

[image: image1]
Bioelectronic modulation of carotid sinus nerve to treat type 2 diabetes: current knowledge and future perspectives









 


	
	
REVIEW
published: 05 April 2024
doi: 10.3389/fnins.2024.1378473








[image: image2]

Bioelectronic modulation of carotid sinus nerve to treat type 2 diabetes: current knowledge and future perspectives

Silvia V. Conde1*, Joana F. Sacramento1, Ciro Zinno2, Alberto Mazzoni2, Silvestro Micera2 and Maria P. Guarino3


1iNOVA4Health, NOVA Medical School, Faculdade de Ciências Médicas, Universidade NOVA de Lisboa, Lisbon, Portugal

2The BioRobotics Institute Scuola Superiore Sant’Anna, Pontedera, Italy

3ciTechCare, School of Health Sciences Polytechnic of Leiria, Leiria, Portugal

Edited by
 De-Pei Li, University of Missouri, United States

Reviewed by
 Victor Pikov, Medipace Inc, United States
 Khaled Qanud, Feinstein Institutes for Medical Research, United States

*Correspondence
 Silvia V. Conde, silvia.conde@nms.unl.pt 

Received 29 January 2024
 Accepted 26 March 2024
 Published 05 April 2024

Citation
 Conde SV, Sacramento JF, Zinno C, Mazzoni A, Micera S and Guarino MP (2024) Bioelectronic modulation of carotid sinus nerve to treat type 2 diabetes: current knowledge and future perspectives. Front. Neurosci. 18:1378473. doi: 10.3389/fnins.2024.1378473
 

Bioelectronic medicine are an emerging class of treatments aiming to modulate body nervous activity to correct pathological conditions and restore health. Recently, it was shown that the high frequency electrical neuromodulation of the carotid sinus nerve (CSN), a small branch of the glossopharyngeal nerve that connects the carotid body (CB) to the brain, restores metabolic function in type 2 diabetes (T2D) animal models highlighting its potential as a new therapeutic modality to treat metabolic diseases in humans. In this manuscript, we review the current knowledge supporting the use of neuromodulation of the CSN to treat T2D and discuss the future perspectives for its clinical application. Firstly, we review in a concise manner the role of CB chemoreceptors and of CSN in the pathogenesis of metabolic diseases. Secondly, we describe the findings supporting the potential therapeutic use of the neuromodulation of CSN to treat T2D, as well as the feasibility and reversibility of this approach. A third section is devoted to point up the advances in the neural decoding of CSN activity, in particular in metabolic disease states, that will allow the development of closed-loop approaches to deliver personalized and adjustable treatments with minimal side effects. And finally, we discuss the findings supporting the assessment of CB activity in metabolic disease patients to screen the individuals that will benefit therapeutically from this bioelectronic approach in the future.
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1 Introduction

Metabolic diseases, like metabolic syndrome and type 2 diabetes (T2D), affect millions of people worldwide, being considered epidemics by the World Health Organization (WHO) (World Health Organization, 2023). The number of people affected by T2D will exceed half a billion by 2040 (IDF, 2021). T2D is characterized by peripheral insulin resistance, abnormal hepatic glucose metabolism and progressive pancreatic beta cell failure. Glucose control in T2D deteriorates progressively over time and, after failure of lifestyle modifications such as diet and exercise, there is a need of a new intervention with glucose-lowering agents every 3–4 years, on average, in order to obtain/retain good glycemic control (Davies et al., 2022). Despite combination therapy and/or insulin treatment, a sizable proportion of individuals remain poorly controlled (World Health Organization, 2023), highlighting the need for novel and personalized therapeutic approaches. Apart from diabetes itself, comorbidities like cardiovascular disease, kidney disease, neuropathy, blindness, and lower-extremity amputation are significant causes of morbidity and mortality among people with diabetes resulting in a huge burden in healthcare systems and on society (IDF, 2021; World Health Organization, 2023). The financial impact of diabetes is significant, with health expenditures dedicated to its treatment and complication prevention estimated at approximately €150 billion in the European Union in 2021 (IDF, 2021) and $412.9 billion in the United States in 2022 (Parker et al., 2024). Therefore, innovative therapeutic approaches are necessary. One potential focus is on modulating the carotid body (CB) and its sensitive nerve, the carotid sinus nerve (CSN), which are emerging as promising targets for treatment.



2 Role of carotid body chemoreceptors and of the carotid sinus nerve in the pathogenesis of metabolic diseases

The CB is a sensor of arterial gases, such as oxygen and carbon dioxide, also detecting pH and temperature (Gonzalez et al., 1994; Kumar and Prabhakar, 2012). The main cellular component of the CB is the type I cells or chemoreceptor cells that are derived from the neural crest having electrical excitable properties (for a revision see Iturriaga et al., 2021). These cells contain several neurotransmitters, such as catecholamines (dopamine (DA) and norepinephrine), acetylcholine, serotonin, ATP, as well as other mediators such as neuropeptides – substance P and enkephalins- and adenosine, among others (Conde et al., 2014; Iturriaga et al., 2021; Figure 1). Type I cells are surrounded by type II (sustentacular) cells of glial origin (Pardal et al., 2007) and are enervated by the CSN which activity is integrated in the nucleus tractus solitarii (Iturriaga et al., 2021). There is a general consensus that upon stimulation, in type I cells, there is the closure of K+ channels eliciting cell depolarization, with the consequent opening of Ca2+ voltage operated channels, Ca2+ entry and the increase in intracellular free Ca2+ that leads to exocytosis and neurotransmitter release (Gonzalez et al., 1994; Iturriaga et al., 2021; Figure 1). These neurotransmitters act on the CSN to inhibit or to stimulate CSN electrical activity. The CSN is composed of A-fibers (myelinated) and C-fibers (unmyelinated), being the conduction velocity higher in A-fibers (De Castro, 1951; Gonzalez et al., 2014; Porzionato et al., 2019). The A-fiber population comprised afferents of approximately 2/3 of CB chemoreceptors and 1/3 of carotid sinus baroreceptors origin (Fidone and Sato, 1969). In contrast, 54% of the C-fiber population observed in the cat CSN are from autonomic origin, 29% are baroreceptors and 17% are chemoreceptors (Fidone and Sato, 1969). Regarding type II cells, they have been previously considered to have merely a supportive role, however, nowadays it is known that the CB possess adult neural stem cells (or a subpopulation of them). It has been shown that these type II cells contribute to neurogenesis in vivo in response to prolonged sustained and intermittent hypoxia by acting in paracrine signaling and contribute to the overactivation of these organs in several pathological conditions (Pardal et al., 2007; Platero-Luengo et al., 2014; Caballero-Eraso et al., 2023). In addition to the function of arterial gases sensor, the CB has a polymodal nature capable of responding to numerous stimuli, such as leptin or pro-inflammatory cytokines, like IL-1β and TNF-α (Kumar and Prabhakar, 2012; Sacramento et al., 2020). More recently, a function as a metabolic sensor has been postulated (Conde et al., 2018; Sacramento et al., 2020), based on its ability to sense alterations in arterial blood glucose, insulin (Ribeiro et al., 2013; Baby et al., 2023), leptin (Ribeiro et al., 2018; Caballero-Eraso et al., 2023) and GLP-1 levels (Pauza et al., 2022). In line with this assumption Conde and co-workers have proposed that early CB dysfunction is involved in the pathogenesis of metabolic diseases (Conde et al., 2014, 2017, 2018). In 2013, Ribeiro and collaborators proposed that the CB regulates peripheral insulin sensitivity through sympathetic nervous system (SNS) modulation, based on the observations that bilateral resection of the CSN, the CB-sensitive nerve, prevented the development of metabolic dysfunction induced by hypercaloric diets in rats (Ribeiro et al., 2013). Apart from preventing the dysmetabolic states induced by hypercaloric diets intake, CSN resection reversed insulin resistance and glucose intolerance and attenuated the weight gain in animal models of dysmetabolism (Ribeiro et al., 2013; Sacramento et al., 2017, 2018; Melo et al., 2022). Trying to go deep into the mechanisms behind the beneficial effects of CSN denervation on metabolism we found that CSN resection restored glucose uptake in the liver and adipose tissue and insulin signaling in skeletal muscle and adipose tissue (Sacramento et al., 2017). Furthermore, CSN resection normalized several features of sympathetic overactivation: increased plasma and adrenal medulla catecholamine levels, increased heart rate variability in the low-frequency zone (LF) as well as the ratio between low and high frequencies of heart rate (LF/HF) (Ribeiro et al., 2013; Sacramento et al., 2017). This CB-driven sympathetic overactivation and its disappearance upon CSN resection was also confirmed in dysmetabolic animal models through electrophysiological recordings made in the upper cervical chain (Cracchiolo et al., 2019a,b). Altogether the data clearly suggest that the CB controls metabolic efferent-end-organs through the sympathetic nervous system. In agreement, CB stimulation induces insulin secretion (Petropavlovskaya, 1953) and arterial and supra-hepatic vein glucose concentration (Alvarez-Buylla and de Alvarez-Buylla, 1988) effects that are probably mediated by the sympathetic nervous system as suggested by Kim and Polotsky (2020).
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FIGURE 1
 Schematic representation of the carotid body (CB) location, morphology, mechanisms of chemotransduction and the different chemoreflexes elicited by the CB activation. The CB is located bilaterally in bifurcation of the common carotid artery (CCA) and is formed by type I cells, the chemosensory unit of the CB, that are organized around capillaries and are surrounded by type II cells. The stimulation of the CB, for example, in response to low oxygen levels, induces the closure of K+ channels that promotes membrane depolarization. The alteration in the membrane potential opens Ca2+ channels and increases the intracellular calcium, triggering the release of neurotransmitters that act postsynaptically at the carotid sinus nerve (CSN) to increase its activity. The CSN activity is integrated in the brain stem and produce respiratory, cardiovascular, renal and endocrine responses.


