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A B S T R A C T   

Stimulation of the inflammatory reflex (IR) is a promising strategy to treat systemic inflammatory disorders. 
However, this strategy is hindered by the cost and side effects of traditional IR activators. Recently, oral intake of 
sodium bicarbonate (NaHCO3) has been suggested to activate the IR, providing a safe and inexpensive alter-
native. Critically, the mechanisms whereby NaHCO3 might achieve this effect and more broadly the pathways 
underlying the IR remain poorly understood. Here, we argue that the recognition of NaHCO3 as a potential IR 
activator presents exciting clinical and research opportunities. To aid this quest, we provide an integrative review 
of our current knowledge of the neural and cellular pathways mediating the IR and discuss the status of phys-
iological models of IR activation. From this vantage point, we derive testable hypotheses on potential mecha-
nisms whereby NaHCO3 might stimulate the IR and compare NaHCO3 with classic IR activators. Elucidation of 
these mechanisms will help determine the therapeutic value of NaHCO3 as an IR activator and provide new 
insights into the IR circuitry.   

1. The inflammatory reflex: the natural regulator of systemic 
inflammation 

A common denominator of inflammatory disorders is an excessive 
systemic inflammatory response (SIR) that may be acute and/or chronic 
[3,4] (Fig. 1). Yet despite this commonality, suppressing systemic 
inflammation poses a challenge because of the heterogeneity of these 
disorders and the negative side effects of extant therapies. For instance, 

immunotherapy, the most effective treatment for autoimmune diseases, 
targets specific inflammatory mediators and pathways (Fig. 1) and as a 
result can impair vital physiological processes and expose patients to 
lethal infections [5,6]. A promising alternative is to downregulate the 
SIR by stimulating the inflammatory reflex (IR), the intrinsic physio-
logical neural mechanism that suppresses the production of proin-
flammatory cytokines [7–18] (Fig. 1, circle 4). The advantage of this 
approach is that it does not cause undesirable side effects and is more 
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cost-effective [8,19]. However, the development of clinically viable 
methods to activate the IR is still in its infancy. 

One proven method is electrostimulation. Vagal nerve stimulation 
(VNS), the most widely explored, has been successful in experimental 
models of arthritis, colitis, sepsis, and acute kidney injury (AKI) 
[20–24]. In humans, VNS is also emerging as a promising therapeutic 
intervention in clinical trials of numerous inflammatory disorders [26, 
2728–33]. While this method holds much promise, it is costly and 
invasive. Recently, non-invasive VNS has been FDA-released for pain 
associated with episodic cluster headaches [34] and its use in inflam-
matory conditions is progressively growing [35]. 

An alternative method is pharmacological activation. Some of the 
pharmacological mechanisms identified in animal models include 
a7nAChR agonists, centrally acting acetylcholinesterase inhibitors 
(ChEis), central muscarinic Ach receptor agonists, and Aβ2 R agonists 
[10,17,36–38]. In humans, the centrally acting ChEis galantamine, an 
FDA-approved drug for Alzheimer’s disease [39], alleviates inflamma-
tion and insulin resistance in patients with metabolic syndrome [40]. 
However, such pharmacological interventions also carry side effects 
[41]. 

Recently, it has been reported that sodium bicarbonate (NaHCO3) 
might be an activator of the cholinergic anti-inflammatory pathway. 
This discovery is highly significant because NaHCO3 is inexpensive, 
safe, and easy to administer. NaHCO3 has long been prescribed for 
metabolic acidosis and is already FDA-approved, ensuring a rapid 
translation of its therapeutic use from animal models to patients with 

systemic inflammatory conditions. To exploit its therapeutic value, 
however, it will be important to understand how NaHCO3 exerts its anti- 
inflammatory effects. To aid this effort, here we provide an overview of 
current IR models and review the latest evidence on the neural and 
cellular pathways of the IR. On this foundation, we then suggest a series 
of possible mechanisms of action for NaHCO3. The empirical work we 
hope to stimulate will not only establish the clinical relevance of 
NaHCO3 in the treatment of systemic inflammation but also shed light 
on the still controversial IR circuitry. 

