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2488 T. Żera and others J Physiol 603.9

Abstract figure legend The carotid body develops aberrant high activity in chronic heart failure, resistant hypertension,
obstructive sleep apnoea (OSA) and diabetes. Hyperactivity of the carotid body leads to both high tonicity and increased
sensitivity of the arterial chemoreflex with resultant sympathoexcitation. This observation has led to several successful
attempts at removing or denervating the carotid bodies to restore normal sympathetic activity in humans. However,
such interventions are accompanied by loss of chemosensitivity resulting in episodes of hypoxia. The arterial chemo-
reflex comprises an integrative multi-system response. Accumulating evidence indicates that specific reflex components
may be preferentially conveyed by functionally distinct transmitter systems. We discuss the exciting new discoveries
of GLP-1 receptors, purinergic receptors, glutamate–GABA system, autonomic efferent innervation and regulation of
blood flow in the CB and how they open new avenues for novel treatments modulating aberrant activity of the carotid
body by selectively targeting specific receptors,mediators and neural pathways to correct distinct responses of the carotid
body-evoked arterial chemoreflex, but sparing its physiological function.

Abstract This review resulted from a conference on the pathological role of arterial chemoreflex
and carotid bodies in cardiometabolic diseases held at the 27th Congress of the Polish Cardiac
Society in September 2023 in Poznan, Poland. It reflects the contribution of Polish researchers and
their international collaborations, which have been fundamental in the development of the field.
Aberrant activity of the carotid bodies leads to both high tonicity and increased sensitivity of the
arterial chemoreflex with resultant sympathoexcitation in chronic heart failure, resistant hyper-
tension and obstructive sleep apnoea. This observation has led to several successful attempts of
removing or denervating the carotid bodies as a therapeutic option in humans. Regrettably, such
interventions are accompanied by serious respiratory and acid–base balance side-effects. Rather
than a single stereotyped reaction, arterial chemoreflex comprises an integrative multi-system
response to a variety of stimulants and its specific reflex components may be individually
conveyed at varying intensities. Recent research has revealed that carotid bodies express
diverse receptors, synthesize a cocktail of mediators, and respond to a plethora of metabolic,
hormonal and autonomic nervous stimuli. This state-of-the-art summary discusses exciting
new discoveries regarding GLP-1 receptors, purinergic receptors, the glutamate–GABA system,
efferent innervation and regulation of blood flow in the carotid body and how they open new
avenues for novel pharmacological treatments selectively targeting specific receptors, mediators
and neural pathways to correct distinct responses of the carotid body-evoked arterial chemo-
reflex in cardiometabolic diseases. The carotid body offers novel and advantageous therapeutic
opportunities for future consideration by trialists.

(Received 15 October 2024; accepted after revision 10 March 2025; first published online 5 April 2025)
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Introduction

Since the early 1970s many academic and clinical
researchers in Poland have focused on understanding the
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carotid body (CB) in health and disease (Kubin et al., 1985;
Lipski et al., 1976, 1977; Majcherczyk & Willshaw, 1973;
Majcherczyk et al., 1974; Pokorski & Lahiri, 1981, 1983;
Przybylski, 1978, 1981; Przybylski et al., 1980; Trzebski
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et al., 1982). Most notably, Professor Andrzej Trzebski
pioneered contributions in the field and his discoveries
have formed the basis on which numerous basic and
clinical studies have been founded (Trzebski, 1992).
This review has resulted from a conference to celebrate
the contribution of Polish scientists on the pathological
role of arterial chemoreflex and CBs in cardiometabolic
diseases. It was held at the 27th Congress of the Polish
Cardiac Society in September 2023 in Poznan, Poland. It
reflects and summarizes the major contribution of Polish
researchers and their international collaborations, which
have been fundamental for the development of the CB
research field.

The discovery that the CBs develop aberrant activity
in chronic heart failure, type 2 diabetes, resistant
hypertension and obstructive sleep apnoea (OSA) (Abdala
et al., 2012; Chua, Clark et al., 1996; Narkiewicz et al.,
1999; Ribeiro et al., 2013; Sun et al., 1999a; Trzebski et al.,
1982) set up the challenge of how best to quench this
activity for therapeutic benefit. This aberrant discharge
contained both high background tonicity as well as
increased reflex sensitivity (akin to allodynia in the pain
field) of the arterial chemoreflex with resultant autonomic
imbalance and gross sympathoexcitation (Felippe, Del
Río et al., 2023). This observation first led to several
surgical studies aimed at removing or denervating the
CBs as a therapeutic option in both animals (Abdala et al.,
2012; Del Río et al., 2013a, 2016; Fletcher, Lesske, Behm
et al., 1992;Marcus et al., 2013; Paton, Sobotka et al., 2013;
Ribeiro et al., 2013) and humans (Lobo, 2023; Narkiewicz
et al., 2016; Niewinski, Janczak et al., 2013, 2014, 2017).
Being outside the CNS, although connected to it, has
distinct advantages for localized targeting. However,
because the CB is a multi-modal organ controlling
multiple autonomic, hormonal and behavioural functions
such interventions are accompanied by serious adverse
effects such as respiratory disturbances especially during
sleep and acid–base balance deficits (Bardsley et al., 2023;
Niewinski et al., 2021). Rather than a single stereotyped
reaction, the arterial chemoreflex comprises an integrative
multi-system response with specific reflex components
being individually conveyed by functionally distinct
transmitter systems. It is now appreciated that CBs express
diverse receptors, synthesize multiple transmitters and
modulators, and respond to a plethora of stimuli including
blood gases, blood pH, the autonomic nervous system,
blood-borne metabolites and hormones. We discuss the
exciting new discoveries of GLP-1 receptors, purinergic
receptors, glutamate–GABA system, autonomic efferent
innervation and regulation of blood flow in the CB
and how they open new avenues for novel treatments
selectively targeting specific receptors, mediators and
neural pathways to correct distinct responses of the
CB-evoked arterial chemoreflex in cardiometabolic
diseases.

Classic physiology of the arterial chemoreflex

Arterial chemoreflex – oxygen sensing and acute/chronic
adaptations to low oxygen. The peripheral chemo-
reflex encompasses an intricate and highly contextual
constellation of cardiorespiratory responses to a spectrum
of blood-borne stimuli (Kumar & Bin-Jaliah, 2007),
hypoxia being the most significant from the evolutionary
perspective (Iturriaga et al., 2021; Marshall, 1994;
Milsom & Burleson, 2007; Teppema & Dahan, 2010;
Zera et al., 2019). Its paramount goal is to safeguard
vital organs, particularly the brain and heart, from
hypoxia by monitoring blood oxygen (O2) levels and
fine-tuning ventilation, cardiac function, vascular
resistance, adrenomedullary output and blood pressure.
Two topographically distinct sets of chemoreceptors,
embedded in small, ellipsoidal structures known as
bodies, have been featured in humans, the carotid and
aortic bodies. The former are located strategically at the
gateway to the brain, in the carotid bifurcation, whereas
the latter populate the dorsal aspect of the ascending
aorta (Iturriaga et al., 2021; Marshall, 1994; Milsom &
Burleson, 2007; Paton, Ratcliffe et al., 2013; Teppema
& Dahan, 2010; Zera et al., 2019). Such localities allow
blood constituents to be sensed as arterial blood enters
the cerebral and coronary circulations.
While our understanding comes primarily from CB

studies, similar mechanisms probably operate in aortic
bodies (Prabhakar, 2016a). Despite decades of research,
the exact nature of the O2 sensing mechanism in the
carotid/aortic bodies remains elusive (Iturriaga et al.,
2021; Ortega-Sáenz & López-Barneo, 2020; Prabhakar,
2016a). Thewidely accepted framework holds that glomus
cells (type I cells) of the CB are the actual oxygen-sensitive
units. Hypoxia is believed to close K+ channels in the
glomus cell’s membrane, leading to depolarization, Ca2+
influx via voltage-gated channels and Ca2+-dependent
neurotransmitter release onto the receptors on the
afferents of the petrosal ganglion neurons synaptically
opposed to the glomus cells. Acetylcholine and ATP
are prime candidates for excitatory neurotransmitters,
although multiple other molecules [including dopamine,
histamine, nitric oxide (NO) and endothelin-1] appear
to modulate O2 sensing. The conundrum here is the
nature of ‘the oxygen sensor’ in type I cells. Simplistic
concepts, positioning the acute oxygen sensor either
within the membrane (O2-dependent K+ channels) or in
the mitochondrial oxidative phosphorylation machinery,
have been refuted (for reviews see: Iturriaga et al., 2021;
López-Barneo et al., 2016; Ortega-Sáenz & López-Barneo,
2020; Rakoczy & Wyatt, 2018), and a hybrid model
was proposed, claiming that hypoxia impacts production
of certain molecules within the mitochondria (i.e. ATP,
NADPH, reactive oxygen species), and in turn alters
the membrane K+ currents, leading to depolarization,
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Ca2+ entry and transmitter release (Iturriaga et al., 2021;
Ortega-Sáenz & López-Barneo, 2020). Other mechanisms
include: (i) hypoxia-induced inhibition of carbon mono-
xide (CO) production, which, in turn, enhances hydro-
gen sulphide (H2S) production, and results in K+ channel
inhibition (Peng et al., 2010, 2017), and (ii) accumulation
of lactate under low-oxygen conditions, with subsequent
activation of the olfactory receptor – Olfr78 (Chang et al.,
2015; Chen et al., 2018). Furthermore, the CB appears
to contain glomus cells of distinct phenotypes varying in
receptors and enzymes expressed, which determine their
differential responsiveness to stimuli (see for a review:
Zera et al., 2019).
The CB displays remarkable functional and structural

plasticity when subjected to chronic hypoxia (Iturriaga
et al., 2021; Ortega-Sáenz & López-Barneo, 2020;
Prabhakar et al., 2022). Short-term chronic hypoxia
(hours to days, i.e. sojourn at high altitude) enhances
ventilation in a biphasic manner, with an initial increase
(5–7 min) followed by stabilization at the slightly
higher level. Ventilatory adaptation is accompanied
by sympathetic activation, and resultant blood pressure
elevation, offset within the first hours by local vaso-
dilatory effects of hypoxia. A spectrum of modifications
of the CBs at cellular and whole-organ levels have been
proposed as potential contributors, including increased
Na+ and/or Ca2+ channel density, lowered K+ current
amplitude, upregulation of the dopaminergic system,
cholinergic system, local angiotensin generating-system,
endothelin-1 and endothelin A receptors, and increased
proinflammatory cytokines. Furthermore, data from
animal models suggest that Olfr78 is essential for
cardio-respiratory adaptation to hypoxia (Wang et al.,
2021). Hypoxia-induced proliferation and differentiation
of multipotent adult neural crest-derived stem cells
(arising from sustentacular type II cells) into new glomus
cells, endothelial cells and smooth muscle cells may
underlie long-recognized CB enlargement under chronic
hypoxia, resulting in an increased afferent input to the
brainstem (López-Barneo et al., 2016; Ortega-Sáenz &
López-Barneo, 2020). Hypoxia-inducible factors (HIFs),
HIF-1 and HIF-2, are likely to mediate these adaptations,
possibly by enhancing expression of endothelin-1 and
promoting hyperplasia and neovascularization (Cheng
et al., 2020; Lam et al., 2006; López-Barneo, 2022;
Prabhakar et al., 2022; Prange-Barczynska et al., 2024).
Contrary to short-term exposures, long-term chronic

hypoxia, as experienced by high-altitude natives, results
in decreased baseline ventilation and blunted hypoxic
ventilatory responsiveness (‘hypoxic desensitization’),
which is accompanied by lowered blood pressure.
Increased intra-CB dopaminergic transmission, elevated
production of gaseous messengers (NO and CO) and
neovascularization have been suggested as underling

mechanisms (Ortega-Sáenz & López-Barneo, 2020;
Prabhakar et al., 2022).