Endorsing the hypothesis that CB dysfunction contributes to metabolic diseases, are the preclinical and clinical observations that animals submitted to hypercaloric diets (Ribeiro et al., 2013) and individuals with prediabetes (Cunha-Guimaraes et al., 2020) exhibit increased basal ventilation. In humans, an increased CB chemosensitivity was also assessed by the Dejours test, which measures the decrease in basal ventilation produced by 100%O2, which was significantly higher in the prediabetes population and correlated with insulin resistance and fasting insulin levels (Cunha-Guimaraes et al., 2020). More recently, Lis and collaborators (Lis et al., 2022) showed that individuals with prediabetes and T2D exhibited an exaggerated peripheral chemoreflex sensitivity, assessed by the hypoxic ventilatory response (HVR) that was associated with the severity of the disease. In animal models with metabolic pathology, increased peripheral chemosensitivity was associated with: (1) an increase in CB weight; (2) an increase in the percentage of type I cells; (3) raised activity of the enzyme tyrosine hydroxylase, as well as increased release of catecholamines by the CBs (Ribeiro et al., 2013; dos Santos et al., 2018) and (4) increased CSN activity (Ribeiro et al., 2018; Cracchiolo et al., 2019a,b). In agreement with these results, other authors had previously observed that also in T2D patients, the size of the CBs increased by approximately 25% compared to non-diabetic volunteers (Cramer et al., 2014). In another experimental perspective, but still in line with these findings, Paleczny et al. described that overweight/obese men exhibit an increased blood pressure response to hypoxia, mediated by peripheral chemoreceptors, although respiratory and heart rate responses to hypoxia remain unaltered. This effect was associated with hyperinsulinemia and insulin resistance but not with hyperleptinemia (Paleczny et al., 2016).

Consolidating the set of preclinical and clinical data supporting that CB dysfunction is involved in the genesis of metabolic diseases, it was shown that the functional suppression of CB activity using hyperbaric oxygen therapy, that delivers 100%O2 at a pressure higher than the atmospheric pressure, improves fasting glucose levels and post-prandial glucose tolerance in T2D patients (Vera-Cruz et al., 2015). Altogether the data lead to the conclusion that CB dysfunction is involved in the etiology of metabolic diseases due to overactivation of the SNS and that the CB or its sensitive nerve, the CSN, are therapeutic targets for treating prediabetes and T2D. The current state of the art considers that CB and CSN dysfunction occur in very early stages of dysmetabolism and that its timely screening and diagnosis may represent a powerful tool for disease prevention. Metabolic diseases are a significant public health problem. More resources are needed for the detection of risk factors that are not only associated with lifestyles but may have genetic and hereditary characteristics that, if confirmed, require earlier and more careful monitoring.

On the other hand and given that there is great difficulty in reducing the prevalence of risk factors for metabolic disease, secondary prevention may be justified, i.e., to carry out procedures for a diagnosis of CB overactivation as early as possible for identification of putative candidates for therapeutic CB-specific modulation.



3 Bioelectronic neuromodulation of carotid sinus nerve to treat type 2 diabetes

Conventional treatment for metabolic diseases is based on behavioral and pharmacological interventions aiming to maintain glycemic control, to mitigate complications and to assure quality of life. However, while anti-diabetic monotherapy fails to meet the needs of all patients, anti-diabetic drug combination therapy comes with multiple challenges including the complexity of dosing regimens, side effects, and socioeconomic barriers to access, which can lead to medication non-adherence and may not be suitable for all patients (Sugandh et al., 2023). Moreover, conventional treatment for T2D is grounded on the premise of one-size-fits-all, which has shown limitations in addressing the diverse nature of the disease. In recent years, personalized medicine has emerged as a transformative solution, tailoring treatment plans based on individual patients’ unique physiological and pathological characteristics.

Bioelectronic medicine represents a pioneering approach that intertwines cutting-edge technology with personalized medicine (Famm et al., 2013; Birmingham et al., 2014; Adameyko, 2016; Peeples, 2019; Gonzalez-Gonzalez et al., 2024). This concept emerged in the last decade as a new class of treatment consisting of modulation of pathological electrical signaling patterns in the nervous system using implantable miniaturized devices (Famm et al., 2013; Birmingham et al., 2014; Adameyko, 2016; Peeples, 2019; Gonzalez-Gonzalez et al., 2024). It is an emerging and exciting area of research as it aspires to a selective, personalized and patient-adaptive therapy with minimal adverse effects (Famm et al., 2013; Birmingham et al., 2014; Pavlov and Tracey, 2019; Gonzalez-Gonzalez et al., 2024). This therapeutic approach may also have high acceptance among patients, as it may, in the future, require minimally invasive procedures while offering less interference in daily activities compared to current therapeutic options (Famm et al., 2013; Birmingham et al., 2014; Pavlov and Tracey, 2019; Gonzalez-Gonzalez et al., 2024). Bioelectronic medicine has been tested in animal models for several diseases: bladder underactivity (Chen et al., 2021), bladder overactivity (Fletcher, 2020) resistant and chronic hypertension (Annoni et al., 2019), asthma (Mehmed, 2015), and in clinical studies for chronic auto-immune disorders, such as rheumatoid arthritis (Levine et al., 2014; Koopman et al., 2016; Zachs et al., 2019; Genovese et al., 2020), inflammatory bowel disease (Bonaz et al., 2016; Yasmin et al., 2022), and systemic lupus erythematosus, among others. Stimulation of several autonomic nerves has been applied for treating these and other diseases in clinical studies as well, e.g., vagus nerve stimulation was used for obesity (Morton et al., 2016); stimulation of the carotid sinus for hypertension (Heusser et al., 2010) and heart failure (Zile et al., 2020; splenic nerve stimulation is currently under clinical studies for the treatment of rheumatoid arthritis)1 and sacral nerve stimulation for inflammatory bowel disease (Pikov, 2023) among others. Moreover, the concept of electrical modulation of the CB chemoreceptors have also been tested for several conditions, including sepsis (Santos-Almeida et al., 2017; Falvey et al., 2020), colitis (Soares et al., 2023), sudden death syndrome (Biggs et al., 2022) and T2D (Sacramento et al., 2018; Table 1). This holds particular significance given that the unilateral and bilateral surgical ablation of the CBs, already explored as a therapeutic approach in certain pathologies characterized by the overactivation of the CB and SNS, such as hypertension (Narkiewicz et al., 2016) and heart failure (Niewiński et al., 2013), may present several drawbacks due to adverse effects associated with the loss of physiological functions mediated by the CB (Conde, 2018). These adverse effects can include a diminished response to hypoxia (Timmers et al., 2003), reduced sensitivity to CO2 (Timmers et al., 2003; Dahan et al., 2007), alterations in physiological responses to physical exercise (Forster et al., 1983; Forster and Pan, 1994; Paton et al., 2013), and fluctuations in blood pressure (Paton et al., 2013; Fudim et al., 2015). CSN resection may also have significant limitations in a setting of long-term therapy, as there is neuronal regeneration of CSN fibers over time (Zapata et al., 1976).



TABLE 1 Carotid sinus nerve (CSN) acute and chronic neuromodulation in different pathologies and animal models.
[image: Table1]

In the context of T2D, the modulation of the CSN with kilohertz high frequency alternating current (KHFAC, 50KHz, 2 mA), i.e., continuous electrical blockade of the CSN, was shown to have the ability to restore insulin sensitivity and glucose tolerance in T2D rats after 1 week, effects that were maintained during the 9 weeks of blockade (Figure 2 and Table 1; Sacramento et al., 2018). These beneficial effects of electrical modulation of the CSN were also shown to be reversible, as 5 weeks after cessation of KHFAC, insulin resistance and glucose intolerance returned to pathological values (Figure 2 and Table 1; Sacramento et al., 2018). These results indicate that electrical modulation of the CSN is a viable therapeutic strategy for modulating CSN activity in metabolic diseases.

[image: Figure 2]

FIGURE 2
 Carotid sinus nerve (CSN) electrical modulation reverses insulin resistance and glucose intolerance in type 2 diabetes (T2D) rats. (A) Schematic illustration of the protocol of the study in which rats fed during 14 weeks with high fat-high sucrose (HFHSu) were implanted with electrode cuffs and submitted to 9 weeks of continuous kilohertz high frequency alternate current stimulation (KHFAC, 50 kHz, 2 mA). Animals were followed for 5 weeks after KHFAC cessation. (B) Impact of 9 weeks chronic electrical modulation on insulin sensitivity (left panel) and on glucose tolerance (right panel) in HFHsu animals. Note that after KHFAC cessation the animals start to recover the dysmetabolic phenotype.


KHFAC is usually referred to charge-balanced alternating current with frequency ranging from 1 to 100 kHz (Kilgore and Bhadra, 2014). It produces an immediate blockade of the nerve as the action potentials are arrested when they reach the depolarizing charge field of the electrode (Kilgore and Bhadra, 2014; Patel et al., 2017). Several molecular mechanisms have been postulated to be responsible for this arrest, with the sodium channel inactivation hypothesis being the most plausible one, supported by considerable experimental evidence (for a review see Kilgore and Bhadra, 2014). For example using the frog sciatic nerve/gastrocnemius muscle preparation, the mammalian axon model and computer simulation of KHFAC it has been shown that KHFAC resulted in an increased inward sodium current compared to the outward potassium current, leading to a dynamic membrane depolarization of a number of nodes under the electrode (Kilgore and Bhadra, 2004; Bhadra et al., 2007), that leads to the inactivation of about 90% of the sodium channels in the node directly under the electrode (Ackermann et al., 2011). Moreover, KHFAC is rapidly reversible upon cessation of block (see, e.g., Kilgore and Bhadra, 2014; Patel et al., 2017; Sacramento et al., 2018). One characteristic that might compromise the use of KHFAC in clinical setting is an initial nerve activation, before complete block occurs, called the “onset response.” Several methods are being developed to avoid/diminish the onset response, as for example the use of ramp-amplitudes (Vrabec et al., 2019); the combination of direct current and KHFAC (Eggers et al., 2021); optimization of KHFAC waveforms to produce closed-state Na+ channel inactivation (Yi and Grill, 2020); as well as the use of higher KHFAC amplitudes and frequencies (Gerges et al., 2010). In agreement, we have been able to block CSN activity specifically at 40–50 kHz, 1–2 mA without causing an abnormal physiological onset response (Table 1; Sacramento et al., 2018).

