threshold 2.
At VT2 or anaerobic threshold and VO,,ax there is an abrupt
increase in pulmonary ventilation, a massive increase in
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thetic-mediated through norepinephrine
release and increased venous return. In
addition, the cardiovascular parasympa-
thetic-mediated effects are related to
. coronary arterial vasodilatation, promot-
{ ! ing increased cardiac O, uptake during
J § i exercise. Furthermore, concomitant with
the cardiovascular response, there is a
substantial increase in minute ventilation
(Vg) during exercise, which is ventilatory
threshold dependent. Regarding diffu-
sion, the exercise-dependent increase in
arterial O, content promotes a rise in O in
mitochondria, facilitating ATP formation
and compensating for metabolic needs
during exercise. Figure was created with a
licensed version of BioRender.com.

1 i enhancements in HR and SV are sympa-

systemic lactate concentration (>10 mM), CO, retention, and
metabolic and respiratory acidosis (9, 49, 51, 55). As previ-
ously mentioned, the RTN neurons play a pivotal role in
CO,-mediated central hyperventilation (53) by activating the
center pattern generator (54). Both RTN neurons and astro-
cytes contributed to elicited CO,/H* -dependent hyperventi-
lation through G-protein receptor 4 (GPR4) and TWIK-
related acid-sensitive K™ channel 2 (TASK2) receptor in the
neuron and sodium-bicarbonate exchanger (NBCe) and so-
dium-calcium (Na/Ca) exchange in the astrocyte (53, 54).
Briefly, neuronal depolarization is caused by the acid-
induced closure of TASK-2 and by the closure of an unidenti-
fied leak potassium channel operated by GPR4. Concomitant
acidification depolarizes astrocytes and activates an NBCe,
eliciting the activation of Na/Ca exchange by a rise of intra-
cellular Na™, increasing intracellular Ca?*, causing the ve-
sicular release of ATP, finally activating RTN neurons via
P2Y receptors (53, 54). Thus, it is possible that during physi-
cal exertion, like VT2 or VO,max the RTN neurons/astrocytes
could be activated by CO, retention and metabolic acidosis,
promoting a considerable increase in ventilation during the
physical effort. However, this mechanism was not described
during the exercise, generating another hypothetical sce-
nario; nevertheless, in the current review, we described the
possible role of peripheral chemoreceptors as metabolic sen-
sors and not the role of central chemoreceptors, although we
do not discount their relevance.

Along with the previous mechanism, it has been shown
that the CB, the main peripheral chemoreceptors located at
the carotid artery bifurcation, constitutively express all the
molecular machinery to respond to blood-borne metabolic
stimuli such as changes in systemic lactate (24-26, 46). It is
well known that during physical exercise, there is a phase-
related release and accumulation of several metabolic sig-
nals, including, but not restricted to, lactate (i.e., adrenaline
and cortisol) (8). However, the CB does not sense the
cortisol (56) but is released during CB activation (57). In
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addition, the adrenaline activates the carotid body (58) and is
released during exercise; however, the peak of adrenaline
during exercise is closely associated with the phase where the
greatest exhaustion is perceived (59) when lactate could have
already acted to modulate the cardiorespiratory response to
exercise. Therefore, considering that the CB peripheral che-
moreceptors are “sensing” the arterial blood on a beat-to-beat
basis, they might serve as a metabolic sensor during exercise;
then, the CB may regulate the cardiopulmonary adapta-
tion to exercise, modulating the sympathetic/parasympa-
thetic balance and respiratory outflows through the
chemoreflex arch. Interestingly, it has been proposed that
peripheral chemoreceptors serve as sensing support to the
central chemoreceptors, which could be relevant to
breathing response during exercise, generating new phys-
iological mechanisms that govern breathing responses to
physical exertion.

Peripheral Chemoreceptors and Their Metabolic Role

Classical CB activation model.