2. Classic models of IR activation 

The classic model of IR activation is the cholinergic splenic anti- 
inflammatory pathway (CSAP) first proposed by Tracey two decades 
ago [7]. According to this model, the IR is activated when its afferent 
arm detects the presence of bacteria components such as lipopolysac-
charide (LPS) and inflammatory mediators that stimulate vagal afferents 
[44]. Glutaminergic axonal terminals of the afferent vagus carry this 
information into the nucleus of the tractus solitarius (NTS), which pro-
jects to other brainstem regions such as the locus coeruleus (LC), the 
rostral ventrolateral medulla (RVLM), and the dorsal motor nuclei of the 
vagus (DMV). Completing the IR arc, efferent vagal fibers originating in 
the DMV reach out to celiac ganglia, from which sympathetic fibers 
arise, giving off branches to the splenic nerve to innervate the spleen 
(see Fig. 2)[19,44]. Thus, efferent VNS is proposed to induce the IR by 
increasing activity in the splenic nerve. The resulting release of 

Fig. 1. Schematic overview of the systemic 
inflammatory response, targets of pharma-
cological intervention, and wide spectrum 
of diseases associated with excessive 
inflammation. The following numbers coin-
cide with the circled numbers in the Fig. (1) 
Upon a noxious stimulus (bacteria, cellular 
debris, among others), leukocytes recognize 
typical molecules from pathogens or compo-
nents released during cell damage in the host 
[42], triggering inflammatory intracellular 
pathways such as NF-κB, MAPK, and JAK-STAT. 
(2) Proinflammatory cytokines are released, 
generating more inflammatory mediators that 
reach the bloodstream and/or distant tissues (i. 
e., a systemic inflammatory response, SIR) [43]. 
(3) Over time, unresolved acute or chronic 
inflammation contributes to multiple medical 
conditions. (4) The brain can downregulate 
systemic inflammation through the inflamma-
tory reflex (blue arrow). Figure created by Ilse 
Anton (@science_illustrated_by_ilse)   
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norepinephrine (NE) by the splenic nerve activates a subset of splenic T 
cells in the spleen through β2-adrenergic receptors (β2AR), culminating 
in the release of ACh [8]. Finally, during endotoxemia, ACh interacts 
with α7 nicotinic acetylcholine receptors (α7nAChR) in spleen macro-
phages downregulating the production of proinflammatory cytokines 
[8]. 

An initial controversial aspect of the CSAP model was to understand 
how the parasympathetic vagus nerve activates the sympathetic splenic 
nerve [47]. Based on tracing studies, Tracey and colleagues proposed a 
di-synaptic hypothesis, according to which efferent vagus fibers synapse 
onto the sympathetic celiac ganglia, which in turn contribute fibers to 
the splenic nerve [8,48–50]. While much evidence in favor of the 
di-synaptic hypothesis has since been reported (reviewed below), the 
initial uncertainty surrounding this hypothesis led Martelli and col-
leagues to suggest an alternative model of IR activation (see Fig. 2). 

According to the splanchnic anti-inflammatory pathway (SAP) model, 
the afferent arm of the IR consists of humoral mediators that convey 
information to the brain by crossing the blood-brain barrier (BBB) [51]. 
After central integration, sympathetic premotor neurons located in brain 
regions such as the hypothalamic paraventricular nucleus (PVN), LC, 
and RVML send efferences to sympathetic preganglionic neurons (SPNs) 
in the intermediolateral cell column (IML) of the thoracic spinal cord. 
SPNs in turn send outputs to peripheral effector organs [51], one of 
which is the thoracic splanchnic nerve. Through the fibers it contributes 
to the splenic nerve, the thoracic splanchnic nerve provides what the 
model regards as the primary efferent arm of the IR [51]. 