Apart from being tested in rodents the high potential of KHFAC as a strategy for modulating CSN activity was also confirmed in the pig (Fjordbakk et al., 2019; Table 1), thus boosting the translation of the electrical modulation of the CSN for its clinical use. The authors showed that KHFAC modulation of the CSN in this animal model was able to block the NaCN-evoked chemo-afferent responses. However, the CSN not only transmits information that comes from the CB, but also information from the baroreceptors located in the carotid sinus, which are involved in the rapid adjustment of blood pressure (Marshall, 1994; Marcus et al., 2014). The blockade of CSN activity may hinder the baroreceptor adjustments in blood pressure but we have recently observed that acute KHFAC neuromodulation of the CSN (50Khz, 2 mA) does not modify either basal blood pressure or blood pressure responses evoked by hypoxic hypoxia or even heart rate (Conde et al., 2022a,b). These findings indicate that the chosen high frequency stimulation conditions are without significant adverse effects on the cardiovascular system. Nevertheless, the effects of KHFAC on cardiovascular parameters were only tested acutely and information on the impact of chronic KHFAC on these parameters is still lacking. Furthermore, apart from the baroreceptor information conveyed by the CSN, the CB responds to other important physiological stimuli like hypoxia and hypercapnia (Gonzalez et al., 1994). Circumventing the interference that blockade of the CSN may have with the abovementioned homeostatic responses may be possible through the characterization of the types of fibers/electrical patterns involved in dysmetabolism signaling and by the use of closed-loop feed-back control systems to correct the altered pathological neural patterns on demand.



4 Advances in CSN neural decoding to achieve personalized and real-time closed-loop neuromodulation

The CSN has become an interesting neuromodulation target for the purpose of treating metabolic disorders since it was first identified as a metabolic sensor (Conde et al., 2018). Hence, the decoding of the CSN electrical activity could provide access to the perception of whole-body glucose uptake by the nervous system rather than to the actual value of glucose blood glucose. Knowledge of glucose-related electrical activity in the CSN might be particularly important for detecting a dysfunctional metabolic state. In fact, it has been shown in rats that the electroneurogram of the CSN contains information related with the metabolic status of the animals. In particular, in animals submitted to hypercaloric diets, the electroneurogram of the CSN shows a shift in its frequency spectrum towards the high frequency (Cracchiolo et al., 2019a,b), that is associated with an increased activity of the SNS found in metabolic dysfunction states (Canale et al., 2013; Lambert et al., 2015). A solution to inhibit the activity of the CSN is the application of the KHFAC, a technique that exploits the properties of high-frequency simulation to perform reversible nerve blockade. To achieve this purpose, Sacramento et al. (2018) employed cuff electrodes with KHFAC (50 kHz, 2 mA) in T2D rats to restore insulin sensitivity and glucose tolerance (Figure 2 and Table 1). This effect was observed in both acute and chronic settings with physiological parameters returning to baseline condition when KHFAC was removed, corroborating the reversibility of this approach. All these neuromodulation studies followed an “open loop” approach and generated important data sets to advance knowledge in the field. However, the key point was that the high-frequency shift observed in the electroneurogram of the CSN in high fat-high sucrose (HFHSu) animals (Cracchiolo et al., 2019a,b) was not constant over time, being particularly strong during alterations in metabolic status. These high-frequency shifts observed during alterations in the metabolic status could be ideally exploited to design a closed loop neural stimulation occurring only during abnormal frequency shifts. This kind of approach would not only increase effectiveness, but also minimize off-target effects due to stimulation of fibers that involve more than one physiological stimulus.

A critical aspect is the hardware supporting the brain-machine interface for reading and stimulating the nerves (Shokur et al., 2021). Until now, most of the studies on the impact of CSN high-frequency neuromodulation employed two-contact cuff electrodes to deliver the electrical current (Sacramento et al., 2018; Fjordbakk et al., 2019). One main limitation of the two-contact cuff electrodes is their lack of selectivity in the stimulation as they activate all nerve fibers at the same time. To obtain unidirectional activation of the fibers, often four-contacts cuff electrodes are used: on the central contact high frequency stimulation is applied (25–40 kHz) to obtain inhibition, while on the distal contact low frequency is applied (15–20 Hz), to obtain directionality (Payne et al., 2022). This approach might be of interest to modulate CSN function, as it will have the ability to block the afferent fibers, that transmit the information to the central nervous system, and to increase the activity of the efferent fibers, that come from the central nervous system to inhibit CB activity (Gonzalez et al., 1994). Another approach to obtain directional and selective stimulation is the use of intraneural electrodes. These devices are designed to be inserted inside the nerve, with their active elements (where there is the exchange of charge between the electrode and the tissue) in close contact with the nerve fibers. Pioneering studies in the vagus nerve have shown that with these devices it is possible to selectively decode neuronal activity from autonomic nerves within the different active sites of the electrode with temporal precision (Micera et al., 2010; Ghazavi et al., 2020; Vallone et al., 2021). This could inspire the use of these devices also to modulate CSN activity aiming the control of peripheral organs both in open and/or closed-loop fashion.

Data on vagal nerve stimulation (VNS) may also pave the way for an effective stimulation of CSN in terms of selectivity. Several studies (Meyers et al., 2016; Stauss et al., 2018; Payne et al., 2020, 2022) have highlighted the effect of VNS of afferent and efferent fibers when stimulating the cervical and abdominal region of the vagus nerve. Stimulation of the afferent branches increases blood glucose, proposed to be due to inhibition of insulin secretion (Stauss et al., 2018), while stimulation of the efferent ones results in a decrease of glycemia, together with a recovery of glucose tolerance and reduction of insulin levels (Meyers et al., 2016; Payne et al., 2022). Therefore, we anticipate the need of similar studies, as those performed at the vagus nerve, with tests of different degrees and paradigms of high-frequency stimulation on the CSN and also with the support of modeling approaches (Romeni et al., 2020), that have already been proved effective to design optimal stimulations for peripheral nerves, aiming to design a closed loop algorithm for selective neuromodulation of the CSN.



5 Predicting the efficacy of CSN electrical modulation in type 2 diabetes through screening of CB activity

Among metabolic diseases, diabetes is high prevalent one worldwide, however, about 44% of patients are asymptomatic, which leads to a later diagnosis of the disease and, consequently, increases the risk of developing complications (World Health Organization, 2023). Thus, it is essential to search for new forms of early diagnosis for the adoption of preventive measures and to reverse early stages of the disease, particularly in this pathology that remains asymptomatic until advanced stages. The assessment of CB chemosensitivity has recently emerged as a biomarker in prediabetes and T2D. Assessment of CB chemosensitivity through the classical Dejour’s test clearly shown that individuals with prediabetes exhibit increased CB chemosensitivity that correlates with insulin levels and insulin resistance (Cunha-Guimaraes et al., 2020). A close relationship between CB chemosensitivity and metabolic control in humans, was supported by the study of Vera-Cruz et al. (2015) in where hyperoxia - that is known to block CB function - in hyperbaric conditions, improved glucose homeostasis in T2D patients. The diagnosis of CB function may have predictive value for the risk of developing metabolic diseases in humans (Dejours, 1962; Cunha-Guimaraes et al., 2020), however there are no established devices that accurately and non-invasively assess CB activity allowing early diagnosis of CB overactivation and follow up monitoring. Preliminary studies are being conducted with a prototype of the CBmeter, a device that evaluates, in a minimally invasive way, the activity of CBs, to demonstrate the proof of concept, aiming at future clinical validation (Lages et al., 2021; Conde et al., 2022a). This device was designed to assess the usefulness of monitoring physiological variables closely associated with CB activity as early predictors of insulin resistance. The first prototype consists of a combination of several sensors, already marketed, that were connected to determine heart rate (HR), respiratory rate (RR), peripheral oxygen saturation and interstitial glucose in a synchronous manner (Guarino et al., 2022). The protocol of the prototype testing included assessment of the abovementioned variables in response to challenge tests, namely, acute hyperoxia, as described by Dejours, and an innovative mixed meal challenge test (Lages et al., 2022), grounded on the findings that the CBs respond to insulin variation in the bloodstream. Thus, HR, RR, SpO2 and interstitial glucose are the biosignals monitored by the CBmeter and the prototype was tested in two groups of participants: prediabetes patients and a non-prediabetic control group. In the later, the CBmeter readings were validated against gold standard methodologies for accuracy evaluation. The major finding of the pilot feasibility study was that the decrease in RR upon an hyperoxic challenge was noticeably less pronounced in the metabolically healthy control group than in the prediabetes group, corroborating the data from Cunha-Guimaraes et al. (2020) that showed that prediabetes patients exhibit an increased chemosensitivity. After the administration of the mixed standard meal, the response was not so pronounced since this provocation test does not represent an acute stimulus for CB as the administration of oxygen.

These findings support that assessment of CB activity may be a useful routine screening in a context of preventive medicine, allowing early detection of dysmetabolism long before clinical features are observed like obesity, T2D and hypertension. Moreover, the CBmeter may also represent a useful tool to select the prediabetic or T2D individuals that will benefit the most from a bioelectronic approach (Figure 3).

[image: Figure 3]

FIGURE 3
 Schematic representation of the screening of carotid body (CB) activity as a biomarker for an early detection of metabolic dysfunction as well as a predictor of the efficacy of carotid sinus nerve (CSN) bioelectronic modulation for the treatment of type 2 diabetes (T2D).