Arterial chemoreflex – sympathoexcitation, phrenic
activity/hyperventilation, brady/tachycardia. The net
effect of arterial chemoreceptor stimulation with the
acute hypoxia test in humans includes increased rate
and depth of breathing, peripheral sympathoexcitation,
tachycardia and blood pressure elevation (Gonzalez
et al., 1994; Iturriaga et al., 2021; Marshall, 1994; Saito
et al., 1988; Teppema & Dahan, 2010; Zera et al., 2019).
Notably, the contribution of carotid and aortic subsets of
chemoreceptors seems to be different in magnitude
or even antagonistic, and modified by other reflex
mechanisms (Comroe & Mortimer, 1964; Iturriaga et al.,
2021; Marshall, 1994; Prabhakar & Peng, 2004). Heart
rate acceleration is typically observed in human studies
employing hypoxic or hypercapnic provocations, but
direct stimulation of the CBwith adenosine administrated
into the carotid artery induced bradycardia, not tachy-
cardia (Tubek et al., 2016), thereby confirming the
cardioinhibitory effects of the CB activation found in
animal models (Comroe & Mortimer, 1964). No change
in hypoxia-induced tachycardia after volitional restriction
of the hypoxic ventilatory response (HVR) in healthy sub-
jects (Paleczny et al., 2019; Siebenmann et al., 2019)
indicates that the tachycardic response, contrary to
animal models (de Daly & Scott, 1958; Karim et al.,
1980; Kato et al., 1988; Scott, 1966), is not secondary
to enhanced ventilation and concomitant activation of
pulmonary stretch receptors, but probably represents the
original aortic body response. Eventually, the effect of
acute hypoxia on peripheral vascular resistance reflects
opposing actions of local hypoxic vasodilatation and
sympathetically mediated vasoconstriction (Marshall,
1994; Weisbrod et al., 2001). The former predominates
in healthy subjects, leading to a decrease in vascular
resistance, whereas the exaggerated sympathetic response
(along with impaired endothelial function) observed
in heart failure outbalances the local effects of hypoxia,
thereby producing an increase in the resistance (di Vanna
et al., 2007; Nazaré Nunes Alves et al., 2012). A recent
study by Tubek et al. (2021) in heart failure patients
employing acute hyperoxia exposure corroborates these
conclusions.
The CB-evoked reflex comprises a variety of responses

that allow for integrated multi-system adaptations to
low oxygen levels and disturbances in body homeostasis.
These include endocrine responsesmarked by vasopressin
release (Share & Levy, 1966; Wilson et al., 1987), release
of catecholamines from the adrenal medulla (Critchley
et al., 1980, 1982), basal and exercise-dependent glucagon
liberation (Koyama et al., 2001), and secretion of
ACTH and cortisol (Marotta, 1972; Raff et al., 1984)

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



J Physiol 603.9 Carotid bodies as a therapeutic target for cardiometabolic disease 2491

as anti-inflammatory responses. Furthermore, the
CB-evoked reflex triggers haematological, circulatory
and renal reactions manifested by an increase in
haematocrit (Raff et al., 1984), contraction of spleen
capsule, mobilization of blood volume, vasoconstriction
and venoconstriction (Emans et al., 2024; Hoka et al.,
1989; Kahler et al., 1962; Pelletier & Shepherd, 1972),
increase in cerebral blood flow (Ponte & Purves, 1974),
increase in coronary blood flow and cardiac contra-
ctility (Hoka et al., 1989; Ito & Feigl, 1985; Kahler et al.,
1962; Pachen et al., 2021), and reduced renal blood flow
and sodium excretion (Karim et al., 1987). Finally, it
also encompasses alterations in gastrointestinal motility
and secretion (Kimura et al., 1993; Sinski et al., 2002),
emetic response (Uchino et al., 2006), inhibition of
sympathetic nerves to the brown adipose tissue (Madden
& Morrison, 2005), bronchoconstriction (Denjean et al.,
1991; Jendzjowsky et al., 2018; Moraes et al., 2021),
sensation of breathlessness (Davidson et al., 1974), and
behavioural responses with arousal and fight or flight
reaction (Bizzi et al., 1961; Hilton & Marshall, 1982;
Marshall, 1994).

Arterial chemoreflex – integrative multi-system response.
The polymodal sensing properties of CBs reject the
notion that glomus cells are homogenously responding
to various modalities and intensities of stimuli to
uniformly elicit all components of the chemoreflex.
Rather, there are glomus cells or glomus cell clusters that
show selectivity/preference for specific stimuli allowing
for varied magnitude of responses and preferential
engagement of some, but not all, components of the
arterial chemoreflex (Gold et al., 2022; Zera et al., 2019).
Functional studies indicate that glomus cells form distinct
populations responsive only to hypoxia, acidity, or to both
hypoxia and acidity (Lu et al., 2013). Furthermore, chemo-
sensitive glomus cells and their clusters have unique
neurochemical phenotypes in relation to expressed
enzymes, receptors, transmembrane transporters and
transmitters. These glomus cells and their clusters
form synaptic connections of various morphologies
with afferent myelinated and non-myelinated fibres (for a
detailed review see Zera et al., 2019). The CB afferents also
exhibit distinct morphological (McDonald & Mitchell,
1975) and electrophysiological properties (Fidone, &
Sato, 1969), and different sensitivities to oxygen levels
(Biscoe et al., 1970; Niu et al., 1990; Vidruk et al., 2001).
The afferent fibres from the CB project to distinct regions
of the nucleus of the solitary tract (NTS) in the medulla
oblongata (Claps & Torrealba, 1988; Donoghue et al.,
1984; Erickson & Millhorn, 1994; Finley & Katz, 1992;
Paton et al., 2001) as well as to extra-NTS regions,
including the area postrema, dorsal vagal motoneurons
and the nucleus ambiguus, at least in the rat (Erickson &

Millhorn, 1994; Finley & Katz, 1992; Paton et al., 2001).
Furthermore, at least a subpopulation of second-order
NTS neurons is solely chemoreceptive and distinct from
baroreceptive ones (Accorsi-Mendonca et al., 2011;
Paton et al., 2001) and directly projects to the rostral
ventrolateral medulla (RVLM) (Accorsi-Mendonca
et al., 2011; Kline et al., 2010) or to the retrotrapezoid
nucleus (RTN) containing central chemoreceptors
(Takakura et al., 2006). Based on these premises, we
proposed the ribbon cable hypothesis that illustrates
how glomus cells and their afferents characterized by
distinct functional and phenotypic properties may form
distinct/separate/individual pathways connecting the CB
with the brainstem allowing for selective or preferential
engagement of various effectors of the arterial chemo-
reflex (Gold et al., 2022) (Fig. 1; Zera et al., 2019). One of
the striking examples of distinct CB connectivity is arterial
chemoreflex-evoked concomitant sympathoexcitation to
the cardiovascular system and inhibition of sympathetic
nerves to the brown adipose tissue (Madden & Morrison,
2005). Such organization of the arterial chemoreflex
would also explain selective augmentation of sympathetic
outflow seen in hypertension (McBryde et al., 2017; Paton,
Sobotka et al., 2013; Pijacka et al., 2016; Sinski et al., 2012),
and highly selective silencing of sympathetics without
significant effect on the respiration by pharmacological
inhibition of P2X3 receptors in the CB in a spontaneously
hypertensive rat model of essential hypertension (Pijacka
et al., 2016). Collectively, available evidence supports the
notion that the intricate connectivity of CBs to the brain
consists of separate pathways allowing, at least in part, for
selective activation/modulation of the reflex responses.
Carefully designed experiments in situ and in vivo should
test if stimulation of a given cluster or phenotypically
distinct glomus cell population is relayed throughout
separate neural networks allowing for control of distinct
effector responses of the arterial chemoreflex.
The vasculature of CBs also shows heterogeneity

manifested by arterial–venous polarity within the
CB, presence of microcirculation consisting of
large-diameter capillaries encompassing glomus cells and
smaller-diameter capillaries with surrounding pericytes
bypassing glomus cells, and arterio-venous anastomoses,
together allowing for a reduction of CB blood flow or
redistribution of the flow through various lobules or
glomus cell clusters of the CB (Brognara et al., 2021;
Gold et al., 2022). The functional consequences of these
circulatory features are yet to be revealed.

Chemoreflex sensitivity and tonicity under pathologic
conditions. Since CBs are highly sensitive to oxygen
delivery, arterial O2 and carbon dioxide (CO2) levels,
low blood pH and reduced blood flow, all clinical
states that alter gas exchange or peripheral blood flow
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will influence peripheral chemoreceptor sensitivity. CB
chemoreceptors have a significant physiological activity
in normoxia called tonic activity (Binet & Dejours,
1962). Various studies have documented augmented
tonic chemoreflex activation, or hypertonicity of the
reflex (Felippe, Del Río et al., 2023), contributing to
resting sympathetic nerve activation under pathological
conditions in either a normoxic state, such as patients pre-
sentingwith sleep apnoea investigated duringwakefulness
(Narkiewicz et al., 1998) or hypoxaemic as a result of
chronic obstructive lung disease (Heindl et al., 2001) or
pulmonary arterial hypertension (Velez-Roa et al., 2004).
In hypertensive patients, the CBs exhibit hypertonicity,
and their deactivation elicits reductions in blood pressure,
peripheral resistance and sympathetic activity (Izdebska
et al., 1996, 1998; Sinski et al., 2012, 2014; Tafil-Klawe
et al., 1985). Even in healthy subjects, a reduction of
chemoreceptor tonic activity using hyperoxic gasmixtures
diminishes sympathetic outflow measured by micro-
neurographic methods (Seals et al., 1991). In contrast
to hypertonicity, the sensitivity of peripheral chemo-
receptors describes changes in ventilation following a
specific stimulus at a given intensity. Increased sensitivity,
or hyperreflexia of the chemoreflex, resulting in increased
amplitude of a motor response may occur in clinical

conditions and may vary between diseases as well as
between individuals with cardiovascular diseases (Felippe,
Del Río et al., 2023). Peripheral chemoreceptor-mediated
ventilatory hyperreflexia is a common feature in chronic
heart failure (Ponikowski et al., 2001; Toledo et al.,
2017), and patients with a high sensitivity of the chemo-
reflex are among those who benefit most from therapy
focused on CBs (Niewinski, Engelman et al., 2013, 2017).
Young hypertensives as well as borderline subjects pre-
sent with hyperreflexia (Somers et al., 1988; Trzebski
et al., 1982), which suggests a role of arterial chemo-
receptors in the development of hypertension (Paton
et al., 2013; Przybylski, 1981; Trzebski, 1992). Data
from animal studies in spontaneously hypertensive rats
support that in resistant hypertension increased chemo-
sensitivity is also present (Fukuda et al., 1987; Pijacka
et al., 2016). In OSA syndrome it is well documented that
the response to hypoxia is potentiated due to increased
chemoreceptor sensitivity (Narkiewicz & Somers, 1997;
Narkiewicz et al., 1999; Prabhakar, 2016b). In most
experimental models of hypertension and heart failure
hypertonicity and hyperreflexia are found concomitantly
(Felippe, Del Río et al., 2023). In summary, hyper-
activity of the CB and arterial chemoreflex comprises two
phenomena: hypertonicity and hyperreflexia. They are