The CBs are located in the carotid bifurcation, which
responds to several blood-borne stimuli, including changes
in 0,, CO,, H™, flow, glucose, temperature, osmolarity, insu-
lin, histamine, and lactate (22-24, 60-64). Upon activation,
the CB elicits a chemoreflex response characterized by a
marked increase in pulmonary ventilation, sympathetic out-
flow, cardiac output, and blood pressure (65). The CB com-
prises two cell types: the primary chemoreceptor cells are
the glomus cells (type I cells), and the other is the sustentac-
ular clusters of type II cells (60, 63). The current chemore-
ception model convergence proposes that upon stimulation,
CB type I cells get depolarized by inhibiting O,-sensitive
K™ channels, then Ca®*-dependent release of several neuro-
transmitters such as acetylcholine (Ach) and adenosine
triphosphate (ATP) takes place, to finally interact with recep-
tors in the nerve terminal of petrosal sensory neurons,
increasing the neural activity from the CBs (60, 63, 66). The
increased CB activity elicited activation of the NTS at the
brainstem, which projects into the respiratory pattern gener-
ator and cardiovascular nuclei (i.e., rostral aspect of the me-
dulla) to increase ventilation and sympathetic activity,
respectively (60, 63, 66) (Fig. 2, left). Notwithstanding the
convergence of the chemoreception model on close K*
channels to activate CB glomus cells, various activation
mechanisms are present. However, for the intent of the pres-
ent manuscript, our focus is directed toward CB metabolic
sensing.

Metabolic CB activation.

Several endogenous signals, such as lactate, are effective in
activating the CB-mediated chemoreflex response (24, 27, 67,
68). Accordingly, Chang et al. (24) proposed the CB as an organ
lactate receptor as it expresses the G-coupled olfactory recep-
tor (Olfr78), which lactate activates. They showed that olfac-
tory receptor Olfr78 /~-deficient mice had a blunted isolated
CB activity response to 10% hypoxia and lactate, implying that
Olfr78 could be pivotal in respiratory sensitivity to these meta-
bolic stimuli. Likewise, Peng et al. (67, 68) showed that OIfr78/
BL6 "/~ mice showed a reduced ventilatory chemoreflex
response to 12% O,, as well as CB sensory response to hypoxia

compared with wild-type animals. Contrarily, Lopez-
Borneo’s group found that when Olfr78 /~ mice were
assessed for their response to hypoxia and lactate, Olfr78
deletion led to a diminished response to hypoxia; how-
ever, it did not impair their lactate response, suggesting
that the OIfr78 receptor could serve as a hypoxic but not a
lactate sensor. The activation mechanism of Olfr78 involves
the increase of adenylyl cyclase, CAMP, and activation of
cyclic nucleotide-gated channel alpha 2 (Cnga2), promoting
the increase of intracellular Ca?" and neurotransmitter
release (69). In addition, Colinas et al. (70) showed that in
TH-OIfr78 /~ mice, this receptor is irrelevant to eliciting
breathing response during hypoxia; however, they partici-
pate in the glomus cell maturation from CB neuroblast to
mature glomus cell. Another mechanism proposed to
explain lactate-dependent CB activity is related to monocar-
boxylate transport (MCT). Torres-Torrelo et al. (25) con-
firmed that exogenous lactate applications into isolated CB
type I cells were sufficient to elicit a CB type I cell depolari-
zation through MCT. Then, these authors proposed that dur-
ing metabolic stress (i.e., exercise or hypoxia), the lactate
enters the cells through MCT, and the lactate dehydrogenase
enzyme converts lactate to pyruvate with the subsequent
production of NADH, which activates NADH-dependent
membrane cation channels to promotes cell depolarization.
Thus, the evidence suggests that independent of the mecha-
nism (OIfr78 or MCT), the CB could serve as a metabolic sen-
sor during physiological stress. However, unlike previous
research, a blunted lactate (20 mM)-dependent respiratory
response in situ hemisected Wistar rats and from isolated CB
glomus cells has been shown (27). Nevertheless, the author
did not confirm the arterial lactate concentrations during
infusion in all animal experiments (27). Indeed, it has been
shown that female and male Wistar rats displayed a huge
breathing response to 2-M lactate infusion (29). Therefore,
considering the ample lactate clearance metabolic rate, the
infused lactate concentration is not the same concentration
that CB can sense, evidencing an experimental limitation (71,
72) (Fig. 2, right).