6 Challenges and future perspectives on the use of CSN neuromodulation to treat type 2 diabetes

Whereas the CSN represents an electrical neuromodulation target for treating T2D, several challenges need to be addressed to provide a personalized, adaptable and real-time treatment with minimal side effects. The interface between a neural device and the peripheral nerves is guided by several requirements in terms of design and materials, both contributing to the foreign body response (FBR) of the device. The FBR leads to encapsulation of the device by fibrotic tissue, that behaves as an electrical insulator reducing the electrical performances of the electrodes (Anderson et al., 2008). Surface biocompatibility is a crucial factor for designing a neural electrode, involving chemical, physical, morphological, and biological interactions of a device with the surrounding tissues. Moreover, the mechanical properties and the shape of the device also influence the degree of severity of the FBR. Typically, the use of soft inert materials is preferred for neural electrode, to reduce both the mechanical and chemical mismatch between the device and the nerves (Paggi et al., 2021). Moreover, the device should be miniaturized to avoid damaging of the surrounding tissues and increase selectivity. Biocompatibility requirements are closely linked to the performance of the electrodes. To achieve better results in terms of recording and stimulation capabilities, the electrical impedance should be low, but there is a trade-off to consider between size and impedance, because the latter increases when the size decreases (Boehler et al., 2020). The overall design of neural electrodes, therefore, should be aimed at reducing the FBR increasing at the same time the selectivity in terms of recording and stimulation. This would allow to selectively modulate only the interested neural population, enhancing the neuromodulation performances and reducing in turn the adverse effects.

The choice of electrode materials is also influential in the implementation of the KHFAC. Delivering current at high frequency (1–60 kHz) can result in electrode polarization and contamination of direct current (Ghazavi and Cogan, 2018; Patel et al., 2018). Typical electrode materials are platinum (Pt), titanium nitride (TiN), and sputtered iridium oxide (SIROF), that rely on different mechanisms for charge injection (Faradaic, non-reversible, and non-Faradaic, reversible). These materials have been tested to evaluate the block threshold (BT) and the onset response (BR); the two main parameters involved in KHFAC. Both of them should be minimized: the block threshold can be defined as the amplitude value completely blocking the nerve conduction, while the onset response as the initial nerve activity starting after the block is imposed (Green et al., 2022). Patel et al. (2018) evaluated different electrode materials among the most commonly used, without identifying any significant difference in BT and OR. This could be due to the frequency range used for the stimulation: at higher frequency (20–60 kHz), the electrochemical characteristics become independent from the electrode material, while at lower frequency (1–5 kHz) Pt electrodes suffer from a significant polarization effect (Ghazavi and Cogan, 2018). An interesting approach has been pursued by Green et al. (2022) using carbon black coatings, that significantly decreased BT for a wide range of frequency. This is due to its high capacitance properties, that enhance the possibility of safely deliver charge.

Another important issue to overcome is the chronicity of high frequency stimulation aiming at the minimization of CSN neuromodulation off-target effects. The continuous CSN KHFAC modulation simulates a CSN resection procedure and therefore, as discussed earlier, might produce several side effects related with the abolishment of CB physiological actions, as the loss of responses to hypoxia, fluctuations in blood pressure and impaired responses to exercise (Conde, 2017). Minimization of CSN neuromodulation off-target effects can be achieved using closed-loop feedback control systems. Closed-loop devices have been successfully developed to improve therapeutic efficacy, streamlining clinic workflow, and increase the quality of life for patients for different therapeutic applications including regulating heart rate (Biotroniks pacemakers) and controlling glucose levels (artificial pancreas). However, closed-loop systems for delivering therapeutic patterns of electrical stimulation to peripheral nerves in T2D, have never been established. Advances in bioelectronic medicine towards these closed-loop systems are strengthened by the development of new implantable electrodes and algorithms, enabling a safe, effective, and minimally invasive interface with the nervous system (Rijnbeek et al., 2018; Zhou et al., 2018). Therefore, CSN neural decoding and characterization of high frequency stimulation paradigms that reverse metabolic dysfunction would provide key information to combine recording and stimulation modalities for closed-loop applications to correct altered CSN neural patterns on demand. This closed-loop approach will offer tailored CSN bioelectrical neuromodulation that will bring significant advantages compared to current, depersonalized, lifestyle management, pharmacological or surgical options for this disease.

Future research directions are also related with the hardware solutions allowing the power supply to the high frequency stimulation of the CSN (Burton et al., 2021). These energy requirements for KHFAC dictate three things: the amount of power needed, the surgery and size of incision to place the power supply, and the patient recharge adherence. Power supply can be enormously reduced using closed-loop systems, allowing the delivery of electrical current only when needed, however other options are being developed to decrease energy requirements including the internal body-generated power (Bullen et al., 2006; Settaluri et al., 2011; Hwang et al., 2015; Yao et al., 2018) the use of external power supply obtained through via radiofrequency electromagnetic fields (Gutruf et al., 2019), light illumination (Ding et al., 2018) or ultrasonic waves (Charthad et al., 2015). These external sources produce significant amounts of energy (~500 mW) that can be consistently transmitted, with versatile design and deployment options (Yu et al., 2019). Secondly and in relation to the location of the power supply within the body, implantable pulse generators positioned subcutaneously in different body locations, such as clavicle or axilla, have been shown to have good safety and tolerance for VNS in epilepsy patients (Sakas et al., 2007), for deep brain stimulation in Parkinson disease (Frey et al., 2022) and psychiatric disorders (Jakobs et al., 2023), and therefore can be an option to be used for KHFAC CSN stimulation. Thirdly, and thinking on the recharging requirements, even if needed multiple times a day, would perhaps still be less burdensome than some T2D therapeutic options such as the multiple insulin injections (Won et al., 2023).

A multitude of opportunities is also related to the use of CSN activity indirect assessment as a screening tool, not only for diabetes, but also for obesity (Sacramento et al., 2020), resistant hypertension (Young et al., 2009), heart failure and sleep apnea (Dunn et al., 2018). Screening tests are performed in asymptomatic patients aiming to detect diseases at an early stage before any symptoms become apparent. CB activity screening should be offered as an opportunistic screening, performed during yearly routine visits to the General Practitioners as a population-wide screening operation or directed to the population with significant risk factors for diabetes like family history, obesity or overweight, age above 45 years, sedentarism, gestational diabetes and/or macrosomic siblings, sleep quantity/quality, ethnicity among others (Ding et al., 2018). The screening of CB activity would allow early detection of subclinical sympathetic overactivation, and monitoring of the effectiveness of lifestyle intervention approaches. Presumably, the population which will benefit the most from CB screening are the siblings of metabolic patients that will have access to a quantifiable non-invasive indirect assessment of sympathetic status which will widen the spectrum of preventive medicine approaches. Also, for patients with T2D diagnosis, screening of CB activity will allow assessing if each individual patient is a suitable candidate for treatment with CB neuromodulation. One of the constraints to the implementation of this measure is the cost of implementation on the ground and the burden that another screening program of this size may bring to the already overburdened local and national health services. The exponential growth of the wearables industry may represent an opportunity to be explored for this purpose, with the CBmeter prototype representing a first pilot approach. Provided they are validated, sensors that monitor the parameters of interest will allow health monitoring outside of the clinic, generating information that properly analyzed, may represent a new way to screen for CB overactivity and to predict health events (Dunn et al., 2018). All these considerations require substantial work to be tested and validated. The future research directions include performing a longitudinal clinical study to assess the prognostic value of CB activity assessment for T2D diagnosis. Feasibility studies for the clinical efficacy if CSN neuromodulation in humans will also be required, in line with what has been done in the last couple of years with vagal stimulation in rheumatoid arthritis (Kanashiro et al., 2018). After clinical validation, these new neuromodulatory algorithms have the potential to be innovative approaches and an alternative to classical drug-based therapies.



Author contributions

SC: Conceptualization, Writing – original draft, Writing – review & editing. JS: Writing – original draft, Writing – review & editing. CZ: Writing – original draft, Writing – review & editing. AM: Writing – original draft, Writing – review & editing. SM: Writing – original draft, Writing – review & editing. MG: Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. JS is supported with a contract from the Portuguese Foundation for Science and Technology (CEEC IND/02428/2018). MG is supported by a contract from the Portuguese Foundation for Science and Technology (CEECINST/00051/2018) and (UIDP/05704/2020).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   https://clinicaltrials.gov/study/NCT05003310



References

 Ackermann, D. M., Bhadra, N., Gerges, M., and Thomas, P. J. (2011). Dynamics and sensitivity analysis of high-frequency conduction block. J. Neural Eng. 8:065007. doi: 10.1088/1741-2560/8/6/065007 

 Adameyko, I. (2016). Neural circuitry gets rewired. Science 354, 833–834. doi: 10.1126/science.aal2810

 Alvarez-Buylla, R., and de Alvarez-Buylla, E. R. (1988). Carotid sinus receptors participate in glucose homeostasis. Respir. Physiol. 72, 347–359. doi: 10.1016/0034-5687(88)90093-x 

 Anderson, J. M., Rodriguez, A., and Chang, D. T. (2008). Foreign body reaction to biomaterials. Semin. Immunol. 20, 86–100. doi: 10.1016/j.smim.2007.11.004 

 Annoni, E. M., Van Helden, D., Guo, Y., Levac, B., Libbus, I., KenKnight, B. H., et al. (2019). Chronic low-level Vagus nerve stimulation improves Long-term survival in salt-sensitive hypertensive rats. Front. Physiol. 10:25. doi: 10.3389/fphys.2019.00025

 Baby, S. M., Zaidi, F., Hunsberger, G. E., Sokal, D., Gupta, I., Conde, S. V., et al. (2023). Acute effects of insulin and insulin-induced hypoglycaemia on carotid body chemoreceptor activity and cardiorespiratory responses in dogs. Exp Physiol. 108, 280–295. doi: 10.1113/EP090584

 Bhadra, N., Lahowetz, E. A., Foldes, S. T., and Kilgore, K. L. (2007). Simulation of high-frequency sinusoidal electrical block of mammalian myelinated axons. J. Comput. Neurosci. 22, 313–326. doi: 10.1007/s10827-006-0015-5 

 Biggs, E. N., Budde, R. B., Jefferys, J. G. R., and Irazoqui, P. P. (2022). Carotid body stimulation as a potential intervention in sudden death in epilepsy. Epilepsy Behav 136:108918. doi: 10.1016/j.yebeh.2022.108918 

 Birmingham, K., Gradinaru, V., Anikeeva, P., Grill, W. M., Pikov, V., McLaughlin, B., et al. (2014). Bioelectronic medicines: a research roadmap. Nat. Rev. Drug Discov. 13, 399–400. doi: 10.1038/nrd4351 