3. Effector organs of the IR 

While the CSAP and SAP models widely differ in the neural pathways 
they propose, they share a central role for the spleen as the major organ 
of IR activation. Multiple lines of evidence justify this assumption. First, 
LPS administration in mice increases 22 times the concentration of TNFα 
in the spleen in comparison with the liver and 28 times in comparison 
with the lungs [52]. Second, efferent VNS decreases TNFα concentration 
in the spleen by 94%, whereas in the liver and lungs this effect is 
significantly less dramatic [52]. This has been confirmed by measuring 
TNFα mRNA in these organs. Third, efferent VNS does not suppress 
endotoxemia (e.g., reduce TNFα production) in splenectomized animals 
relative to shams [52]. 

While ~90% of the anti-inflammatory effects produced by efferent 
VNS during endotoxemia depend on the spleen, it is also clear that this 
organ is not indispensable for the IR. For instance, no evidence indicates 
that patients with traumatic splenectomy are at perpetual risk of 
excessive inflammation, suggesting that other mechanisms are 
compensating for the role of the spleen. Consistent with this, in a recent 
study, Martelli et al. surgically excised the spleen, adrenal glands, in-
testine, stomach, pancreas, and liver (either all at once or in various 
combinatorial permutations) of splanchnic-severed and sham animals. 
Strikingly, only the simultaneous excision of all these organs fully 
eliminated the difference in LPS-induced TNFα levels normally observed 
between splanchnic-severed and sham animals. While the implications 
of these findings lie outside the CSAP framework, they have been readily 
accommodated by the SAP model. This is because the splanchnic nerve 
targets multiple organs, in addition to the spleen, that have also been 
implicated in the IR. Although our primary focus will be the spleen, we 

Fig. 2. Summary of IR models. Tracey’s orig-
inal CSAP model is depicted in solid yellow 
lines. Further parasympathetic pathways 
discovered since his proposals appear in broken 
yellow lines. Afferent information reaches the 
brain via vagus afferents (not shown). After 
central integration, the DMV nucleus sends ef-
ferents into the celiac, suprarenal, and superior 
mesenteric ganglia (S-C-M ganglia), which 
contribute fibers to the splenic nerve, consistent 
with the di-synaptic hypothesis (see Section 
4.2.1). Martelli’s et al. original SAP model is 
shown in solid purple lines. Broken purple lines 
represent further sympathetic pathways re-
ported since. Humoral afferent inflammatory 
information reaches the brain after crossing the 
BBB (not shown). After central integration, the 
information is sent to preganglionic neurons at 
RVM/IML, from where the splanchnic thoracic 
nerve branches either directly to the splenic 
nerve (see 4.2.1 section) or to postganglionic 
neurons in the S-C-M ganglia (see Section 
4.2.1). Sympathetic fibers from the S-C-M 
ganglia then contribute to the splenic nerve. In 
addition to the previously known sympathetic- 
phenotype splenic branches, additional apical 
branches have been recently described which 
exhibit a mixed sympathetic/parasympathetic 
phenotype [45,46]. BBB: Blood-brain barrier; 
DMV: Dorsal motor nuclei of the vagus; IML: 
Intermediolateral nucleus. Figure created by 
Ilse Anton (@science_illustrated_by_ilse)   
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shall briefly consider the possible role of other IR effector organs when 
considering the mechanisms of action of NaCOH3. 

Next, we describe the evidence for, against, and beyond the scope of 
the CSAP and SAP models with regard to the neural pathways that, from 
the brain to the spleen, regulate the IR. As will become apparent, the 
evidence suggests that the two models are not mutually exclusive. 