Figure 1. The ribbon cable hypothesis of carotid body connectivity
The CB contains clusters of chemosensitive glomus cells (type I) that show varied sensitivities to distinct and
specific stimuli (e.g. oxygen partial pressures, acidity) and have unique neurochemical phenotypes (expressed
enzymes, receptors, transmembrane transporters and transmitters). Histological and functional evidence indicates
that different glomus cells and their clusters may be connected to defined physiological outputs and reflex arcs.
Distinct/separate/individual pathways connecting the CB with the NTS and other centres of the brainstem would
allow for selective or preferential engagement of various effectors of the arterial chemoreflex (Zera et al., 2019).
Glomus cells and the CB vasculature receive efferent postganglionic sympathetic fibres from the superior cervical
ganglion (SCG) via the ganglioglomerular nerve (GGN) that may modulate CB activity directly by acting on the
glomus cells or by affecting CB blood flow (Brognara et al., 2021; Gold et al., 2022). Created with Biorender.com.
[Colour figure can be viewed at wileyonlinelibrary.com]
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respectively manifested by enhanced resting activity and
augmented response to stimuli of the carotid sinus nerve
(Fig. 2), which in turn leads to higher resting sympathetic
activity (hypertonicity) and greater CB-evoked ventilatory
and sympathetic responses to hypoxia (hyperreflexia)
(Fig. 3). It is not fully established if all reflex responses
such as ventilation, sympathetic activity or heart rate
are equally affected. Whether hyperreflexia can coexist
with normal tonicity and vice versa, hypertonicity is pre-
sent with normal sensitivity or reflexia, remains open
(Paton, Ratcliffe et al., 2013). The answer to that question

might impact therapeutic approaches to modulating CBs.
Nevertheless, the presence of aberrant CB tonicity and
hyperreflexia makes this organ a target for modulation
through quenching of its afferent output.

Historical perspective – CB removal as a way to modulate
the peripheral chemoreflex. The idea of unilateral CB
resection for the treatment of conditions other than
CB tumours (Farrar et al., 1956) was introduced by
Nakayama (1961). Over the next decades this unilateral
procedure and its bilateral extension were performed

Figure 2. Hyperactivity of the CB and arterial chemoreflex comprises hypertonicity and hyperreflexia
Carotid sinus nerve (CSN) activity in the normotensive rat (NTR) and spontaneously hypertensive rat (SHR) in
response to decreased levels of oxygen in respiratory gas mixture [FO2 (%)] shows a greater response in SHR (hyper-
activity) – note that CO2 [FCO2 (%)] and blood pressure (BP) are kept constant (A); response of the CSN activity to
varied levels of oxygen [FETO2 (%)] shows a steeper slope (hyperreflexia) and right-shift of the relationship to higher
concentrations of O2 (hypertonicity) (B) (Fukuda et al., 1987). Recordings of CSN activity in SHR and normotensive
Wistar rats at rest and in response to pharmacological CB-evoked chemoreflex with cyanide show increased tonicity
and hyperreflexia (increased reflex sensitivity) in hypertensive rats (C); quantitative evaluation of hypertonicity (D)
and hyperreflexia (E) in SHR rats (red bars) (Pijacka et al., 2016). Reproduced with permission from Fukuda et al.
(1987) and Pijacka et al. (2016). [Colour figure can be viewed at wileyonlinelibrary.com]
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mostly for drug-resistant asthma. However, the efficacy
of the Nakayama procedure had quickly become a
matter of fierce controversy (Winter, 1973). While the
initial reports showed symptomatic improvements in the
majority of patients (Overholt, 1962), further studies
employing sham-procedures and lung function testing
delivered less promising results (O’Rourke & O’Rourke,
1964). Eventually, the procedure in asthma patients was
disapproved by the Executive Committee of the American
Academy of Allergy and Immunology (Anderson et al.,
1986). Those findings together with the development of
pharmacological therapeutics (e.g. β2-receptor agonists)

for the management of asthma led to the abandonment of
CB ablation in humans for years to come.
Retrospective appraisal of CB-modulating strategies

since the 1960s provided an opportunity to look for
important clues for informing future endeavours. First,
the inconsistent degree of clinical improvement following
unilateral CB resection reported in historical asthma trials
(Winter, 1973) speaks for an unpredictable contribution of
a single CB to the magnitude of reflex response seen in a
given individual. This was confirmed after unilateral CB
resection in heart failure patients in whom the resection
led to varying changes in HVR with a tendency to

Figure 3. Hyperactivity of the arterial chemoreflex in obstructive sleep apnoea, hypertension and heart
failure
Electrocardiogram (ECG) and sympathetic nerve activity (SNA) in a patient with obstructive sleep apnoea (OSA; top)
and a normal subject (bottom) recorded in resting conditions and in the third minute of hypoxia. During hypoxia,
increase in minute ventilation and heart rate were higher in patients with obstructive sleep apnoea compared
to the control group; increased sympathetic activity was particularly evident during the apnoea, indicative of
hyperreflexia (A) (Narkiewicz et al., 1999). ECG and muscle SNA (MSNA) in a hypertensive patient (top) and
normotensive subject (bottom) exposed to room oxygen and during hyperoxia to silence arterial chemoreceptors;
hyperoxia-induced reduction of MSNAwas greater in the hypertensive patient, indicative of hypertonicity (B) (Sinski
et al., 2012). Bilateral CB ablation (CBX) in a heart failure patient reduced SNA (C) (Niewinski et al., 2017). Unilateral
CBX in resistant hypertensive patients decreased SNA at 6 months (6M) from baseline in responders (blue), and
had no effect on non-responders (red) (D) (Narkiewicz et al., 2016). These CBX trials show tonic CB-evoked
sympathoexcitation in heart failure and hypertension in humans. Reproduced with permission from Narkiewicz
et al. (1999), Sinski et al. (2012), Niewinski et al. (2017) and under CC-BY licence from Narkiewicz et al. (2016).
[Colour figure can be viewed at wileyonlinelibrary.com]
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compensation in some (Niewinski et al., 2017). Second,
the discrepancy between unchanged lung function tests
and often striking clinical benefit might be explained by
a diminished HVR and thus lessened hyperventilation
during asthmatic attacks without significant changes
regarding lung tissue or a tendency for bronchospasm.
Such a phenomenon was not uniformly seen in asthmatic
patients undergoing CB resection possibly because only
a proportion of patients develop a significant CB hyper-
reflexia expressed as an exaggerated HVR (Narkiewicz
et al., 2016;Niewinski, 2014). To summarize, unilateral CB
ablation is characterized by rather unpredictable clinical
benefits in terms of both acute and long-term efficacy. By
contrast, bilateral CB ablation results in loss or profound
impairment of hypoxic chemosensitivity (Lugliani et al.,
1971; Wade et al., 1970), found even two decades after
the surgery in patients from Nakayama’s cohort (Honda
et al., 1979). The loss of hypoxic chemosensitivity comes
at the risk of nocturnal oxygen desaturation, which was
not reported in historical data (possibly due to the
lack of an adequate armamentarium), but is evident in
contemporary studies (Niewinski et al., 2017, 2021).

Pathological arterial chemoreflex – review of human
and animal studies

Heart failure. The observation that ejection fraction of
the left ventricle is a poor predictor of exercise tolerance
in heart failure (Mancini et al., 1991) suggests that
other mechanisms beyond cardiac haemodynamics might
contribute to the progression of the disease. The inter-
est in arterial chemoreceptors as potential players in
the development of heart failure surfaced in the late
1990s when their hyperactivity was linked to auto-
nomic and respiratory dysfunction in heart failure in
animal models (Sun et al., 1999a, 1999b) and in patients
(Chua, Ponikowski et al., 1996; Ponikowski et al., 1997,
1999). This was followed by a seminal publication
documenting a clear relationship between heightened
HVR and impaired long-term survival in heart failure
patients (Ponikowski et al., 2001). While the causality of
the association was not evident at that time, numerous
studies have consistently showed that high HVR often
coexists with: poor exercise tolerance, sympathetic over-
activity and ventilatory instability in the heart failure
population, which has been recently confirmed in patients
on current pharmacotherapy (Giannoni et al., 2008,
2022; Ponikowski et al., 1998, 1999). Furthermore,
augmentation of HVR is present in ∼40% of heart failure
patients (Niewinski, 2014) but only in 8% of healthy sub-
jects (Tubek et al., 2018).

The pathophysiological link between hyperactivity of
the peripheral chemoreceptors comprising both hyper-
reflexia and hypertonicity, and heart failure was elegantly

demonstrated by Ding et al. (2011) who showed that
impaired blood flow through the CB (caused by reduced
cardiac output) constitutes a key stimulus in a rabbit
heart failure model. The hypersensitization of CB in
heart failure is mediated, in part, by downregulation
of Krüppel-like Factor 2 (KLF2, a shear stress-sensitive
transcription factor). Interestingly, in vivo adenoviral
transfection of KLF2 to the CB in heart failure rabbits
reduced: HVR, apnoea–hypopnoea index, sympathetic
tone and cardiac arrhythmia incidence (Marcus et al.,
2018). Alternatively (or complementarily), stimulation of
sympathetic nerves to the CB might tonically activate and
sensitize peripheral chemoreceptors as was described in
hypertensive rats (Felippe, Zera et al., 2023).
Two important animal studies supported the notion

that arterial chemoreceptors have a causative role in heart
failure progression beyond being a biomarker of advanced
disease. In a rat model of heart failure induced by
coronary ligation, survival of animals undergoing bilateral
CB ablation improved (85% without CBs vs. 45% with
intact CBs) (Del Río et al., 2013a) and was accompanied
by a 40% reduction in central pre-sympathetic neuro-
nal activation and reduced deterioration of left ventricle
ejection fraction and corrected sympatho-respiratory
coupling (Marcus, Del Río, Schultz, Xia et al., 2014).
In humans with heart failure the initial experimental

studies employed acute, reversible inhibition of arterial
chemoreceptors to document their direct involvement
in exercise intolerance. Blockade of chemoreceptors was
achieved with: hyperoxia (Chua, Ponikowski et al., 1996),
low-dose dopamine (Janssen et al., 2009) or opiates
(Chua et al., 1997). While none of these methods is
selective to peripheral chemoreceptors, the results were
quite comparable regarding improvements seen in various
parameters derived from a cardiometabolic stress test.
Until recently, all studies have been performed in heart
failure with reduced ejection fraction of the left ventricle.
However, a recent trial also studied heart failure patients
with preserved systolic function, where an improvement
in ventilatory response to exercise (decrease in slope
relating minute ventilation to CO2 production; VE/VCO2

slope) was found following low-dose dopamine infusion
compared to placebo (Kulej-Lyko et al., 2022).
To date, only one chronic trial of peripheral chemo-

receptor modulation in heart failure has been carried
out. In a small group of heart failure patients (n = 10)
with an augmented HVR, surgical CB resection decreased
global sympathetic activity at 2 months following the
procedure (Niewinski et al., 2017) (Fig. 3). Bilateral
resections resulted in more pronounced reduction in
muscle sympathetic nerve activity (MSNA) compared to
a unilateral procedure (5.5% vs. 13.3%). In line with pre-
vious acute experiments an improvement inVE/V̇CO2 slope
was found following CB removal. On the other hand, CB
resection (unilateral or bilateral) had no influence on left
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ventricle systolic function or level of natriuretic peptides
(NT-proBNP, a biomarker of heart failure). At the same
time therewas aworsening of oxygen desaturation at night
seen in 4 out of 10 CB-resected individuals (mostly from
the bilateral group) (Niewinski et al., 2017).