All these pieces of evidence strongly suggest that CB
could respond to lactate; however, no results showed
their role during physical exertion, where the metabolic
demand severely increases. Furthermore, considering
that peripheral and central chemoreceptors can be found
synergistically in concert with other reflexes (EPR), it is
possible that during exercise, there is an orchestrated
physiological mechanism where CB peripheral chemo-
receptors could serve as support in other reflexes, as well
as a metabolic sensor; however, this is only a hypothetical
scenario until now.

Possible Role of Peripheral Chemoreceptors during
Exercise

The precise contribution of peripheral chemoreceptors to
exercise physiology has been a question that has generated
significant interest among respiratory and exercise physiolo-
gists; however, it remains largely unknown. One of the first
published works was from Masuda et al. (73), who studied
the effects of acute transient depressions of CB-mediated
chemoreflex drive on the ventilatory response to exercise.
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Hypoxia Chemoreception model

Metabolic Chemoreception model

Hyperventilation

Figure 2. Hypoxic and metabolic chemoreception models. Glomus cells are the principal carotid body chemoreceptor cells. Left: the hypoxic chemore-
ception model proposes that upon stimulation, CB glomus cells get depolarized by inhibiting O,-sensitive K channels and TWIK-related acid-sensitive

K" channel 2 (TASK2) by AMPK, promoting Ca® " entry and the release of several neurotransmitters such as acetylcholine (Ach) and adenosine triphos-
phate (ATP). On the other hand, (right) the metabolic chemoreception model proposes that G-coupled olfactory receptor (Olfr78) involves the increase
of adenylyl cyclase, cAMP, and activation of cyclic nucleotide-gated channel o 2 (Cnga2), promoting the increase of intracellular Ca?" and neurotrans-
mitter release. Parallelly, the monocarboxylate transport (MCT) has also been shown to be involved. Mechanistically, the lactate enters the cells through
MCT, and the lactate dehydrogenase enzyme converts lactate to pyruvate with the subsequent production of NADH, which activates NADH-dependent

membrane cation channels to promote cell depolarization. Figure was created with a licensed version of BioRender.com.

Human patients were subjected to hyperoxic gas during VT2,
and the authors found that pulmonary ventilation decreases
during CB unloading, suggesting that the CB contributes
at least in part to increased ventilation at VT2 during exercise
exertion (73). Although hyperoxic gas has several side effects
during physical exercise (i.e., acidosis, norepinephrine release,
and potassium) (74), the impact of transient hyperoxia on
silencing the CB activity is well-known (75). In another even
older work, Honda et al. (76) showed that resection of CBs in
patients with asthma decreases the kinetic of the respiratory
response in all phases of a CPET compared with patients with
intact CBs (76). More recently, we found that CB resection
severely decreases exercise running capacity in rats with heart
failure (77). Contrary to the previous description, ponies sub-
jected to CB denervation showed a greater hyperventilatory
response during exercise (78). However, ponies develop hypo-
ventilation at rest with CO, retention after CB denervation,
which may sensitize central chemoreceptors. This partially
explains the enhanced ventilatory response during exer-
cise in ponies (i.e., metabolic acidosis). Nevertheless, it is
worth mentioning that CO, retention was not determined
in human experiments performed before (73, 76), which is
a gap in the experimental evidence.