4. Neural substrates of the IR 

4.1. IR regulation by the Central Nervous System 

The Central Nervous System (CNS) controls the inflammatory 
response during systemic inflammation via four main mechanisms: 1) 
the release of glucocorticoids via activation of the hypothalamic- 
pituitary-adrenal (HPA) axis [53], 2) the activation of the sympathetic 
nervous system [54,55], 3) the release of physiological neuromodulators 
that regulate innate and adaptive immune responses [55,56], and 4) the 
classic IR activation triggered by sympathetic and parasympathetic 
pathways ending in the spleen [7,57]. With regard to the latter, tracing 
studies [1,2,25] have implicated a set of brain regions in the IR that 
include the rostral ventromedial medulla (RVLM), insular cortex (IC), 
hypothalamus, hippocampus, nucleus of the tractus solitarius (NTS), 
dorsal motor nuclei of the vagus (DMV), and area postrema (AP) [19] 
(Box1; for review of tracing studies, [1]). On the other hand, functional 
studies employing optogenetic stimulation and/or knockout models 
have confirmed a role for some of these regions in the suppression of 
systemic inflammation during endotoxemia [58]. 

4.1.1. Brainstem 
At the level of the brainstem, DMN, RVLM, and LC are part of a 

neural circuit that, in communication with the hypothalamic PVN, in-
tegrates parasympathetic, sympathetic and the HPA axis output {Elen-
kov et al., 2000; Pavlov and Tracey, 2017; Webster et al., 2002}. 
Optogenetic stimulation of DMV cholinergic neurons in mice increases 
splenic nerve activity, inhibiting the production of LPS-induced TNFα 
[58] as predicted by Tracey’s model. In addition, unilateral optogenetic 
stimulation of RVLM C1 neurons in mice ameliorates renal 
ischemia-reperfusion injury (IRI), in keeping with Martelli’s model [59]. 
This stimulation mimics the protective effects from IRI of acute stress 
induced by short physical restraint, consistent with the role of RVLM in 
acute stress [60]. In the same study, either the destruction or temporary 
inactivation of RVLM C1 neurons eliminated this effect, suggesting that 
these neurons are not only sufficient but also necessary for IRI protec-
tion. Critically, this effect is absent in mice who have undergone 
C1-RVLM optogenetic stimulation following splenectomy or exposure to 
the ganglionic blocker Hexamethonium and the beta2 R blocker 
Butoxamine. Thus, protection from IRI requires the presence of the 
spleen, the mediation of the autonomic nervous system, and beta-2 
pathways, which is consistent with both the CSAP and SAP models of 
IR activation. In the same study, however, subdiaphragmatic vagotomy 
did not protect from IRI [59], suggesting that the effect is SAP-mediated 
( Fig. 3). 

4.1.2. Forebrain 
At the level of the forebrain, communication between limbic struc-

tures such as the basal forebrain cholinergic neurons (BFCN), amygdala, 
thalamus, hypothalamus, hippocampus, cingulate gyrus, and insular 

Box1 
Tracing studies drafting central brain areas involved in spleen innervation. 

Below are cardinal tracing studies providing evidence of a brain-spleen connection (see also Fig. 2, and 3). A comprehensive review of brain- 
spleen tracing studies and methodologies has been recently published [1].  

• In the first brain-spleen retrograde tracing study, Cano et al. (2001) injected pseudo-rabies virus (PRV) into the spleen and conducted a 
temporal analysis of the progression of the infection [2]. The first infected neurons in the brain were observed in the ventromedial medulla, 
rostral ventrolateral medulla (VLM), PVN, Barrington’s nucleus, and caudal raphe (some areas not shown in Figs. 2 and 3). At intermediate 
survival times, the infected neurons appeared in the lateral hypothalamus, A7 region, locus coeruleus, subcoeruleus region, NTS, and C3 cell 
group. At longer intervals, infected neurons were found in additional hypothalamic areas, Edinger-Westphal nucleus, periaqueductal gray, 
pedunculopontine tegmental nucleus, caudal ventrolateral medulla, and area postrema, medial preoptic nucleus (MPO), arcuate nucleus, and 
CeA.  