Hypertension and sleep apnoea. Hypertension and
OSA often coexist and interact, sharing multiple
pathophysiological mechanisms and consequences
(Wolk et al., 2003). OSA may contribute to some of
the pathological processes traditionally ascribed to hyper-
tension alone. There is growing evidence that increased
hyperactivity of peripheral chemoreceptors may be a
common pathophysiological mechanism linking hyper-
tension and OSA.
Early animal studies have shown that the magnitude

of peripheral chemoreceptor responses is increased
in spontaneously hypertensive rats (Fukuda et al.,
1987; Przybylski, 1978). Follow-up studies in humans
showed that both ventilatory and blood pressure
responses to hypoxia are potentiated in mild hyper-
tension (Trzebski et al., 1982). Studies using micro-
neurography have confirmed an exaggerated peri-
pheral chemoreflex-mediated sympathoexcitation in
borderline hypertension (Somers et al., 1988). The
sympathetic response to hypoxia during free breathing
was twofold greater in mild hypertensives than in closely
matched controls. Importantly, deactivation of peripheral
chemoreceptors using short-term hyperoxia resulted in
reductions in both skeletal muscle sympathetic nerve
activity and blood pressure in human hypertension,
indicating hypertonicity in addition to hyperreflexia
(Sinski et al., 2012, 2014) (Fig. 3). Furthermore, increased
combined volume of the left and right CB measured
by computed tomography angiography was found to
be positively correlated with higher blood pressure,
greater systolic blood pressure variability and lower heart
rate variability in hypertensive patients (Jaźwiec et al.,
2015, 2016), providing morphological evidence for an
association between CBs and autonomic disturbances in
hypertension.
The chronic intermittent hypoxia (CIH) paradigm

developed by Fletcher, Lesske, Qian et al. (1992) has
served as an experimental model of OSA reflecting
recurrent episodes of acute hypoxia experienced by
sleep apnoea patients. Despite its limitations due to
the lack of respiratory effort and hypercapnia upon
upper airway obstruction and absence of disturbed
respiratory pattern seen clinically (Paton, 2016; Sforza &
Roche, 2016), the CIH model has provided important
insights into the pathophysiological role of CBs in
driving sympathoexcitation and eventually hypertension.
Development of hypertension in this model critically
depends on intact CBs, as their denervation before

CIH exposure (Fletcher, Lesske, Behm et al., 1992)
or bilateral CB ablation after establishing high blood
pressure induced by CIH (Del Río et al., 2016) pre-
vented or reversed hypertension, respectively. Similarly in
spontaneously hypertensive rats, development of arterial
hypertension is preceded by an enhanced peripheral
chemoreflex and augmentation of sympathetic activity
(Iturriaga et al., 2010), and CIH-exposed animals showed
increased hyperreflexia manifested by increased activity
of chemosensitive fibres of the carotid sinus nerve,
augmentedHVR and enhanced sympathetic activity upon
peripheral chemoreflex activation (Del Río et al., 2016;
Greenberg et al., 1999; Peng et al., 2003; Rey et al., 2004,
2008). An enhanced peripheral chemoreflex marked by
increased HVR and augmented MSNA was also found in
men exposed to intermittent hypoxia for 10 days, which
closely resembles findings in patients with OSA (Lusina
et al., 2006).
Normotensive patients with OSA have an enhanced

peripheral chemoreflex-evoked HVR (Narkiewicz et al.,
1999), much as is seen in some patients with hyper-
tension (Narkiewicz et al., 2016). During hypoxia, the
increase in minute ventilation in patients with OSA is
greater than in the control group (Fig. 3). Increased
minute ventilation and enhanced pulmonary receptor
afferent feedback attenuate adrenergic activity, thus
masking the primary effect of peripheral chemo-
receptor stimulation on the autonomic system. Increased
sympathetic activity could be seen at the end of the
period of hypoxia during an apnoeic spell (Fig. 3), clearly
indicating increased sensitivity of peripheral chemo-
receptors (hyperreflexia) to hypoxia in normotensive
patients with OSA. Hypertonicity of the peripheral
chemoreflex may be responsible for increased adrenergic
activity during awake periods as ventilation with 100%
oxygen (to suppress peripheral chemoreceptor activity)
leads to decreased sympathetic activity as assessed using
microneurography in normotensive patients with OSA
(Narkiewicz et al., 1998). Hypertensive OSA patients
demonstrate enhanced arterial chemoreflex activity as
compared with normotensive OSA subjects (García-Río
et al., 2000; Tafil-Klawe et al., 1991). Whether hyper-
tension and OSA have additive or synergistic effects on
arterial chemoreceptors in humans is unknown.

Insulin resistance, diabetes mellitus and metabolic
syndrome. Alterations in arterial chemoreflex are
associated with metabolic dysfunction in both animals
and humans. Prediabetic patients exhibited higher CB
activity, as assessed by their ventilatory response to
a Dejour test (normoxia–hyperoxia–hypoxia), which
correlated with fasting insulin levels and insulin resistance
(Cunha-Guimaraes et al., 2020). Additionally, individuals
with type 2 diabetes demonstrated an exaggerated peri-
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pheral chemoreflex sensitivity, measured by the HVR
(Limberg et al., 2024; Lis et al., 2022); the magnitude of
the HVR was associated with disease severity and higher
fasting insulin levels (Lis et al., 2022) and with glycaemic
control (Limberg et al., 2024). Despite enhanced HVR,
diabetic patients show impaired respiratory modulation
of MSNA that contributes to higher blood pressure
(Plunkett et al., 2024). The findings in humans align
with prior data obtained from animal studies. For
example, rodent models exposed to hypercaloric
diets, representing prediabetes, early type 2 diabetes
and metabolic syndrome, consistently demonstrate
heightened ventilatory responses to ischaemic and hypo-
xic hypoxia (Melo et al., 2022; Ribeiro et al., 2013)
and increased levels of carotid sinus nerve activity
(Cracchiolo et al., 2019; Ribeiro et al., 2018), indicative of
a pronounced hyperactivity of the arterial chemoreflex.
This dysfunction was substantiated by an increase in
CB weight, in the percentage of CB chemoreceptor cells,
tyrosine hydroxylase activity, and the release of both
catecholamines and adenosine from the CB evoked by
hypoxia (Cracchiolo et al., 2019; dos Santos et al., 2018;
Melo et al., 2022; Ribeiro et al., 2013). The observed
rise in CB weight and the percentage of type I cells in
animals with metabolic diseases correlates with a 20–25%
increase in the size of the CB found in human patients
with diabetes mellitus (Cramer et al., 2014). In contrast,
Pokorski et al. (2015) discovered a dampened HVR in
a rodent model of diabetes mellitus type 1 induced by
streptozotocin (Pokorski et al., 2015), which was linked to
significant changes in CB cell proliferation and structure.
A lack of insulin and its stimulatory effect towards the
CB due to streptozotocin-induced death of pancreatic
beta cells may be a contributing factor to the contrasting
effects on HVR reported by Pokorski. That aside, it is
evident that metabolic disorders with insulin resistance
promote CB dysfunction, manifested by hyperactivity of
the arterial chemoreflex.

Identifying ‘responder’ patients for CB interventions.
Given the central role of the peripheral chemoreflex in
respiratory control, and the technical ease of respiratory
airflow/minute ventilation measurement, it emerged as
the natural choice to identify patients with heightened
chemosensitivity manifested as hyperreflexia based
exclusively on the ventilatory component of the reflex.
Ponikowski et al. (1997, 2001) used the cut-off value of
HVR, as assessed with transient hypoxia, corresponding
to mean ± 2 SD of the value reported in age-matched
healthy controls. This approach has been adopted in
subsequent studies employing either transient hypoxia
(Niewinski, Engelman et al., 2013, 2017) or a hypoxic
isocapnic rebreathing test (Giannoni et al., 2008, 2009),
including the first (and only so far) completed clinical

trial on CB resection for heart failure therapy (Niewinski,
Janczak et al., 2013, 2017). It should be emphasized that
evaluation of peripheral chemoreflex activity solely by the
ventilatory component may not be explicitly translated
into corresponding sympathetic responses (Keir et al.,
2020). Thus, selection based on HVR criteria in clinical
trials may be suboptimal for identifying patients who
will benefit most from treatments targeting CBs aimed at
reducing sympathetic outflow, as discussed later.
Notably, however, it remains unknown which aspect

of peripheral chemoreflex malfunction – CB hyper-
tonicity and/or CB hyperreflexia – contributes most to
the adverse outcome in cardiovascular disorders, pre-
cluding any firm conclusions regarding the optimal
strategy for identifying ‘responders’ to CB modulation
therapies (Paton, Ratcliffe et al., 2013). A transient hypo-
xia test with the aforementioned cut-off value (Niewinski,
Engelman et al., 2013, 2017; Ponikowski et al., 1997,
2001) demonstrated reasonable efficacy in predicting
responders in a small group of heart failure patients
subjected to uni- or bilateral CB resection (Niewinski
et al., 2017). Data collected in drug-resistant hyper-
tensive patients subjected to unilateral CB resection also
partially support the applicability of transient hypo-
xia in this context (Narkiewicz et al., 2016). Although
no chemosensitivity-based pre-selection of patients was
performed in this study, post hoc analysis revealed higher
HVR in ‘responders’ (≥10 mmHg reduction in ABP at
3 months of follow-up). Of note, however, the fraction of
‘non-responders’ was relatively high (6 out of 14 patients,
43%). Thus, although not perfect, CBmodulation therapy
does permit non-invasive testing for screening prior to
enrolment of patients into studies.
Currently, there are no widely accepted ‘gold standard’

methods for both CB tonicity and peripheral chemo-
sensitivity being performed a priori to a clinical
study. Regarding the latter, a transient hypoxia test
for measurement of the HVR is believed to reflect a ‘pure’
peripheral chemoreflex response, not confounded by
cardiovascular or cerebrovascular phenomena that occur
during longer hypoxic exposures (Edelman et al., 1973;
Pfoh et al., 2016). It has been suggested, however, that
transient hypoxia may underestimate peripheral chemo-
sensitivity due to the opposing effects of concomitant
hypocapnia (Keir et al., 2020). Alternatively, the
modified rebreathingmethod provides an opportunity for
reproducible assessments of the ventilatory recruitment
threshold to CO2 and responses to hyper- and hypo-
xia (Duffin, 2011). Note that the sympathetic responses
following peripheral chemoreceptor stimulation cannot
be predicted from the HVR in young healthy men (Keir
et al., 2019) nor middle-aged patients with OSA (Prasad
et al., 2020). Since the pathological repercussions of CB
hyperactivity are probably conveyed by the sympathetic
nervous system, and not ventilatory component of the
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2498 T. Żera and others J Physiol 603.9

reflex (Toledo et al., 2017), there is a need for a more
complex evaluation of arterial chemoreflex for identifying
‘responders’ to CB modulation that would encompass not
only the ventilatory response, but also the sympathetic
component (Keir et al., 2020).
Alternatively, reflex bradycardia (Hennersdorf et al.,

2001) or a reflex decrease in MSNA (Despas et al.,
2012) during hyperoxia was used to identify heart failure
patients with elevated peripheral chemoreceptor hyper-
tonicity. However, in contrast to HVR, the literature
on the clinical relevance of heart rate- or MSNA-based
assessment of chemoreceptor function during either
hyperoxia or hypoxia is scarce. Eventually, novel methods,
such as functional magnetic resonance imaging of
subcortical centres during acute hypoxia (Gerlach et al.,
2021), or direct stimulation of the CB with adenosine
injected into the carotid artery (Tubek et al., 2016)
may be useful in the discussed context, although while
the additional cost and invasiveness are acknowledged
respectfully, clinical data are lacking. Figure 4 summarizes
available methods for evaluation of the peripheral chemo-
reflex in humans.