 Boehler, C., Carli, S., Fadiga, L., Stieglitz, T., and Asplund, M. (2020). Tutorial: guidelines for standardized performance tests for electrodes intended for neural interfaces and bioelectronics. Nat. Protoc. 15, 3557–3578. doi: 10.1038/s41596-020-0389-2 

 Bonaz, B., Sinniger, V., Hoffmann, D., Clarençon, D., Mathieu, N., Dantzer, C., et al. (2016). Chronic vagus nerve stimulation in Crohn's disease: a 6-month follow-up pilot study. Neurogastroenterol. Motil. 28, 948–953. doi: 10.1111/nmo.12792

 Bullen, R. A., Arnot, T. C., Lakeman, J. B., and Walsh, F. C. (2006). Biofuel cells and their development. Biosens. Bioelectron. 21, 2015–2045. doi: 10.1016/j.bios.2006.01.030

 Burton, A., Won, S. M., Sohrabi, A. K., Stuart, T., Amirhossein, A., Kim, J. U., et al. (2021). Wireless, battery-free, and fully implantable electrical neurostimulation in freely moving rodents. Microsyst. Nanoengin. 7:62. doi: 10.1038/s41378-021-00294-7 

 Caballero-Eraso, C., Colinas, O., Sobrino, V., González-Montelongo, R., Cabeza, J. M., Gao, L., et al. (2023). Rearrangement of cell types in the rat carotid body neurogenic niche induced by chronic intermittent hypoxia. J. Physiol. 601, 1017–1036. doi: 10.1113/JP283897 

 Canale, M. P., Manca di Villahermosa, S., Martino, G., Rovella, V., Noce, A., De Lorenzo, A., et al. (2013). Obesity-related metabolic syndrome: mechanisms of sympathetic overactivity. Int. J. Endocrinol. 2013:865965. doi: 10.1155/2013/865965 

 Charthad, J., Weber, M. J., Chang, T. C., and Arbabian, A. (2015). A mm-sized implantable medical device (IMD) with ultrasonic power transfer and a hybrid bi-directional data link. IEEE J. Solid State Circuits 50, 1741–1753. doi: 10.1109/JSSC.2015.2427336

 Chen, J., Mohapatra, A., Zhao, J., Zhong, Y., Shen, B., Wang, J., et al. (2021). Superficial peroneal neuromodulation of persistent bladder underactivity induced by prolonged pudendal afferent nerve stimulation in cats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 320, R675–R682. doi: 10.1152/ajpregu.00346.2020 

 Conde, S. V. (2018). Ablation of the carotid bodies in disease: meeting its adverse effects. J. Physiol. 596:2955. doi: 10.1113/JP275796 

 Conde, S. V., Lages, M., Guarino, M. P., and Sacramento, J. F. (2022a). “Carotid bodies: use of chemosensitivity as a biomarker in prediabetes” in Biomarkers in Diabetes. eds. V. B. Patel and V. R. Preedy (Cham: Springer International Publishing), 1–25.

 Conde, S. V., Ribeiro, M. J., Melo, B. F., Guarino, M. P., and Sacramento, J. F. (2017). Insulin resistance: a new consequence of altered carotid body chemoreflex? J. Physiol. 595, 31–41. doi: 10.1113/JP271684 

 Conde, S. V., Sacramento, J. F., and Guarino, M. P. (2018). Carotid body: a metabolic sensor implicated in insulin resistance. Physiol. Genomics 50, 208–214. doi: 10.1152/physiolgenomics.00121.2017 

 Conde, S. V., Sacramento, J. F., Guarino, M. P., Gonzalez, C., Obeso, A., Diogo, L. N., et al. (2014). Carotid body, insulin, and metabolic diseases: unraveling the links. Front. Physiol. 5:418. doi: 10.3389/fphys.2014.00418 

 Conde, S. V., Sacramento, J. F., Melo, B. F., Fonseca-Pinto, R., Romero-Ortega, M. I., and Guarino, M. P. (2022b). Blood pressure regulation by the carotid sinus nerve: clinical implications for carotid body neuromodulation. Front. Neurosci. 15:725751. doi: 10.3389/fnins.2021.725751 

 Cracchiolo, M., Sacramento, J. F., Mazzoni, A., Panarese, A., Carpaneto, J., Conde, S. V., et al. (2019a). Decoding neural metabolic markers from the carotid sinus nerve in a type 2 diabetes model. IEEE Trans. Neural Syst. Rehabil. Eng. 27, 2034–2043. doi: 10.1109/TNSRE.2019.2942398

 Cracchiolo, M., Sacramento, J.F., Mazzoni, A., Panarese, A., Carpaneto, J., Conde, S.V., et al. (2019b) High frequency shift in carotid sinus nerve and sympathetic nerve activity in type 2 diabetic rat model. In International IEEE/EMBS Conference on Neural Engineering, NER, 498–501

 Cramer, J. A., Wiggins, R. H., Fudim, M., Engelman, Z. J., Sobotka, P. A., and Shah, L. M. (2014). Carotid body size on CTA: correlation with comorbidities. Clin. Radiol. 69, e33–e36. doi: 10.1016/j.crad.2013.08.016 

 Cunha-Guimaraes, J. P., Guarino, M. P., Timóteo, A. T., Caires, I., Sacramento, J. F., Ribeiro, M. J., et al. (2020). Carotid body chemosensitivity: early biomarker of dysmetabolism in humans. Eur. J. Endocrinol. 182, 549–557. doi: 10.1530/EJE-19-0976 

 Dahan, A., Nieuwenhuijs, D., and Teppema, L. (2007). Plasticity of central chemoreceptors: effect of bilateral carotid body resection on central CO2 sensitivity. PLoS Med. 4:e239. doi: 10.1371/journal.pmed.0040239 

 Davies, M. J., Aroda, V. R., Collins, B. S., Gabbay, R. A., Green, J., Maruthur, N. M., et al. (2022). A consensus report by the American Diabetes Association (ADA) and the European Association for the Study of diabetes (EASD). Diabetes Care 45, 2753–2786. doi: 10.2337/dci22-0034 

 De Castro, F. (1951). The structure of the synapse in chemoreceptors; their excitation mechanism and role in local blood circulation. Acta Physiol. Scand. 22, 14–43. doi: 10.1111/J.1748-1716.1951.TB00747.X 

 Dejours, P. (1962). Chemoreflexes in breathing. Physiol. Rev. 42, 335–358. doi: 10.1152/PHYSREV.1962.42.3.335

 Dempsey, J. A., and Smith, C. A. (1994). Do carotid chemoreceptors inhibit the hyperventilatory response to heavy exercise? Can. J. Appl. Physiol. 19, 350–359. doi: 10.1139/h94-028 

 Ding, H., Lu, L., Shi, Z., Wang, D., Li, L., Li, X., et al. (2018). Microscale optoelectronic infrared-to-visible upconversion devices and their use as injectable light sources. Proc. Natl. Acad. Sci. U. S. A. 115, 6632–6637. doi: 10.1073/pnas.1802064115 

 Dos Santos, E., Sacramento, J. F., Melo, B. F., and Conde, S. V. (2018). Carotid body dysfunction in diet-induced insulin resistance is associated with alterations in its morphology. Adv. Exp. Med. Biol. 1071, 103–108. doi: 10.1007/978-3-319-91137-3_13 

 Dunn, J., Runge, R., and Snyder, M. (2018). Wearables and the medical revolution. Pers. Med. 15, 429–448. doi: 10.2217/pme-2018-0044

 Eggers, T., Kilgore, J., Green, D., Vrabec, T., Kilgore, K., and Bhadra, N. (2021). Combining direct current and kilohertz frequency alternating current to mitigate onset activity during electrical nerve block. J. Neural Eng. 18:046010. doi: 10.1088/1741-2552/abebed 

 Falvey, A., Duprat, F., Simon, T., Hugues-Ascery, S., Conde, S. V., Glaichenhaus, N., et al. (2020). Electrostimulation of the carotid sinus nerve in mice attenuates inflammation via glucocorticoid receptor on myeloid immune cells. J. Neuroinflammation 17:368. doi: 10.1186/s12974-020-02016-8 

 Famm, K., Litt, B., Tracey, K. J., Boyden, E. S., and Slaoui, M. (2013). Drug discovery: a jump-start for electroceuticals. Nature 496, 159–161. doi: 10.1038/496159a 

 Fidone, S. J., and Sato, A. (1969). A study of chemoreceptor and baroreceptor a and C-fibres in the cat carotid nerve. J. Physiol. 205, 527–548. doi: 10.1113/jphysiol.1969.sp008981 

 Fjordbakk, C. T., Miranda, J. A., Sokal, D., Donegà, M., Viscasillas, J., Stathopoulou, T. R., et al. (2019). Feasibility of kilohertz frequency alternating current neuromodulation of carotid sinus nerve activity in the pig. Sci. Rep. 9:18136. doi: 10.1038/s41598-019-53566-8 

 Fletcher, N. (2020). An overview of sacral neuromodulation: a treatment for patients with symptoms of lower urinary tract dysfunction. Br. J. Nurs. 29, 848–856. doi: 10.12968/bjon.2020.29.15.848

 Forster, H. V., and Pan, L. G. (1994). The role of the carotid chemoreceptors in the control of breathing during exercise. Med. Sci. Sports Exerc. 26, 328–336. doi: 10.1249/00005768-199403000-00009 

 Forster, H. V., Pan, L. G., Bisgard, G. E., Kaminski, R. P., Dorsey, S. M., and Busch, M. A. (1983). Hyperpnea of exercise at various PIO2 in normal and carotid body-denervated ponies. J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 54, 1387–1393. doi: 10.1152/jappl.1983.54.5.1387 

 Frey, J., Cagle, J., Johnson, K. A., Wong, J. K., Hilliard, J. D., Butson, C. R., et al. (2022). Past, present, and future of deep brain stimulation: hardware, software, imaging, physiology and novel approaches. Front. Neurol. 13:825178. doi: 10.3389/fneur.2022.825178 