On the other hand, it has been proposed that CB is essential
to sympathetic-mediated blood flow redistribution during
exercise (79-81). In this sense, dopamine-dependent CB inhi-
bition (5-10 pg/kg) elicited vasodilatation during exercise in
dogs with heart failure, which probably was sympathetic-
mediated (80). Expanding on this evidence, Stickland et al.
(79) showed that the CB chemoreceptor contributes to skeletal
muscle blood flow regulation during exercise at normoxia in
healthy humans. Indeed, a low dose of dopamine (CB inhibi-
tion) did not affect steady-state blood flow at rest but
increased femoral blood flow and conductance during exer-
cise (79), suggesting that CB chemoreceptors could play an
essential role in regulating blood flow during exercise. In sup-
port of this notion, a hyperoxic gas during steady-state exer-
cise significantly reduced the sympathoexcitation elicited by
exercise in healthy humans, probably associated with CB
unloading (81). Recently, Sayegh et al. (82) showed that dopa-
mine-dependent CB inhibition augmented the brachial artery
blood flow and vascular conductance responses to rhythmic
handgrip, indicating that the peripheral chemoreflex is toni-
cally actively at rest and can restrain the blood flow and vas-
cular conductance during exercise (82). Thus, these results
suggest that the CB contributes, at least in part, to regulating
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breathing and cardiovascular response during exercise; how-
ever, the precise role of peripheral chemoreceptors has yet to
be wholly described.

Hypothetical Statement: CB Metabolic Role during
Exercise

As previously mentioned, during exercise, O, consump-
tion and CO, production are constant relative to minute ven-
tilation (Vg). Therefore, arterial pO,, pCO,, and pH levels
remain mostly constant during pulmonary ventilation until
the maximum O, uptake is reached (83). Hence, if CBs con-
tribute to ventilatory regulation and, therefore, Vo, uptake
during exercise, their contribution is probably not related to
pO, and pCO; sensing but rather to the ability of other exer-
cise-related released molecules to change CB activity.
Accordingly, the CB may serve as a mismatched metabolic
sensor rather than a constant sensor during exercise, prob-
ably associated with lactate release and accumulation from
skeletal muscles (83).

It is well known that lactate is formed from pyruvate
through lactate dehydrogenase (LDH) at the end of glycolysis
(84). A family of membrane-bound MCT facilitates transport
across cellular membranes, whose flux rate and direction
depend upon the diffusion gradients (71, 85). Notably, it has
been shown that the CB expresses MCT (70), and exogenous
lactate applications into isolated CB type I cells elicited cell
depolarization through MCT activity. Therefore, it is possible
that during exercise, the lactate enters the CB cells through
MCT, activating NADH-dependent membrane cation chan-
nels and promoting cell depolarization (25), which facilitates a
considerable increase in ventilation during physical exertion.
LDH activity (86) and MCT expression (87) changes have been

observed following long-term exercise training. Therefore, it
is possible that an exercise regimen could impact MCT expres-
sion in the CB, which could modify the hypoxic or metabolic
ventilatory response; however, it has not been described yet.

Another proposed mechanism that could explain the CB
lactate sensing is related to OIlfr78, which lactate activates,
promoting an increase in chemosensory discharge. In sup-
port of this notion, Olfr78 /~-deficient mice had a blunted
isolated CB activity response to 10% hypoxia and lactate (24).
Other manuscripts also showed that OIfr78/BL6~/~ mice
experienced a reduced ventilatory chemoreflex response to
12% O, (67, 68). Although this new mechanism was promis-
ing, other groups showed that CB Olfr78 deletion led to a
diminished response to hypoxia; however, it did not impair
their lactate response (67, 68). Interestingly, it has been dem-
onstrated that OIfr78 is also expressed in blood vessels, par-
ticipating in blood pressure and flow regulation (88, 89).
Indeed, transgenic mice coexpressing p-galactosidase with
Olfr78 markedly express Olfr78 in blood vessels from skeletal
muscle (89). Interestingly, the CB is able to sense blood flow
(90, 91), eliciting peripheral chemoreceptor activation (90).
Therefore, it is possible that the lactate release and accumu-
lation elicited a CB activation through an OIlfr78-dependent
blood flow regulation in the CB during exercise; however, it
has not been determined whether CB blood vessels and/or
closed blood vessels express Olfr78.