• Casual evidence was provided by Buji el al. (2008), who compared the results of sympathetic spleen denervation (splenic arterial branches) 
and parasympathetic spleen denervation (clearing connective tissue at spleen poles) [25]. Two days after a PRV injection, the group with 
sympathetic spleen denervation displayed labeled neurons in the DMV only, while the group with parasympathetic denervation had labeled 
neurons in IML. Longer survival times after sympathetic denervation resulted in the presence of labeled neurons in the brainstem and higher 
brain areas known to project to the DMV. These areas included circumventricular organs (CVO) of the brain (area postrema, the organum 
vasculosum of the lamina terminalis, and the subfornical organ), central nucleus of the amygdala (CeA), medial preoptic nucleus, insular and 
prefrontal cortices. In addition, the authors showed neuronal activation (c-fos expression) in the CVOs after intravenous LPS administration. 
Below is a summary of their results organized by post-injection day and brain area.  

o Sympathetic spleen denervation:  

✓ Day 3: DMV  
✓ Day 4: DMV, NTS, AP, nucleus ambiguous (NA), Rostral ventrolateral medulla, PVN, several other hypothalamic areas, prefrontal cortex, 

insular cortex, organum vasculossum of lamina terminalis, subfornical area, bed nucleus of the stria terminalis.  
✓ Day 5: the areas observed in day 3 and day 4, plus nucleus accumbens and lateral septum  

o Parasympathetic innervation:  

✓ Day 3: IML  
✓ Day 4: IML, PVN 
✓ Day 5: IML, Layer I, LC, A5 cell group, rostral ventrolateral medulla, raphe pallidus nucleus, PVN, lateral hypothalamus, zona incerta, su-

prachiasmatic nucleus and prefrontal cortex.  
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cortex, and the aforementioned brainstem regions has long been known 
to contribute to autonomic functions, including immune regulation 
{Benarroch, 1993; Pavlov and Tracey, 2017; Shipley, 1982}; for an 
overview of candidate brain regions associated with the IR in rodents 
(see Fig. 4). 4. For example, BFCN have been shown to play an important 
role in the suppression of systemic inflammation. Selective forebrain 
cholinergic deficiency in vesicular acetylcholine transporter 
− /− knockout mice tonically increases plasma TNFα levels during 
endotoxemia [61]. In contrast, optogenetic stimulation of cholinergic 
neurons in the medial septum nuclei [62] and the right basal forebrain 
[63] suppresses, respectively, TNFα levels and pro-inflammatory cyto-
kine production in two models of sepsis. In another study, optogenetic 
stimulation of BFCN also decreased TNFα and IL-6 production but, 
remarkably, did not increase the production of IL-10, a cytokine asso-
ciated with SAP. This, combined with the fact that ablation of the left 
cervical vagus eliminates this effect, confirms that the efferent vagus is 
required for BFCN photoactivation to reduce systemic inflammation, 
consistent with Tracey’s model. 

Importantly, BFCN modulate neural activity in brainstem areas 
associated with suppression of inflammation. For example, optogenetic 
stimulation of BFCN increases c-fos expression in brainstem areas such 
as DMV and ventral NTS, suggesting cholinergic BFCN projections to 
these nuclei mediate the downregulation of systemic inflammation [63]. 
Moreover, immunolabeling in DMV and ventral NTS after BFCN pho-
tostimulation revealed an elevated number of double-positive c-Fos/TH 
neurons and only a few c-Fos/ChAT neurons, pointing to an unexpected 
catecholaminergic phenotype of most of the activated neurons in NTS 
and DMV [63]. Consistent with this, sympathetic denervation of the 
spleen with 6-OHDA eliminated the suppressive effects of cholinergic 
BFCN stimulation on endotoxemia [63]. This finding suggests that the 
neural pathway stemming from BFCN converges through the efferent 
vagus on catecholaminergic input to the spleen. Whether vagus efferent 
inputs to the splenic nerve bypass the celiac ganglia and rely on cate-
cholaminergic specifically dopaminergic neurons [64–66] remains to be 
determined. 