 Fudim, M., Groom, K. L., Laffer, C. L., Netterville, J. L., Robertson, D., and Elijovich, F. (2015). Effects of carotid body tumor resection on the blood pressure of essential hypertensive patients. J. Am. Soc. Hyper. 9, 435–442. doi: 10.1016/j.jash.2015.03.006 

 Genovese, M. C., Gaylis, N. B., Sikes, D., Kivitz, A., Lewis Horowitz, D., Peterfy, C., et al. (2020). Safety and efficacy of neurostimulation with a miniaturised vagus nerve stimulation device in patients with multidrug-refractory rheumatoid arthritis: a two-stage multicentre, randomised pilot study. Lancet Rheumatol. 2, e527–e538. doi: 10.1016/s2665-9913(20)30172-7 

 Gerges, M., Foldes, E. L., Ackermann, D. M., Bhadra, N., Bhadra, N., and Kilgore, K. L. (2010). Frequency- and amplitude-transitioned waveforms mitigate the onset response in high-frequency nerve block. J. Neural Eng. 7:066003. doi: 10.1088/1741-2560/7/6/066003 

 Ghazavi, A., and Cogan, S. F. (2018). Electrochemical characterization of high frequency stimulation electrodes: role of electrode material and stimulation parameters on electrode polarization. J. Neural Eng. 15:036023. doi: 10.1088/1741-2552/aa9f31 

 Ghazavi, A., González-González, M. A., Romero-Ortega, M. I., and Cogan, S. F. (2020). Intraneural ultramicroelectrode arrays for function-specific interfacing to the vagus nerve. Biosens. Bioelectron. 170:112608. doi: 10.1016/j.bios.2020.112608 

 Gonzalez, C., Almaraz, L., Obeso, A., and Rigual, R. (1994). Carotid body chemoreceptors: from natural stimuli to sensory discharges. Physiol. Rev. 74, 829–898. doi: 10.1152/physrev.1994.74.4.829

 Gonzalez, C., Conde, S. V., Gallego-Martín, T., Olea, E., Gonzalez-Obeso, E., Ramirez, M., et al. (2014). Fernando de Castro and the discovery of the arterial chemoreceptors. Front. Neuroanat. 8:25. doi: 10.3389/fnana.2014.00025 

 Gonzalez-Gonzalez, M. A., Conde, S. V., Latorre, R., Thebault, S., Pratelli, M., Spitzer, N. C., et al. (2024). Bioelectronic medicine: a multidisciplinary roadmap from biophysics to precision therapies. Front. Integrat. Neurosci. 18:1321872. doi: 10.3389/fnint.2024.1321872

 Green, D. B., Kilgore, J. A., Bender, S. A., Daniels, R. J., Gunzler, D. D., Vrabec, T. L., et al. (2022). Effects of waveform shape and electrode material on KiloHertz frequency alternating current block of mammalian peripheral nerve. Bioelectron. Med. 8:11. doi: 10.1186/s42234-022-00093-z 

 Guarino, M. P., Lages, M., Suluova, I., Fonseca Pinto, R., and Lopes, N. V. (2022). The CBmeter: designing innovative strategies for early diagnosis of metabolic diseases. Hum. Dyn. Design Develop. Contemp. Soc. 25, 368–375. doi: 10.54941/AHFE1001410

 Gutruf, P., Yin, R. T., Lee, K. B., Ausra, J., Brennan, J. A., Qiao, Y., et al. (2019). Wireless, battery-free, fully implantable multimodal and multisite pacemakers for applications in small animal models. Nat. Commun. 10:5742. doi: 10.1038/s41467-019-13637-w 

 Heusser, K., Tank, J., Engeli, S., Diedrich, A., Menne, J., Eckert, S., et al. (2010). Carotid baroreceptor stimulation, sympathetic activity, baroreflex function, and blood pressure in hypertensive patients. Hypertension 55, 619–626. doi: 10.1161/HYPERTENSIONAHA.109.140665

 Hwang, G. T., Kim, Y., Lee, J., Oh, S., Jeong, C. K., Park, D. Y., et al. (2015). Self-powered deep brain stimulation via a flexible PIMNT energy harvester. Energy Environ. Sci. 8, 2677–2684. doi: 10.1039/C5EE01593F

 IDF Diabetes Atlas 10th edition (2021). Available at: www.diabetesatlas.org (Accessed Jan 21, 2024)

 Iturriaga, R., Alcayaga, J., Chapleau, M. W., and Somers, V. K. (2021). Carotid body chemoreceptors: physiology, pathology, and implications for health and disease. Physiol. Rev. 101, 1177–1235. doi: 10.1152/physrev.00039.2019 

 Jakobs, M., Hajiabadi, M. M., Aguirre-Padilla, D. H., Giaccobe, P., Unterberg, A. W., and Lozano, A. M. (2023). Recharge PSYCH: a study on rechargeable implantable pulse generators in deep brain stimulation for psychiatric disorders. World Neurosurg. 170, e331–e339. doi: 10.1016/j.wneu.2022.11.017

 Kanashiro, A., Shimizu Bassi, G., de Queiróz Cunha, F., and Ulloa, L. (2018). From neuroimunomodulation to bioelectronic treatment of rheumatoid arthritis. Bioelectron. Med. 1, 151–165. doi: 10.2217/bem-2018-0001 

 Kilgore, K. L., and Bhadra, N. (2004). Nerve conduction block utilising high-frequency alternating current. Med. Biol. Eng. Comput. 42, 394–406. doi: 10.1007/BF02344716 

 Kilgore, K. L., and Bhadra, N. (2014). Reversible nerve conduction block using kilohertz frequency alternating current. Neuromodulation 17, 242–255. doi: 10.1111/ner.12100 

 Kim, L. J., and Polotsky, V. Y. (2020). Carotid body and metabolic syndrome: mechanisms and potential therapeutic targets. Int. J. Mol. Sci. 21:5117. doi: 10.3390/ijms21145117 

 Koopman, F. A., Chavan, S. S., Miljko, S., Grazio, S., Sokolovic, S., Schuurman, P. R., et al. (2016). Vagus nerve stimulation inhibits cytokine production and attenuates disease severity in rheumatoid arthritis. Proc. Natl. Acad. Sci. U. S. A. 113, 8284–8289. doi: 10.1073/pnas.1605635113 

 Kumar, P., and Prabhakar, N. R. (2012). Peripheral chemoreceptors: function and plasticity of the carotid body. Compr. Physiol. 2, 141–219. doi: 10.1002/cphy.c100069

 Lages, M., Barros, R., Moreira, P., and Guarino, M. P. (2022). Metabolic effects of an oral glucose tolerance test compared to the mixed meal tolerance tests: a narrative review. Nutrients. 14:2032. doi: 10.3390/nu14102032 

 Lages, M., Carvalho, L., Feijó, S., Vieira, A., Fonseca-Pinto, R., and Guarino, M. P. (2021). CBmeter study: protocol for assessing the predictive value of peripheral chemoreceptor overactivation for metabolic diseases. BMJ Open 11:e042825. doi: 10.1136/bmjopen-2020-042825 

 Lambert, E. A., Straznicky, N. E., Dixon, J. B., and Lambert, G. W. (2015). Should the sympathetic nervous system be a target to improve cardiometabolic risk in obesity? Am. J. Physiol. Heart Circ. Physiol. 309, H244–H258. doi: 10.1152/ajpheart.00096.2015 

 Levine, Y. A., Koopman, F. A., Faltys, M., Caravaca, A., Bendele, A., Zitnik, R., et al. (2014). Neurostimulation of the cholinergic anti-inflammatory pathway ameliorates disease in rat collagen-induced arthritis. PLoS One 9:e104530. doi: 10.1371/journal.pone.0104530 

 Lis, E. C., Ott, E. P., Harper, J. L., Manrique-Acevedo, C., and Limberg, J. K. (2022). Peripheral Chemoreflex sensitivity is augmented in human type 2 diabetes. FASEB J. 36. doi: 10.1096/fasebj.2022.36.S1.R3646

 Marcus, N. J., Del Rio, R., Schultz, E. P., Xia, X. H., and Schultz, H. D. (2014). Carotid body denervation improves autonomic and cardiac function and attenuates disordered breathing in congestive heart failure. J. Physiol. 592, 391–408. doi: 10.1113/jphysiol.2013.266221 

 Marshall, J. M. (1994). Peripheral chemoreceptors and cardiovascular regulation. Physiol. Rev. 74, 543–594. doi: 10.1152/physrev.1994.74.3.543

 Mehmed, S. E. (2015). Effect of vagal stimulation in acute asthma. Clin. Transl. Allergy 5:P13. doi: 10.1186/2045-7022-5-S2-P13

 Melo, B. F., Sacramento, J. F., Capucho, A. M., Sampaio-Pires, D., Prego, C. S., and Conde, S. V. (2022). Long-term Hypercaloric diet consumption exacerbates age-induced Dysmetabolism and carotid body dysfunction: beneficial effects of CSN denervation. Front. Physiol. 13:889660. doi: 10.3389/fphys.2022.889660 

 Meyers, E. E., Kronemberger, A., Lira, V., Rahmouni, K., and Stauss, H. M. (2016). Contrasting effects of afferent and efferent vagal nerve stimulation on insulin secretion and blood glucose regulation. Physiological reports. 4:e12718. doi: 10.14814/phy2.12718

 Micera, S., Citi, L., Rigosa, J., Carpaneto, J., Raspopovic, S., Di Pino, G., et al. (2010). Decoding information from neural signals recorded using intraneural electrodes: toward the development of a neurocontrolled hand prosthesis. Proc. IEEE 98, 407–417. doi: 10.1109/JPROC.2009.2038726

 Morton, J. M., Shah, S. N., Wolfe, B. M., Apovian, C. M., Miller, C. J., Tweden, K. S., et al. (2016). Effect of vagal nerve blockade on moderate obesity with an obesity-related comorbid condition: the ReCharge study. Obes. Surg. 26, 983–989. doi: 10.1007/s11695-016-2143-y 