Side-effects of chronic CB removal and lack of arterial
chemoreflex. When considering anymodulation therapy
for the CB there are potential side-effects related mostly
to a diminished HVR. A major role for arterial chemo-

receptors is the homeostatic control of arterial blood
oxygen tension. Low partial pressure of oxygen in arterial
blood could be a result of either: (1) lowoxygen availability
in the environment, (2) thickening of the respiratory gas
exchange membrane or (3) low minute ventilation. A
typical example of the first would be exposure to high
altitude or during a long-haul flight. Such a scenario was
simulated in a study performed in a small sample of heart
failure patients 5 years following bilateral CB resection
(Niewinski et al., 2021). Brief exposure to mild hypo-
xia (5 min of 15% O2; equivalent of 2700 m above sea
level) resulted in oxygen desaturation to 82.5 ± 1.2%,
while in subjects with intact peripheral chemoreceptors
it was 92.6 ± 2.6%. An ∼10% lower minimal SpO2

is of clinical significance especially in subjects with
cardiac comorbidities. Furthermore, under mild hypoxic
conditions (15% O2) the oxygenation pattern observed in
bilateral CB-resected individuals displayed a pronounced
short-term variability not present in controls. It speaks
for the need of CB functionality for breath-by-breath SpO2

stabilization (Niewinski et al., 2021).
Repetitive episodes of low minute ventilation and/or

apnoea are a hallmark of sleep disordered breathing. In
animalmodels of heart failure, bilateral CB ablation results
in normalization of disturbed breathing architecture (Del
Río et al., 2013; Marcus et al., 2013). This can be explained
by attenuation of the controller gain which in the state

Figure 4. Evaluation of arterial chemoreflex in humans
Activation of the chemoreflex includes (counterclockwise): (1) acute exposure to pure nitrogen (N2) leading to a
decrease in arterial O2 and hypocapnia; (2) single breath CO2 producing hypercapnia and transient hypoxia; (3)
exposure to hyperoxia leading to an increase in arterial O2 and decrease in CO2; (4) steady-state hypoxia with
clamped CO2 levels allowing for precise control over stimulus; (5) classic rebreathing; and (6) Duffin’s modified
rebreathing method. The advantages and disadvantages of each method are in black and red font, respectively.
Created with Biorender.com. [Colour figure can be viewed at wileyonlinelibrary.com]
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of heart failure is fuelled by overactive CBs leading
to central sleep apnoea (Marcus, Del Río, & Schultz,
2014). On the other hand, heart failure patients are often
characterized by a mixed pattern of both central and
obstructive sleep apnoea (Dharia & Brown, 2017). When
CBs providing the rapid response to changes in PaO2/PaCO2

are absent, the ventilatory reactivity during obstructive
episodes relies solely on the central and slower-acting
chemoreceptors. This in turn leads to prolonged apnoeas
and pronounced desaturations after bilateral CB ablation
(Niewinski et al., 2017). Thus, when considering any
CB modulating therapy, particular attention should be
given to sparing the ventilatory response to hypoxia –
particularly in subjects with obstructive phenotype of
sleep disordered breathing, which (in contrast to the
central phenotype) is unlikely to be favourably affected by
modulation of peripheral chemosensitivity. All told, we do
not advocate resection or ablation of the CBs for treatment
of cardiovascular, metabolic or respiratory disease.

New paths – recent advances in CB function and its
hyperactivity

Advances in peripheral chemoreflex research are revealing
novel ways to consider its organization in terms of afferent
connectivity and involvement of various mediators. This
is opening novel potential approaches for modulating
specific components of the arterial chemoreflex, instead
of partial or complete removal of the CBs.

Arterial chemoreceptors – beyond oxygen sensing. CB
sensitivity extends beyond its classical role as an O2
sensor. It is now widely recognized that the CB is a poly-
modal sensor. CB sensing of CO2, pH, temperature and
osmolality were described several decades ago (Gallego &
Belmonte, 1979; Gonzalez et al., 1994;Molnár et al., 2003).
New sensing abilities have emerged including a crucial
role in counterregulatory responses to hypoglycaemia and
in glucoregulation (Alvarez-Buylla & de Alvarez-Buylla,
1988; Conde et al., 2018; Wehrwein et al., 2010). In
contrast, the initial direct glucose-sensing properties of
the CB proposed by Pardal & López-Barneo (2002), and
others (García-Fernández et al., 2007; Zhang et al., 2007),
have faced opposition. Several groups (Bin-Jaliah et al.,
2004; Conde et al., 2007; Gallego-Martin et al., 2012) have
attributed its ‘sensing’ of glucose to a direct effect exerted
by insulin (Baby et al., 2023; Conde et al., 2014, 2018;
Ribeiro et al., 2013) or adrenaline (Thompson et al., 2016).

Apart from insulin and adrenaline, several studies
described sensitivity to leptin (Caballero-Eraso et al.,
2019; Ribeiro et al., 2018), glucagon-like peptide 1 (GLP1)
(Melo et al., 2022; Pauza et al., 2022), angiotensin II
(Fung, 2016), endothelin-1 (Li et al., 2019), and to
pro-inflammatory cytokines such as as TNF-α, IL1β and

IL6 (for reviews see Conde et al., 2020; Sacramento et al.,
2020). Furthermore, recent transcriptomic analysis of the
CB (Pauza et al., 2022, 2023) showed that the organ
exhibits receptors for a multitude of other hormones
and neuropeptides, including the MC4R receptors, whose
ligands are α-melanocyte-stimulating hormone (α-MSH)
or β-MSH, the NPY4R for neuropeptide Y (NPY) and
Gal3R for galanin. Future research needs to validate these
new stimuli by testing whether the CB responds to them
and if they have a physiological function.
Chemosensitive cells of the CB abundantly express

olfactory receptor Olfr78 that binds lactate and
short-chain fatty acids (Chang et al., 2015). Initial
results in Olfr78 knock-out mice indicated that lack
of the receptor leads to loss of normal hypoxia sensing
and diminished HVR (Chang et al., 2015; Peng et al.,
2020). In addition, Olfr78 was suggested to mediate
sympathoexcitation and hypertension in a chronic inter-
mittent hypoxia model (Peng et al., 2021). However,
further studies in Olfr78 knock-out mice did not confirm
the role of this receptor in the CB for sensing hypoxia
(Chang et al., 2018; Colinas et al., 2024; Torres-Torrelo
et al., 2018), which is in line with earlier findings by
Spiller et al. (2021) indicating an absence of cellular and
physiological responses to lactate at physiological and
supraphysiological concentrations in normotensive rats.
These contradictive reports require further investigations,
especially given the important role of lactate as an energy
substrate for cardiomyocytes and neurons, as well as a
marker of anaerobic metabolism.

Modulation of CB sensitivity and tonicity. Modulation of
CB activity may affect its tonicity and/or sensitivity and
hence the amplitude of the chemoreflex response (Felippe,
Del Río et al., 2023). The challenge in the research field
is whether modulation of CB activity may be guided
towards a specific sensingmodality tomodulate a selective
motor response of the arterial chemoreflex that provides
therapeutic advantage.
Sensitization of the CBs involves changes in excitability

of both the glomus cells and their afferents, which
may be accomplished by release of classic, gaseous and
peptidergic neurotransmitters within the CB, changes
in the expression of receptors and enzymes, access of
hormones and mediators present in the bloodstream to
the CB, reduction or redistribution of the blood flow
within the CB, activity of efferent innervation to the
organ, and histological remodelling of the CB, as recently
summarized by Felippe, Del Río et al. (2023).
Several mediators, enzymes and receptors have been

identified to increase CB activity in hypertension, heart
failure and CIH/OSA, including reduced expression of
NO synthase isoforms and NO production (Atanasova
et al., 2020, 2023; Ding et al., 2011), increased generation
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of reactive oxygen species and oxidative stress (Iturriaga,
2018; Nanduri et al., 2018; Pawar et al., 2009; Peng &
Prabhakar, 2004; Peng et al., 2003; Schultz et al., 2013),
increased local synthesis of angiotensin II and increased
expression of angiotensin receptors (Allen, 1998; Li et al.,
2006; Pauza et al., 2022; Peng et al., 2011; Schultz
et al., 2013), leptin (Shin et al., 2019), endothelin-1
(Li et al., 2019; Pawar et al., 2009), proinflammatory
cytokines and inflammation (Del Río et al., 2012;
Iturriaga, 2023; Katayama et al., 2022; Lataro et al.,
2024), cystathionine-gamma-lyase (CSE) and hydrogen
sulphide (H2S) production (Del Río et al., 2013b; Schultz
et al., 2013), KLF2 (Marcus et al., 2018), ATP and
P2X3 receptors (Pijacka et al., 2016), and GLP-1 and
GLP-1 receptor (GLP1R) (Pauza et al., 2022). In addition,
the excitatory neurotransmitter glutamate, NMDA and
metabotropic glutaminergic receptors (mGlur) as well as
the inhibitory γGABA andGABAA andGABAB receptors
are expressed in the glomus cells, sustentacular cells
and afferents of the petrosal neurons (Gold et al., 2022;
Liu, Ji et al., 2009). It is likely that they are involved
in modulating excitability within the CB, which may
change under pathophysiological conditions, which needs
verifying experimentally.
The increased sensory output from the CB leading to

hypertonicity and hyperreflexiamay be also accomplished
by reduction of the CB blood flow resulting in local
‘stagnant’ hypoxia, as is well defined in heart failure
(Ding et al., 2011; Schultz et al., 2013, 2015). The
reduction of blood flow in CBs with consequent chemo-
receptor activation as a cause of arterial hypertension
was postulated by Przybylski (1981) after he found
increased sensitivity of the reflex in young spontaneously
hypertensive rats manifested by alveolar hyperventilation
(Przybylski, 1978). Available evidence summarized by
Brognara et al. (2021) points to adrenergic receptors, NPY,
nicotinic and muscarinic receptors, and NO as potential
modulators of CB blood flow and sensitivity.
A reduction in CB blood flow may result from:

(1) decreased cardiac output, (2) increased pre- and
intra-CB vascular resistance, and (3) redistribution of
the flow away from the glomus cells within the CB.
The autonomic efferent innervation may alter global
blood flow or redistribute blood flow within the CB
as stimulation of the preganglionic sympathetic neurons
innervating the CB and stimulation of the carotid sinus
nerve (which contains parasympathetic pre-ganglionic
fibres) reduced and increased blood flow, respectively,
under physiological conditions (Acker & O’Regan, 1981).
Recently, stimulation of the sympathetic innervation from
the superior cervical ganglion enhanced CB sensitivity
via alpha1-adrenergic receptors and confirmed that the
sympathetic innervation of the CB maintains both hyper-
tonicity and hyperreflexia in spontaneously hypertensive
rats (Felippe, Zera et al., 2023).