Unlike previous research, not all papers showed that lactate
elicited hyperventilation. Indeed, a blunted lactate (20 mM)-
dependent respiratory response in situ hemisected Wistar rats
and from isolated CB glomus cells have been shown (27). Of
note is that the authors used a lactate bolus and not a continu-
ous infusion, an essential experimental limitation associated

Reflex arc

Figure 3. Hypothetical role of the carotid body’s peripheral chemoreceptor as a sensor during exercise. During exercise, there is a massive release and
accumulation of lactate, which initiates CB activation through G-coupled olfactory receptors (OIfr78) and/or monocarboxylate transporters (MCT), activat-
ing the chemoreflex arc, which in turn enhances the ventilatory drive, contributing to an increase in maximal O, uptake. Figure was created with a li-

censed version of BioRender.com.
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with the vast lactate clearance metabolic rate. The shuttling of
lactate is undistinguishably linked to metabolic activity and
demands (92-94), as well as the action of the liver and Kidneys
in capturing this metabolite (95); therefore, it depends on local
blood flow, facilitated diffusion across cellular membranes,
and mitochondrial oxidative capacity (71, 85, 96). Thus, con-
sidering the ample lactate clearance metabolic rate, the
infused lactate concentration is not the same concentra-
tion that CB can sense (71, 72). Indeed, the same author
did not confirm the arterial lactate concentrations during
the bolus (27) across in situ hemisected preparation venti-
latory experiments, which evidenced an experimental li-
mitation. Thus, the manuscript of Spiller et al. (27) did not
discount the role of CB as a metabolic sensor. Indeed, there is
evidence that female and male Wistar rats displayed a tremen-
dous breathing response to 2-M lactate infusion, supporting
the notion that lactate needs to be accumulated to be sensed
by the peripheral chemoreceptors. Thus, hypothetically, if CB
functions as a metabolic sensor during exercise, it is possible
that the exercise-dependent accumulated lactate activates mo-
lecular signaling in the CB (MCT- and/or Olfr78-dependent
mechanism), facilitating an increase of ventilation and, there-
fore, VO,max during physical exertion (Fig. 3).

Perspectives

The goal standard for determining aerobic capacity and
performance is the VO,max through a CPET. Although the
physiological response to physical exertion is known, the
mechanisms governing hyperventilation during exercise do
not wholly underpin them (97). In the past, the CB peripheral
chemoreceptors were considered relevant during exercise
due to their pivotal role in cardiorespiratory physiology,
which has gained greater relevance in recent years by their
role as lactate sensors (24, 25, 68). Lactate is one of the more
abundant metabolites released and accumulated during
high-intensity exercise; accordingly, it is reasonable to pro-
pose that CB could be a sensor during physical exertion.
Until now, there are several limitations regarding specifically
targeting CB during exercise. Nevertheless, the chemoge-
netic and optogenetic approaches are now available to study
the role of specific type I and II CB cells on VO,ax (52, 98-
100). Thus, it is possible to study if the organ is sufficient or
necessary for Vo,max at high-intensity exercise. Therefore,
future researchers need to be focused on determining the
precise role of CB cell-type dependent on metabolic response
to physical exertion. Furthermore, from a translational view,
it is important to move the basic knowledge to a human set-
ting, moreover, considering that animal experiments are not
completely reliable.

CONCLUSIONS

The current review summarizes and proposes a hypotheti-
cal scenario where the CB peripheral chemoreceptors could
be considered metabolic sensors during physical exertion.
Although evidence suggests that CB could be essential for
maintaining hyperpnea during incremental exercise through
several molecular entities, no compelling evidence demon-
strates their role in this phenomenon. Notably, during physi-
cal exertion, there is a massive release and accumulation of
lactate, and it has been shown that CB can sense it; therefore,
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our review proposes that lactate could be the principal sig-
nal triggering hyperpnea during high-intensity exercise.
Nevertheless, this is only a hypothetical scenario that
needs clarification in the future.
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