 Narkiewicz, K., Ratcliffe, L. E., Hart, E. C., Briant, L. J., Chrostowska, M., Wolf, J., et al. (2016). Unilateral carotid body resection in resistant hypertension: a safety and feasibility trial. JACC 1, 313–324. doi: 10.1016/j.jacbts.2016.06.004 

 Niewinski, P. (2017). Carotid body modulation in systolic heart failure from the clinical perspective. J. Physiol. 595, 53–61. doi: 10.1113/JP271692 

 Niewiński, P., Janczak, D., Rucinski, A., Jazwiec, P., Sobotka, P. A., Engelman, Z. J., et al. (2013). Carotid body removal for treatment of chronic systolic heart failure. Int. J. Cardiol. 168, 2506–2509. doi: 10.1016/j.ijcard.2013.03.011 

 Paggi, V., Akouissi, O., Micera, S., and Lacour, S. P. (2021). Compliant peripheral nerve interfaces. J. Neural Eng. 18:031001. doi: 10.1088/1741-2552/abcdbe 

 Paleczny, B., Siennicka, A., Zacharski, M., Jankowska, E. A., Ponikowska, B., and Ponikowski, P. (2016). Increased body fat is associated with potentiation of blood pressure response to hypoxia in healthy men: relations with insulin and leptin. Clin. Autonomic Res. 26, 107–116. doi: 10.1007/s10286-015-0338-2 

 Pardal, R., Ortega-Sáenz, P., Durán, R., and López-Barneo, J. (2007). Glia-like stem cells sustain physiologic neurogenesis in the adult mammalian carotid body. Cell 131, 364–377. doi: 10.1016/j.cell.2007.07.043 

 Parker, E. D., Lin, J., Mahoney, T., Ume, N., Yang, G., Gabbay, R. A., et al. (2024). Economic costs of diabetes in the U.S. in 2022. Diabetes Care 47, 26–43. doi: 10.2337/dci23-0085 

 Patel, Y. A., Kim, B. S., and Butera, R. J. (2018). Kilohertz electrical stimulation nerve conduction block: effects of electrode material. IEEE Trans. Neural Syst. Rehabil. Engin. 26, 11–17. doi: 10.1109/TNSRE.2017.2737954 

 Patel, Y. A., Saxena, T., Bellamkonda, R. V., and Butera, R. J. (2017). Kilohertz frequency nerve block enhances anti-inflammatory effects of vagus nerve stimulation. Sci. Rep. 7:39810. doi: 10.1038/srep39810 

 Paton, J. F., Sobotka, P. A., Fudim, M., Engelman, Z. J., Hart, E. C., McBryde, F. D., et al. (2013). The carotid body as a therapeutic target for the treatment of sympathetically mediated diseases. Hypertension 61, 5–13. doi: 10.1161/HYPERTENSIONAHA.111.00064 

 Pauza, A. G., Thakkar, P., Tasic, T., Felippe, I., Bishop, P., Greenwood, M. P., et al. (2022). GLP1R attenuates sympathetic response to high glucose via carotid body inhibition. Circ. Res. 130, 694–707. doi: 10.1161/CIRCRESAHA.121.319874 

 Pavlov, V. A., and Tracey, K. J. (2019). Bioelectronic medicine: updates, challenges and paths forward. Bioelectron. Med. 5:1. doi: 10.1186/s42234-019-0018-y 

 Payne, S. C., Ward, G., Fallon, J. B., Hyakumura, T., Prins, J. B., Andrikopoulos, S., et al. (2022). Blood glucose modulation and safety of efferent vagus nerve stimulation in a type 2 diabetic rat model. Physiol. Rep. 10:e15257. doi: 10.14814/phy2.15257 

 Payne, S. C., Ward, G., MacIsaac, R. J., Hyakumura, T., Fallon, J. B., and Villalobos, J. (2020). Differential effects of vagus nerve stimulation strategies on glycemia and pancreatic secretions. Physiol. Rep. 8:e14479. doi: 10.14814/phy2.14479

 Peeples, L. (2019). Core concept: the rise of bioelectric medicine sparks interest among researchers, patients, and industry. Proc. Natl. Acad. Sci. U. S. A. 116, 24379–24382. doi: 10.1073/pnas.1919040116 

 Petropavlovskaya, A. A. (1953). “Reflex hyperglycemia” in The pharmacology of new therapeutic substances (Leningrad: Medgiz), 30–32.

 Pikov, V. (2023). Vagus nerve stimulation and sacral nerve stimulation for inflammatory bowel disease: a systematic review. J. Transl. Gastroen. 1, 94–100. doi: 10.14218/JTG.2023.00098

 Platero-Luengo, A., González-Granero, S., Durán, R., Díaz-Castro, B., Piruat, J. I., García-Verdugo, J. M., et al. (2014). An O2-sensitive glomus cell-stem cell synapse induces carotid body growth in chronic hypoxia. Cell 156, 291–303. doi: 10.1016/j.cell.2013.12.013 

 Porzionato, A., Macchi, V., Stecco, C., and De Caro, R. (2019). The carotid sinus nerve-structure, function, and clinical implications. Anat. Rec. 302, 575–587. doi: 10.1002/ar.23829

 Ribeiro, A. B., Brognara, F., da Silva, J. F., Castania, J. A., Fernandes, P. G., Tostes, R. C., et al. (2020). Carotid sinus nerve stimulation attenuates alveolar bone loss and inflammation in experimental periodontitis. Sci. Rep. 10:19258. doi: 10.1038/s41598-020-76194-z 

 Ribeiro, M. J., Sacramento, J. F., Gallego-Martin, T., Olea, E., Melo, B. F., Guarino, M. P., et al. (2018). High fat diet blunts the effects of leptin on ventilation and on carotid body activity. J. Physiol. 596, 3187–3199. doi: 10.1113/JP275362 

 Ribeiro, M. J., Sacramento, J. F., Gonzalez, C., Guarino, M. P., Monteiro, E. C., and Conde, S. V. (2013). Carotid body denervation prevents the development of insulin resistance and hypertension induced by hypercaloric diets. Diabetes 62, 2905–2916. doi: 10.2337/db12-1463 

 Rijnbeek, E. H., Eleveld, N., and Olthuis, W. (2018). Update on peripheral nerve electrodes for closed-loop Neuroprosthetics. Front. Neurosci. 12:350. doi: 10.3389/fnins.2018.00350

 Romeni, S., Valle, G., Mazzoni, A., and Micera, S. (2020). Tutorial: a computational framework for the design and optimization of peripheral neural interfaces. Nat. Protoc. 15, 3129–3153. doi: 10.1038/s41596-020-0377-6 

 Sacramento, J. F., Andrzejewski, K., Melo, B. F., Ribeiro, M. J., Obeso, A., and Conde, S. V. (2020). Exploring the mediators that promote carotid body dysfunction in type 2 diabetes and obesity related syndromes. Int. J. Mol. Sci. 21:5545. doi: 10.3390/ijms21155545 

 Sacramento, J. F., Chew, D. J., Melo, B. F., Donegá, M., Dopson, W., Guarino, M. P., et al. (2018). Bioelectronic modulation of carotid sinus nerve activity in the rat: a potential therapeutic approach for type 2 diabetes. Diabetologia 61, 700–710. doi: 10.1007/s00125-017-4533-7 

 Sacramento, J. F., Ribeiro, M. J., Rodrigues, T., Olea, E., Melo, B. F., Guarino, M. P., et al. (2017). Functional abolition of carotid body activity restores insulin action and glucose homeostasis in rats: key roles for visceral adipose tissue and the liver. Diabetologia 60, 158–168. doi: 10.1007/s00125-016-4133-y 

 Sakas, D. E., Korfias, S., Nicholson, C. L., Panourias, I. G., Georgakoulias, N., Gatzonis, S., et al. (2007). Vagus nerve stimulation for intractable epilepsy: outcome in two series combining 90 patients. Acta Neurochir. Suppl. 97/2, 287–291. doi: 10.1007/978-3-211-33081-4_32

 Santos-Almeida, F. M., Domingos-Souza, G., Meschiari, C. A., Fávaro, L. C., Becari, C., Castania, J. A., et al. (2017). Carotid sinus nerve electrical stimulation in conscious rats attenuates systemic inflammation via chemoreceptor activation. Sci. Rep. 7:6265. doi: 10.1038/s41598-017-06703-0 

 Settaluri, K. T., Lo, H., and Ram, R. J. (2011). Thin thermoelectric generator system for body energy harvesting. J. Electron. Mater. 41, 984–988. doi: 10.1007/S11664-011-1834-3

 Shokur, S., Mazzoni, A., Schiavone, G., Weber, D. J., and Micera, S. (2021). A modular strategy for next-generation upper-limb sensory-motor neuroprostheses. J. Med. 2, 912–937. doi: 10.1016/j.medj.2021.05.002 

 Soares, J. Í., da Silva, T. M., Castania, J. A., Reis, U. Á., Roque, L. F. M., Ribeiro, A. B., et al. (2023). Electrical carotid sinus nerve stimulation attenuates experimental colitis induced by acetic acid in rats. Life Sci. 335:122281. doi: 10.1016/j.lfs 

 Stauss, H. M., Stangl, H., Clark, K. C., Kwitek, A. E., and Lira, V. A. (2018). Cervical vagal nerve stimulation impairs glucose tolerance and suppresses insulin release in conscious rats. Physiol. Rep. 6:e13953. doi: 10.14814/phy2.13953 

 Sugandh, F., Chandio, M., Raveena, F., Kumar, L., Karishma, F., Khuwaja, S., et al. (2023). Advances in the Management of Diabetes Mellitus: a focus on personalized medicine. Cureus 15:e43697. doi: 10.7759/cureus.43697 

 Timmers, H. J., Wieling, W., Karemaker, J. M., and Lenders, J. W. (2003). Denervation of carotid baro- and chemoreceptors in humans. J. Physiol. 553, 3–11. doi: 10.1113/jphysiol.2003.052415 

 Vallone, F., Ottaviani, M. M., Dedola, F., Cutrone, A., Romeni, S., Panarese, A. M., et al. (2021). Simultaneous decoding of cardiovascular and respiratory functional changes from pig intraneural vagus nerve signals. J. Neural Eng. 18:0460a2. doi: 10.1088/1741-2552/ac0d42 