Vasoactive factors and hormones such as angiotensin
II, NPY, endothelin-1, vasopressin, natriuretic peptides
or gastrointestinal hormones (e.g. GLP1) that are
released into the circulation under physiological (e.g.
exercise, digestion, changes in plasma osmolarity) and
pathological conditions (e.g. hypo- and hypernatraemia,
hypovolaemia, hypotension, hypoxia, hypertension and
heart failure) may bind to their receptors located in
the CB vasculature to participate in regulation of CB
sensitivity by affecting local blood flow and, in turn, the
activity of glomus cells (He et al., 2000; Kim et al., 2018; Li
et al., 2019; Liu, Ji et al., 2009; Potter & McCloskey, 1987;
Proczka et al., 2021; Wang et al., 1991; Zera et al., 2018).
In the ribbon-cable hypothesis (Zera et al., 2019), we

hypothesized that sensitization of theCBmay be restricted
to specific motor outputs, which could explain selective
sympathoexcitatory response in heart failure or neuro-
genic hypertension under normoxic conditions, and pre-
dominantly enhanced respiratory response in idiopathic
hyperventilation (Jack et al., 2004) or long-COVID
patients (El-Medany et al., 2024). There is compelling
evidence for purinergic P2X3 receptor and GLP1 via
GLP1R in the CB for preferential modulation of the
CB-driven sympathetic activitywith insignificant effect on
respiration, which is discussed next.
Selective augmentation of CB-evoked

sympathoexcitation has been shown for purinergic
P2X3 receptors in both spontaneously hypertensive
rats (Pijacka et al., 2016) and in rats with heart failure
(Lataro et al., 2023) (Fig. 5). ATP is one of the key
excitatory transmitters released in the CB upon hypo-
xia (Buttigieg & Nurse, 2004; Conde et al., 2012) and
binds to purinergic P2X2/P2X3 receptors expressed on
the sensory afferents projecting to the petrosal ganglion
(Campanucci et al., 2006; Prasad et al., 2001; Zhang et al.,
2000). The P2X receptors form homo- and heterotrimeric
structures resulting in an array of P2X3, P2X2 and P2X2/3
receptors characterized by a varied degree of fast and slow
responses and affinity for ATP, with P2X3 being fast
deactivating and more sensitive to ATP (Bardsley et al.,
2021; Gever et al., 2006; Lewis et al., 1995; Liu et al.,
2001). Upregulated expression of P2X3 has been found
in the petrosal chemosensitive afferents supplying the CB
in spontaneously hypertensive rats (Pijacka et al., 2016).
In these rats, pharmacological inhibition of P2X3 and
P2X2/3 receptors was shown to selectively attenuate the
sympathetic component of the CB-driven hypertonicity
and hyperreflexia and reduce arterial blood pressure,
but without a significant respiratory effect (Pijacka et al.,
2016). This was later confirmed with downregulation of
P2X3 receptors in the CB in a hypertensive canine model
(Xue et al., 2021). Recently, expression of P2X3 receptors
in petrosal afferents in the CB was shown to be increased
in heart failure rats and administration of a P2X3
and P2X2/3 antagonist attenuated sympathetic hyper-
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activity and improved cardiac function and biomarkers
of cardiac failure (Lataro et al., 2023). Importantly,
P2X3 and P2X2/3 receptor inhibition also abolished
spontaneous CB discharge causing sympathetic activity
surges and CB-induced apnoea, distinct from central
sleep apnoea and OSA (Lataro et al., 2023). It remains
to be experimentally determined if CB hypertonicity
and hyperreflexia of the sympathetic component depend
only on upregulation of the P2X3 and P2X2/3 receptors,
and/or whether increased extracellular levels of ATP
are also present in the CB (Bardsley et al., 2021). These
promising findings await further clinical verification in
hypertensive and heart failure patients.

GLP1 is one of the key incretin hormones released
from the intestinal wall in response to nutrients and
primarily participates in boosting insulin release from
the pancreatic beta cells and inhibition of food intake

post-prandially (Drucker & Holst, 2023). Recently,
GLP1 receptors (GLP1R) were found in the CB and
their expression was downregulated in the chemo-
sensitive glomus cells and lost in the CB vasculature
of spontaneously hypertensive rats (Pauza et al., 2022,
2023). Local into the CB and systemic administrations
of exendin-4, a GLP1R agonist, decreased CB-evoked
sympathoexcitation and blood pressure rises in response
to pharmacological activation of the CB. This effect
was found in both normotensive and hypertensive rats,
despite lower expression of GLP1R in the latter (Pauza
et al., 2022) (Fig. 6). Since the CB vasculature of hyper-
tensive rats is devoid of the receptor, and presumably
GLP1R-dependent vasodilatation, it may act directly
to curb glomus cell excitability and reduce the arterial
chemoreflex sympathoexcitatory response in hyper-
tension.

Figure 5. Preferential involvement of purinergic P2X receptors in CB-evoked sympathoexciation in
hypertension and heart failure
The P2X3 and P2X2/3 antagonist (AF-353) applied bilaterally to both carotid bodies normalizes the ongoing basal
thoracic chain sympathetic activity (arrow) in spontaneously hypertensive rats (SHR) to the levels of normotensive
Wistar rats and attenuates the sympathetic nerve reflex response (arrowhead) to pharmacologically evoked arterial
chemoreflex with sodium cyanide (NaCN) without affecting phrenic nerve activity (PN) (A) (Pijacka et al., 2016).
Administration of the P2X3 and P2X2/3 antagonist (AF-353) to the CBs attenuated sympathetic hyperactivity and
abolished spontaneous CB discharge causing sympathetic activity surges and CB-induced apnoea (B) (Lataro et al.,
2023). Abbreviations: thoracic chain sympathetic activity (raw – tSN; integrated – ∫tSN) and phrenic activity (raw –
PN; integrated – ∫PN) and heart rate (HR). Reproduced with permission from Pijacka et al. (2016) and under CC-BY
licence from Lataro et al. (2023).
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Perspective for new treatments modulating
CB-evoked arterial chemoreflex

Ideally, one would like to treat distinct chemoreflex
pathways but spare those that play a protective role. Since
there are numerous sensory modalities converging in the
CB, modulation of its activity may hold potential for ‘one
stop shop’ treatment of cardiovascular, respiratory and
metabolic comorbidities.

Systemic pharmacological treatment strategies
controlling distinct chemoreflex pathways. The standard
pharmacotherapy used to treat sympathetically mediated
diseases can also affect CB function. When β-blockers
such as carvedilol and nebivolol are used to treat heart
failure, they were also found to decrease CB hyperreflexia
in humans (Contini et al., 2013) – an effect possibly
mediated by the blockade of β1, β2 and α1 receptors
and (in the case of nebivolol) by increased NO synthesis.
Of the drugs interfering with the renin–angiotensin
system, only the AT-1 receptor antagonist was reported to
attenuate HVR in a rabbit model of heart failure (Li et al.,
2006). Digoxin, often employed for heart rate control
in heart failure, increases the acute reactivity of CBs
(Janssen et al., 2010). Interestingly, the use of digoxin
has been linked to worse outcomes in some heart failure
patients (Gazzaniga et al., 2023). Simvastatin, which
promotes an upregulation of KLF2 and normalization
of CB sensitivity, improved respiratory pattern, reduced
cardiac arrhythmia and ameliorated HVR in a rat model
of heart failure (Haack et al., 2014), which is consistent

with protective effects of overexpressing KLF2 in the CB
of rabbits with heart failure (Marcus et al., 2018).
A sensitization of peripheral chemoreceptors has been

reported following the use of ticagrelor – an anti-platelet
agent (reversible P2Y12 receptor antagonist) widely pre-
scribed after acute coronary syndromes (Tubek et al.,
2023). A common side-effect of ticagrelor is dyspnoea and
this is seen in∼10%of patients (Bergmeijer et al., 2017). In
a recent study, ticagrelor-related dyspnoea was found only
in those patients who showed a high augmentation of their
HVR (Tubek et al., 2023). These findings provide another
piece of evidence linking overactive CBs to respiratory
symptoms regardless of the presence of heart failure.
Moreover, given the multiple pharmacological treatments
for heart failure, it may be difficult to predict what the net
effect will be on CB activity given the opposing effects of
several medications.
Based on preclinical studies in rat models of hyper-

tension and heart failure (Lataro et al., 2023; Pijacka
et al., 2016), inhibition of purinergic P2X3 and P2X2/3
receptors in the CB provides a new potential target
that calls for translation into clinical trials. First, the
P2X3 and P2X2/3 receptor antagonist – gefapixant
– was tested and registered for treating persistent
cough in humans (McGarvey et al., 2022; Nussbaum
et al., 2024). The advantages of using this antagonist
versus CB ablation include: (1) re-setting the sensitivity
instead of removing the sensor, thereby allowing the
CB to maintain its physiological, protective functions;
(2) lowering sympathetic tone making it a novel target
for modulation in hypertension and heart failure; and

Figure 6. Incretins and CB-evoked sympathoexcitation
Administration of exendin-4, a GLP1R agonist, locally into the CB in the in situworking heart–brainstem preparation
(A) or systemically in vivo in conscious rats (B) decreased CB-evoked sympathoexcitation and blood pressure rises,
respectively, in response to pharmacological activation of the CB with sodium cyanide (NaCN) in both normotensive
Wistar-Kyoto (WKY) and spontaneously hypertensive (SHR) rats (Pauza et al., 2022). Abbreviations: sympathetic
nerve activity (raw – tSNA; integrated – ∫tSNA); heart rate (HR); arterial pressure (AP). Reproduced under CC-BY
licence from Pauza et al. (2022).
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(3) sparing the ventilatory chemoreflex response while
attenuating sympathetic activity thereby reducing the risk
of worsening of sleep apnoea. Recently, results of a small
clinical trial showedno improvement inOSA severitywith
P2X3 receptor antagonist gefapixant treatment (Robbins
et al., 2024); the latter is consistent with the pre-
ferential effects on sympathetic control discussed above.
However, there are no data on the effect of P2X3
and P2X2/3 receptor antagonists given systematically on
haemodynamics or CB function in human patients with
hypertension or heart failure.

Several other compounds not routinely used for the
treatment of heart failure, hypertension or diabetes have
been found to exert an inhibitory influence over the peri-
pheral chemoreflex. These include: caffeine (Sacramento
et al., 2015), ibuprofen (Liu, He et al., 2009) and dietary
nitrates (beetroot powder) (Bock et al., 2018). Possibly
combining some of the above-mentioned molecules
in one formulation such as a polypill might offer a
more clinically effective blockade of CBs due to their
complementary mechanisms of action.

Alternative approaches to target CB-evoked arterial
chemoreflex in the context of cardiometabolic diseases
may also involve the modulation of insulin, leptin and/or
adiponectin receptors. While some information exists
on the mechanisms through which insulin and leptin
promote CB activation (Caballero-Eraso et al., 2019;
Gauda et al., 2020; Ribeiro et al., 2018), there is a dearth
of knowledge regarding the presence of adiponectin
receptors and the role of adiponectin in the CB.

Insulin and leptin stimulate CB activity
(Caballero-Eraso et al., 2019; Ribeiro et al., 2013, 2018).
Furthermore, leptin’s impact on the CB, especially in
obesity-associated hypertension, is mediated through
the transient receptor potential melastatin 7 (TRPM7)
(Shin et al., 2019), suggesting the potential use of
channel blockers to regulate CB activity in pathological
conditions. However, the quest for therapeutic strategies
bymodulating insulin and leptin receptors on theCBmust
address the dual challenge of specificity/selectivity (tissue
and receptor selectivity to minimize off-target adverse
effects) and resistance for these mediators, recognizing
the potential for groundbreaking advancements in the
regulation of CB-evoked arterial chemoreflex in cardio-
metabolic diseases.

Exendin-4, a GLP1R agonist, selectively inhibited
CB-triggered sympathetic activity without effects on
phrenic nerve activity (Pauza et al., 2022). This points
to the potential of pharmacological modulation of the
CB in cardiovascular and metabolic diseases by GLP1R.
Recently, semaglutide and other GLP1R agonists have
been shown in large clinical trials to confer cardio-
vascular benefits in addition to body weight reduction
and improved control of glycaemia (Honigberg et al.,
2020; Lincoff et al., 2023). However, a small study showed

that systemic acute administration of a GLP1R agonist
increases MSNA in healthy human subjects (Bharucha
et al., 2008). Given the clinical improvement, long-term
sympathoexcitation in the course of GLP1R agonist
treatment seems unlikely in cardiovascular, diabetic
and obese patients. Future studies in humans should
specifically aim at the effects of GLP1R agonists on HVR,
chemoreflex and basal sympathetic activity in cardio-
metabolic diseases.

CB-targeted interventions. We discuss the rapid
development of biocompatible nanoparticles, comprising
several classes of materials, such as lipid-based liposomes,
polymeric micelles, carbon-based nanotubes, graphene,
quantum dots, and metal-based ferroferric oxide or
gold nanoparticles (Bhandari et al., 2021; Conroy
et al., 2024; Kong et al., 2017) for targeting the CB.
Such nanoparticles can be functionalized to pre-
ferentially bind to specific populations of cells and
release pharmacological agents (Conroy et al., 2024).
Nanoparticle-based pharmacotherapy presents potential
for local CB-directed drug delivery affecting specific
chemosensitive glomus cells or sensory afferents with
distinct phenotypes, at the same time avoiding systemic
side-effects. Another option for selective and local
targeting of the CB is genetic manipulation, which has
recently been shown to be feasible. In the hypertensive
canine model, the P2X3 receptor was not blocked but
downregulatedwithCRISPR/Cas9 plasmid engineered for
disruption of the P2X3 gene. The plasmid was delivered
encapsulated within microbubbles and locally released in
the CBs using low-intensity focused ultrasound allowing
for targeted gene transfer in the CB (Xue et al., 2021).
Downregulation of P2X3 receptor expression in the
CB decreased systolic and diastolic blood pressures in
dogs from 152 to 138 mmHg and from 97 to 87 mmHg,
respectively (Xue et al., 2021) (Fig. 7). A future option
would be to upregulate GLP1 signalling selectively within
the CB, which should have a sympatho-inhibitory effect.
Emerging new genetic approaches point to the clinical
feasibility of selective targeting of specific genes for
therapy of cardiovascular and neurological diseases in
humans. Recently, results from a phase 1 clinical trial
with zilebesiran, a therapeutic agent based on small inter-
fering RNA to downregulate angiotensinogen expression
in the liver, showed that it effectively lowered blood
pressure in hypertensive humans (Desai et al., 2023).
Several recent neurological treatments based on gene
transfer to the peripheral nervous system have been either
trialled or approved (Privolizzi et al., 2021). Genetic
targeting of chemoreceptors or their afferents with
specific phenotype poses a possibility for preferential
silencing or augmenting given components of the arterial
chemoreflex. More research is needed for proof that such
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therapeutic approaches are effective. We propose that the
CB is advantageous for such strategies because of its high
blood flow, compact size, and accessible and relatively
superficial location.
A percutaneous approach for CB ablation offers a less

invasive way to ablate the CB than standard surgical
resection. While a surgical strategy is free from the
risk of baroreflex dysfunction, it still carries a small
risk of vascular laceration, the hypoglossal nerve injury
(Winter, 1972), and damage to spinal afferents resulting
in hypoesthesia (our personal observations). Among
proposed transcatheter modalities are ones using: radio-
frequency (RF) current, cryoenergy or focused ultrasound
to selectively destroy CBs without damage to adjacent
structures. A single case of acutely successful CB ablation
using a novel bipolar ‘Y shaped’ RF catheter was reported
by Tubek et al. (2016). Blood pressure-lowering effects
of intravascular ultrasound (IVUS)-guided catheter and

application of therapeutic ultrasound energy for ablation
of the right CB was recently described in a series of 39
hypertensive patients (Lobo, 2023).
Regardless of the energy or the approach (open surgical

vs. transcatheter vs. non-invasive magnetic resonance
imaging-guided focused ultrasound surgery; Jolesz, 2009)
used for CB ablation, it will lead inevitably to the loss
of HVR if done bilaterally. In this context, targeting
structures that modulate CB function but that are not
necessarily responsible for hypoxic reactivity appears as
an interesting alternative. The GGN, which supplies the
post-ganglionic sympathetic innervation to the CB, could
be seen as such a potential target. In the rat model,
sympathetic denervation of the CB resulted in a selective
attenuation of CB hyperreflexia. Interestingly, the authors
reported significant modulation of the sympathetic but
not ventilatory reactivity (Felippe, Zera et al., 2023). By
contrast, an in vivo animal model showed pronounced

Figure 7. Local down-regulation of P2X3 receptors in the CB decreases arterial blood pressure
The CB-targeted local delivery of cationic microbubbles (CMBs) made of octafluoropropane (C3F8) with
CRISPR/Cas9 plasmid engineered for disruption of the P2X3 gene with low-intensity focused ultrasound (LIFU)
(A) effectively down-regulated mRNA expression of the P2X3 receptor in the CBs (B) and resulted in decreased
arterial blood pressure evaluated at day 14 from baseline in a canine hypertension model as shown in pulsatile
arterial pressure recordings (C) (Xue et al., 2021). Red dashed lines indicate 120 mmHg. Reproduced and modified
with permission from Xue et al. (2021). [Colour figure can be viewed at wileyonlinelibrary.com]
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changes in ventilatory responses to hypoxia following
bilateral GGN resection. These changes, however, were
limited to first 90–120 s of hypoxic exposure (Getsy et al.,
2023).

Bioelectronic modulation of the carotid sinus nerve
offers another exciting possibility for the modulation of
CB afferent output. In a rat model, kilohertz pacing
(specifically 40–50 kHz at 1–2 mA) from bilateral
implantable cuff electrodes around the carotid sinus
nerves provided inhibition of the cardiorespiratory
response to hypoxia. Attenuation of the nerve traffic
from the CBs translated into improved insulin sensitivity
and better glucose tolerance. Importantly, this approach
though being invasive was also dose-dependent and
completely reversible (Conde et al., 2024; Sacramento
et al., 2018). Whether this very high-frequency
stimulation also blocked baroreceptor transmission
altering blood pressure regulation remains unknown.

Summary/conclusions

Unequivocally the data reviewed support the hypothesis
that many diseases are associated with hyperexcitability
of the CB that can cause autonomic imbalance and
respiratory disturbances especially during sleep. In cardio-
metabolic disease, the literature supports the CB as a
potential novel target for modulation. Human studies
provide a stark warning that this cannot be ablation
(unilateral or bilateral) due to worsening of apnoeas in
patients with heart failure. However, most recent studies
support the idea that the CB has separate lines of trans-
mission for mediating the distinct components of the
chemoreflex. These lines of transmission are characterized
by unique transmitter and receptors that are ripe for inter-
rogation of selective targeting of specific CB function. To
date, the P2X3 and P2X2/3 receptors offer potential as a
way to attenuate the CB and its hyperreflexia and hyper-
tonicity in control of sympathetic activity, at least in hyper-
tension and chronic heart failure. Also, ultrasound-guided
genetic manipulation and high-frequency stimulation of
the carotid sinus nerve may also provide approaches
to quench CB aberrant activity. These approaches are
encouraging and may restore autonomic balance without
compromising ventilatory control which would be highly
relevant to patients with comorbidities of hypertension,
diabetes or heart failure with sleep apnoea.
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2506 T. Żera and others J Physiol 603.9

Bin-Jaliah, I., Maskell, P. D., & Kumar, P. (2004). Indirect
sensing of insulin-induced hypoglycaemia by the carotid
body in the rat. The Journal of Physiology, 556(1), 255–
266.

Binet, L., & Dejours, P. (1962). [The role of arterial chemo-
receptors in the control of pulmonary respiration in man].
Archives Internationales De Pharmacodynamie Et De
Therapie, 139, 328–335.

Biscoe, T. J., Purves, M. J., & Sampson, S. R. (1970). The
frequency of nerve impulses in single carotid body
chemoreceptor afferent fibres recorded in vivo with
intact circulation. The Journal of Physiology, 208(1), 121–
131.

Bizzi, E., Libretti, A., Malliani, A., & Zanchetti, A. (1961).
Reflex chemoceptive excitation of diencephalic sham rage
behavior. American Journal of Physiology-Legacy Content,
200(5), 923–926.

Bock, J. M., Ueda, K., Schneider, A. C., Hughes, W. E.,
Limberg, J. K., Bryan, N.S., & Casey, D. P. (2018). Inorganic
nitrate supplementation attenuates peripheral chemo-
reflex sensitivity but does not improve cardiovagal
baroreflex sensitivity in older adults. American Journal of
Physiology-Heart and Circulatory Physiology, 314(1), H45–
H51.

Brognara, F., Felippe, I. S. A., Salgado, H. C., & Paton, J. F.
R. (2021). Autonomic innervation of the carotid body as
a determinant of its sensitivity: implications for cardio-
vascular physiology and pathology. Cardiovascular
Research, 117(4), 1015–1032.

Buttigieg, J., & Nurse, C. A. (2004). Detection of
hypoxia-evoked ATP release from chemoreceptor cells of
the rat carotid body. Biochemical and Biophysical Research
Communications, 322(1), 82–87.

Caballero-Eraso, C., Shin, M.-K., Pho, H., Kim, L. J., Pichard,
L. E., Wu, Z.-J., Gu, C., Berger, S., Pham, L., Yeung,
H.-Y. B., Shirahata, M., Schwartz, A. R., Tang, W.-Y.
W., Sham, J. S. K., & Polotsky, V. Y. (2019). Leptin acts
in the carotid bodies to increase minute ventilation
during wakefulness and sleep and augment the hypoxic
ventilatory response. The Journal of Physiology, 597(1), 151–
172.

Campanucci, V. A., Zhang, M., Vollmer, C., & Nurse, C.
A. (2006). Expression of multiple P2X receptors by
glossopharyngeal neurons projecting to rat carotid
body O2-chemoreceptors: role in nitric oxide-mediated
efferent inhibition. Journal of Neuroscience, 26(37), 9482–
9493.

Chang, A. J., Kim, N. S., Hireed, H., de Arce, A. D., Ortega,
F. E., Riegler, J., Madison, D. V., & Krasnow, M. A. (2018).
Chang et al. reply. Nature, 561(7724), E41–E41.