 Vera-Cruz, P., Guerreiro, F., Ribeiro, M. J., Guarino, M. P., and Conde, S. V. (2015). Hyperbaric oxygen therapy improves glucose homeostasis in type 2 diabetes patients: a likely involvement of the carotid bodies. Adv. Exp. Med. Biol. 860, 221–225. doi: 10.1007/978-3-319-18440-1_24 

 Vrabec, T. L., Eggers, T. E., Foldes, E. L., Ackermann, D. M., Kilgore, K. L., and Bhadra, N. (2019). Reduction of the onset response in kilohertz frequency alternating current nerve block with amplitude ramps from non-zero amplitudes. J. Neuroeng. Rehabil. 16:80. doi: 10.1186/s12984-019-0554-4 

 Won, S. M., Cai, L., Gutruf, P., and Rogers, J. A. (2023). Wireless and battery-free technologies for neuroengineering. Nat. Biomed. Engin. 7, 405–423. doi: 10.1038/s41551-021-00683-3 

 World Health Organization. (2023) Diabetes. Available at: https://www.who.int/news-room/fact-sheets/detail/diabetes (Accessed January 21, 2024)

 Yao, G., Kang, L., Li, J., Long, Y., Wei, H., Ferreira, C. A., et al. (2018). Effective weight control via an implanted self-powered vagus nerve stimulation device. Nat. Commun. 9:5349. doi: 10.1038/s41467-018-07764-z 

 Yasmin, F., Sahito, A. M., Mir, S. L., Khatri, G., Shaikh, S., Gul, A., et al. (2022). Electrical neuromodulation therapy for inflammatory bowel disease. World J. Gastrointest. Pathophysiol. 13, 128–142. doi: 10.4291/wjgp.v13.i5.128 

 Yi, G., and Grill, W. M. (2020). Kilohertz waveforms optimized to produce closed-state Na+ channel inactivation eliminate onset response in nerve conduction block. PLoS Comput. Biol. 16:e1007766. doi: 10.1371/journal.pcbi.1007766 

 Young, K. C., Teeters, J. C., Benesch, C. G., Bisognano, J. D., and Illig, K. A. (2009). Cost-effectiveness of treating resistant hypertension with an implantable carotid body stimulator. J. Clin. Hypertens. (Greenwich) 11, 555–563. doi: 10.1111/j.1751-7176.2009.00163.x 

 Yu, X., Xie, Z., Yu, Y., Lee, J., Vazquez-Guardado, A., Luan, H., et al. (2019). Skin-integrated wireless haptic interfaces for virtual and augmented reality. Nature 575, 473–479. doi: 10.1038/s41586-019-1687-0 

 Zachs, D. P., Offutt, S. J., Graham, R. S., Kim, Y., Mueller, J., Auger, J. L., et al. (2019). Noninvasive ultrasound stimulation of the spleen to treat inflammatory arthritis. Nat. Commun. 10:951. doi: 10.1038/s41467-019-08721-0 

 Zapata, P., Stensaas, L. J., and Eyzaguirre, C. (1976). Axon regeneration following a lesion of the carotid nerve: electrophysiological and ultrastructural observations. Brain Res. 113, 235–253. doi: 10.1016/0006-8993(76)90939-2 

 Zhou, A., Johnson, B. C., and Muller, R. (2018). Toward true closed-loop neuromodulation: artifact-free recording during stimulation. Curr. Opin. Neurobiol. 50, 119–127. doi: 10.1016/j.conb.2018.01.012 

 Zile, M. R., Lindenfeld, J., Weaver, F. A., Zannad, F., Galle, E., Rogers, T., et al. (2020). Baroreflex activation therapy in patients with heart failure with reduced ejection fraction. J. Am. Coll. Cardiol. 76, 1–13. doi: 10.1016/j.jacc.2020.05.015 


Copyright
 © 2024 Conde, Sacramento, Zinno, Mazzoni, Micera and Guarino. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-18-1378473-g003.jpg
iabetes and T2D population

Evaluation of CB activity

Y

CBmeter

Early diagnosis of metabolic
dysfunction

Predict the efficay of CSN
bioelectronic modulation






OPS/images/fnins-18-1378473-t001.jpg
Effect on

CSN activity

Electrical parameters

Animal
model

Parameters
evaluated

Outcomes

Santos-Almeida
etal. (2017)

s
(2018)

amento et al

Fjordbakk et al.
(2019)

Falvey etal. (2020)

Ribeiro et al.
(2020)

Conde etal.

(2022b)

Biggs ctal. (2022)

Soares etal. (2023)

Acute stimulation

Chronic blocking

~ Iweek

Chroy

blocking

~9weeks

Acute stimulation

Acute blocking

Acute stimulation

Chror

stimulation

Chronic

stimulation

Acute stimulation

Acute blocking

Acute stimulation

Acute stimulation

1mA, 30Hz, 1ms for 1h Rat

Rectangular pulses, 2mA,
50kHz

Symmetric biphasic pulses
(width 1,000ps), 0.2-4mA,
20Hz for 205 Pig

6mA, 20kHz for 305

Rectangular biphasic pulses
100ps5: 2001A, 5Hz or 400 1A,

10Hz, 2min Mouse

20044, 5Hz, 0.1 ms for 5 min,
twice per day for 3 days

5-3V; 1 ms; 30 Hz; 10min per
day during 10days

Rectangular pulses, 2mA,
20KHz for 105

Rectangular pulses, 2mA,

50KkHz for 1 min

Biphasic square waves with a
pulse width and inter-pulse
delay of 1ms, 7.5Hz for 10s.
Amplitudes varying from
S00pA intervals in the 1-5mA

interval

1.5-3V, 1 ms duration,

frequency of 30 Hz for 10min

Inflammatory

cytokines

Ventilation

Insulin sensitivity,

glucose tolerance

“Tidal volume,
respiratory rate, mean
arterial blood pressure,

heart rate

Inflammatory
cytokines,
corticosterone, breath

rate and blood pressure

Inflammatory
cytokines
Inflammatory
response, gene
expression and alveolar
bone loss associated

with periodontitis

Respiratory frequency,
heart rate, mean blood

pressure

Blood pressure, heart
rate,respiration,
seizures, ictal

‘mammalian

reflex

Blood pressure, coltis
scores and histological
parameters, pro and

anti-inflammatory

Prevented lipopolysaccharide-induced systemic
inflammation in conscious rats, which involved both
sympathetic and parasympathetic activation.
Decreased basal ventilation and inhibited the

ventilatory responses to hypoxia in control animals.

Restored insulin sensitvity and glucose tolerance in

conscious type 2 diabetic rats, an effect that was,

reversible.
Increased tidal volume and decreased respiratory
rate, mean arterial pressure and heart rate, in

anesthetized pigs

Block evoked chemo-afferent responses to chemical
hypoxia, namely tidal volume, in anesthetized pigs.
Increased breath rate and decreases arterial blood
pressure in anesthetized mice.

Attenvated inflammation induced by
lipopolysaccharide through the increase in
corticosterone production that act on the

glucocorticoid receptor of myeloid immune cells.

Protected against lipopolysaccharide-induced

endotoxemia shock in conscious mice.

Attenuates alveolar bone loss and inflammation in

experimental periodontitis

Increased respiratory frequency and decreased
blood pressure in anesthetized rats.

Abolished the ventilatory hyposic response in
anesthetized rats but did not alter mean blood

pressure and heart rat.

Stimulation of the CB and CSN significantly reduce
the likelihood of death from ictal mammalian diving
reflex and increases the number of ictal mammalian

diving reflex challenges that an animal can survive

Reduction in colonic tissue lesions, colits scores,
and histopathologic parameters associated with

colitis. Reducti

in colonic mucosa pro-
inflammatory cytokine and increased anti-

inflammatory interleukin-10 in a coliis model





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Bioelectronic modulation of carotid sinus nerve to treat type 2 diabetes: current knowledge and future perspectives



		1 Introduction



		2 Role of carotid body chemoreceptors and of the carotid sinus nerve in the pathogenesis of metabolic diseases



		3 Bioelectronic neuromodulation of carotid sinus nerve to treat type 2 diabetes



		4 Advances in CSN neural decoding to achieve personalized and real-time closed-loop neuromodulation



		5 Predicting the efficacy of CSN electrical modulation in type 2 diabetes through screening of CB activity



		6 Challenges and future perspectives on the use of CSN neuromodulation to treat type 2 diabetes



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/fnins-18-1378473-g001.jpg
Efferent fiber

Afferent fiber

Type L cell

Afferent fiber - CSN.

Respiratory responses

Respiratory rate.
Tidal volume
Respiratory muscles
Airway resistance
Airway secretions

Cardiovascular responses

* Arterial pressure

* Heartrate
* Cardiac output
* Contractiity

* Vascular resistances

Renal responses

Renal blood flow
Urinary flood

Glomerular filtration
Electrolyte excretion

Endocrine responses

Insulin secretion
Glucagon

Output of hepatic
glucose

NE, Epi

Cortisol






OPS/images/fnins-18-1378473-g002.jpg
CSN electrical modulation

Type 2 Diabetes
HFHSu diet - High-fat/High-sucrose

— Without CSN electrical modulation

Electrical modulation

Insulin sensiti
(Kirs: %glucose/min)

Time (weeks) 14 15 2 2
[ | | | |
I | I 1
Electrode Cuffs. Stop KHFAC Animals
implantation neuromodulation sacrificed
Start KHFAC
neuromodulation

KHFAC - kilohertz high frequency altenate current: 50 kHz, 2 mA

— With CSN electrical modulation

Electrical modulation

Glucose tolerance
(AUC: mmol/l x min)

0 15 20 25 30
Time (weeks)

o4
o

0 15 20 25
Time (weeks)

o
o

30





OPS/images/cover.jpg
’ frontiers | Frontiers in Neuroscience

Bioelectronic modulation of
carotid sinus nerve to treat type 2
diabetes: current knowledge and

future perspectives












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neuroscience