Chang, A. J., Ortega, F. E., Riegler, J., Madison, D. V., &
Krasnow, M. A. (2015). Oxygen regulation of breathing
through an olfactory receptor activated by lactate. Nature,
527(7577), 240–244.

Chen, Z., Zhao, H., Fu, N., & Chen, L. (2018). The diversified
function and potential therapy of ectopic olfactory receptors
in non-olfactory tissues. Journal of Cellular Physiology,
233(3), 2104–2115.

Cheng, X., Prange-Barczynska, M., Fielding, J. W., Zhang, M.,
Burrell, A. L., Lima, J. D., Eckardt, L., Argles, I. L. A., Pugh,
C. W., Buckler, K. J., Robbins, P. A., Hodson, E. J., Bruick, R.
K., Collinson, L. M., Rastinejad, F., Bishop, T., & Ratcliffe,
P. J. (2020). Marked and rapid effects of pharmacological
HIF-2α antagonism on hypoxic ventilatory control. Journal
of Clinical Investigation, 130(5), 2237–2251.

Chua, T. P., Clark, A. I., Amadi, A. A., & Coats, A. J. S. (1996).
Relation between chemosensitivity and the ventilatory
response to exercise in chronic heart failure. Journal of the
American College of Cardiology, 27(3), 650–657.

Chua, T. P., Harrington, D., Ponikowski, P., Webb-Peploe,
K., Poole-Wilson, P. A., & Coats, A. J. S. (1997). Effects
of dihydrocodeine on chemosensitivity and exercise
tolerance in patients with chronic heart failure. Journal of
the American College of Cardiology, 29(1), 147–152.

Chua, T. P., Ponikowski, P. P., Harrington, D., Chambers, J., &
Coats, A. J. S. (1996). Contribution of peripheral chemo-
receptors to ventilation and the effects of their suppression
on exercise tolerance in chronic heart failure. Heart, 76(6),
483–489.

Claps, A., & Torrealba, F. (1988). The carotid body
connections: A WGA-HRP study in the cat. Brain Research,
455(1), 123–133.

Colinas, O., Mombaerts, P., López-Barneo, J., & Ortega-Sáenz,
P. (2024). Carotid body function in tyrosine hydroxylase
conditional Olfr78 knockout mice. Function (Oxford,
England), 5(3), zqae010.

Comroe, J. H. J., & Mortimer, L. (1964). The respiratory and
cardiovascular responses of temporally separated aortic
and carotid bodies to cyanide, nicotine, phenyldiguanide
and serotonin. Journal of Pharmacology and Experimental
Therapeutics, 146(1), 33–41.

Conde, S. V., Monteiro, E. C., Rigual, R., Obeso, A., &
Gonzalez, C. (2012). Hypoxic intensity: A determinant
for the contribution of ATP and adenosine to the genesis
of carotid body chemosensory activity. Journal of Applied
Physiology, 112(12), 2002–2010.

Conde, S. V., Obeso, A., & Gonzalez, C. (2007). Low glucose
effects on rat carotid body chemoreceptor cells’ secretory
responses and action potential frequency in the carotid
sinus nerve. The Journal of Physiology, 585(3), 721–
730.

Conde, S. V., Sacramento, J. F., & Guarino, M. P. (2018).
Carotid body: A metabolic sensor implicated in insulin
resistance. Physiological Genomics, 50(3), 208–214.

Conde, S. V., Sacramento, J. F., Guarino, M. P., Gonzalez, C.,
Obeso, A., Diogo, L. N., Monteiro, E. C., & Ribeiro, M.
J. (2014). Carotid body, insulin, and metabolic diseases:
unraveling the links. Frontiers in Physiology, 5, 418.

Conde, S. V., Sacramento, J. F., & Martins, F. O. (2020).
Immunity and the carotid body: Implications for metabolic
diseases. Bioelectronic Medicine, 6(1), 24.

Conde, S. V., Sacramento, J. F., Zinno, C., Mazzoni, A., Micera,
S., & Guarino, M. P. (2024). Bioelectronic modulation
of carotid sinus nerve to treat type 2 diabetes: Current
knowledge and future perspectives. Frontiers in Neuro-
science, 18, 1378473.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



J Physiol 603.9 Carotid bodies as a therapeutic target for cardiometabolic disease 2507

Conroy, L. J., McCann, A., Zhang, N., & de Gaetano,
M. (2024). The role of nanosystems in the delivery of
glucose-lowering drugs for the preemption and treatment
of diabetes-associated atherosclerosis. American Journal of
Physiology-Cell Physiology, 326(5), C1398–C1409.

Contini, M., Apostolo, A., Cattadori, G., Paolillo, S., Iorio,
A., Bertella, E., Salvioni, E., Alimento, M., Farina, S.,
Palermo, P., Loguercio, M., Mantegazza, V., Karsten, M.,
Sciomer, S., Magrì, D., Fiorentini, C., & Agostoni, P. (2013).
Multiparametric comparison of CARvedilol, vs. NEbivolol,
vs. BIsoprolol in moderate heart failure: The CARNEBI
trial. International Journal of Cardiology, 168(3), 2134–2140.

Cracchiolo, M., Sacramento, J. F., Mazzoni, A., Panarese, A.,
Carpaneto, J., Conde, S. V., & Micera, S. (2019). Decoding
neural metabolic markers from the carotid sinus nerve in a
type 2 diabetes model. Institute of Electrical and Electronics
Engineers Transactions on Neural Systems and Rehabilitation
Engineering IEEE Engineering in Medicine and Biology
Society, 27(10), 2034–2043.

Cramer, J. A., Wiggins, R. H., Fudim, M., Engelman, Z. J.,
Sobotka, P. A., & Shah, L. M. (2014). Carotid body size on
CTA: Correlation with comorbidities. Clinical Radiology,
69(1), e33-e36.

Critchley, J. A., Ellis, P., Henderson, C. G., & Ungar, A. (1982).
The role of the pituitary-adrenocortical axis in reflex
responses of the adrenal medulla of the dog. The Journal
of Physiology, 323(1), 533–541.

Critchley, J. A., Ellis, P., & Ungar, A. (1980). The reflex release
of adrenaline and noradrenaline from the adrenal glands of
cats and dogs. The Journal of Physiology, 298(1), 71–78.

Cunha-Guimaraes, J. P., Guarino, M. P., Timóteo, A. T., Caires,
I., Sacramento, J. F., Ribeiro, M. J., Selas, M., Santiago, J.
C. P., Mota-Carmo, M., & Conde, S. V. (2020). Carotid
body chemosensitivity: Early biomarker of dysmetabolism
in humans. European Journal of Endocrinology, 182(6),
549–557.

de Daly, M. B., & Scott, M. J. (1958). The effects of stimulation
of the carotid body chemoreceptors on heart rate in the dog.
The Journal of Physiology, 144(1), 148–166.

Davidson, J. T., Whipp, B. J., Wasserman, K., Koyal, S.
N., & Lugliani, R. (1974). Role of the carotid bodies in
breath-holding. New England Journal of Medicine, 290(15),
819–822.

Denjean, A., Canet, E., Praud, J. P., Gaultier, C., & Bureau,
M. (1991). Hypoxia-induced bronchial responsiveness in
awake sheep: Role of carotid chemoreceptors. Respiration
Physiology, 83(2), 201–210.

Desai, A. S., Webb, D. J., Taubel, J., Casey, S., Cheng, Y.,
Robbie, G. J., Foster, D., Huang, S. A., Rhyee, S., Sweetser,
M. T., & Bakris, G. L. (2023). Zilebesiran, an RNA inter-
ference therapeutic agent for hypertension. New England
Journal of Medicine, 389(3), 228–238.

Despas, F., Lambert, E., Vaccaro, A., Labrunee, M., Franchitto,
N., Lebrin, M., Galinier, M., Senard, J.-M., Lambert, G.,
Esler, M., & Pathak, A. (2012). Peripheral chemoreflex
activation contributes to sympathetic baroreflex impairment
in chronic heart failure. Journal of Hypertension, 30(4),
753–760.

Dharia, S. M., & Brown, L. K. (2017). Epidemiology of
sleep-disordered breathing and heart failure: What drives
what. Current Heart Failure Reports, 14(5), 351–364.

Ding, Y., Li, Y.-L. L., & Schultz, H. D. (2011). Role of blood
flow in carotid body chemoreflex function in heart failure.
The Journal of Physiology, 589(1), 245–258.

Donoghue, S., Felder, R. B., Jordan, D., & Spyer, K. M. (1984).
The central projections of carotid baroreceptors and chemo-
receptors in the cat: A neurophysiological study. The
Journal of Physiology, 347(1), 397–409.

Drucker, D. J., & Holst, J. J. (2023). The expanding incretin
universe: From basic biology to clinical translation.
Diabetologia, 66(10), 1765–1779.

Duffin, J. (2011). Measuring the respiratory chemoreflexes in
humans. Respiratory Physiology, & Neurobiology, 177(2),
71–79.

Edelman, N. H., Epstein, P. E., Lahiri, S., & Cherniack, N.
S. (1973). Ventilatory responses to transient hypoxia and
hypercapnia in man. Respiration Physiology, 17(3), 302–
314.

El-Medany, A., Adams, Z. H., Blythe, H. C., Hope, K. A.,
Kendrick, A. H., Abdala Sheikh, A. P., Paton, J. F. R.,
Nightingale, A. K., & Hart, E. C. (2024). Carotid body
dysregulation contributes to Long COVID symptoms.
Communications Medicine, 4(1), 20.

Emans, T. W., Moraes, D. J. A., Ben-Tal, A., Barrett, C.
J., Paton, J. F. R., & McBryde, F. D. (2024). Forgotten
circulation: Reduced mesenteric venous capacitance in
hypertensive rats is improved by decreasing sympathetic
activity. Hypertens (Dallas, Texas 1979), 81(4), 823–835.

Erickson, J. T., & Millhorn, D. E. (1994). Hypoxia and
electrical stimulation of the carotid sinus nerve induce
fos-like immunoreactivity within catecholaminergic and
serotoninergic neurons of the rat brainstem. Journal of
Comparative Neurology, 348(2), 161–182.

Farrar, T., Kirklin, J. W., Judd, E. S., & Devine, K. D. (1956).
Resection of carotid-body tumors with preservation of the
carotid vessels. American Medical Association Archives of
Surgery, 72(4), 595–599.

Felippe, I. S. A., Del Río, R., Schultz, H., Machado, B. H., &
Paton, J. F. R. (2023). Commonalities and differences in
carotid body dysfunction in hypertension and heart failure.
The Journal of Physiology, 601(24), 5527–5551.

Felippe, I. S. A., Zera, T., daSilva, M. P., Moraes, D., McBryde,
F., & Paton, J. (2023). The sympathetic nervous system
exacerbates carotid body sensitivity in hypertension.
Cardiovascular Research, 119(1), 316–331.

Fidone, S. J., & Sato, A. (1969). A study of chemoreceptor and
baroreceptor A and C-fibres in the cat carotid nerve. The
Journal of Physiology, 205(3), 527–548.

Finley, J. C., & Katz, D. M. (1992). The central organization of
carotid body afferent projections to the brainstem of the rat.
Brain Research, 572(1–2), 108–116.

Fletcher, E. C., Lesske, J., Behm, R., Miller, C. C. 3rd,
Stauss, H., & Unger, T. (1992). Carotid chemoreceptors,
systemic blood pressure, and chronic episodic hypoxia
mimicking sleep apnea. Journal of Applied Physiology, 72(5),
1978–1984.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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