More functional studies are needed to further characterize the IR 
circuitry and its link with innate and adaptive immunity. Some forebrain 
areas are indirectly implicated in the IR and remain to be tested 
empirically. In a recent study by Zhang et al., corticotropin-releasing 

hormone (CRH) neurons in the PVN and central nucleus of the amyg-
dala (CeA) were optogenetically stimulated in mice previously immu-
nized with either T-dependent or T-independent antigens [67]. In mice 
immunized with a T-dependent antigen, this stimulation increased 
splenic nerve activity and enhanced the production of splenic plasma 
cells (SPPC). Critically, this increase in SPPC requires NE release from 
the splenic nerve to activate ChAT+ T cells, which in turn stimulate B 
cell production via α9nAChR pathways. Except for the role of α9nAChR 
rather than α7nAChR, this mechanism is otherwise identical to that 
described for the CSAP activation [67]. Thus, Ach released by ChAT+ T 
cells modulates both innate and adaptive immune pathways by simul-
taneously activating α7nAChR in monocytes and α9nAChR in B cells. In 
the same study, Zhang et al. find that mild but not intense stress 
enhanced the production of T-dependent SPPC in mice with a patent 
splenic nerve and increased the activity of PVN and CeA CRH neurons 
[67]. The reciprocal connections among PVN, CeA, and RVLM C1 neu-
rons and the role of the latter in acute stress-mediated IR activation 
suggest that these areas might form a circuit involved in IR and adaptive 
immunity regulation. Taken together, the evidence indicates that 
boosting the IR and adaptive immunity requires an increase in the ac-
tivity of the splenic nerve. 

4.2. Spleen innervation 

4.2.1. Vagus-splenic communication 
As mentioned above, the CSAP model posits that the efferent vagus 

communicates with the spleen via the celiac ganglia. Consistent with 
this, efferent VNS fails to suppress splenic and serum levels of TNFα in 
animals with common celiac branch vagotomy, but not with ventral 
subdiaphragmatic vagotomy (i.e., severed afferent but intact efferent 
vagal fibers). This pattern of results indicates that intact vagal inner-
vation via the common celiac branches is required for vagus nerve 
regulation of splenic and systemic TNFα. Some studies, however, have 
failed to find a dense innervation of the spleen by the celiac ganglia [51, 
68]. For instance, while an anterograde tracer inoculated in DMV stains 
the celiac but not the suprarenal ganglia, a retrograde tracer placed in 
the spleen results in 89% bilateral staining in the suprarenal ganglia and 
only 11% in the left celiac ganglion [68]. This suggests that the efferent 
vagus might communicate with the spleen via ganglia other than or in 

Fig. 3. Brain circuits associated with the IR 
regulation. 1) pH changes driven by oral 
NaHCO3 intake stimulate afferent vagal fibers 
that synapse on second-order neurons in the 
brainstem NTS (in blue). 2) These neurons 
project locally within the brainstem to the 
DMV and RVML nuclei, two core efferent 
autonomic structures carrying, respectively, 
parasympathetic (i.e., CSAP-related, in yellow) 
and sympathetic (i.e., SAP-related, in purple) 
outputs. Some of these outputs converge on the 
splenic nerve, activating the IR. Still, within the 
brainstem, the NTS further projects to the LC, 
stimulating the ascending noradrenergic sys-
tem, and to the nucleus ambiguous. Subcorti-
cally and cortically (in white) NTS projects to 
the hypothalamus, amygdala, thalamus, nu-
cleus accumbens (not shown), insular cortex, 
prefrontal cortex, cingulate gyrus (not shown), 
and the cerebellum (not shown). 3) Some of the 
forebrain regions are also targeted by the 
ascending noradrenergic system, which in-
cludes the amygdala, the basal forebrain 
cholinergic system, the hypothalamic PVN nu-
cleus, and insular, cingulate, and prefrontal 
cortices, which are also directly targeted by the 

NTS. 4) These forebrain structures project back to NTS, DMV, and RVML, further modulating IR-related efferences. Figure created by Ilse Anton 
(@science_illustrated_by_ilse)   
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addition to the celiac. An example of the latter is provided by the su-
perior mesenteric ganglia (SMG). Optogenetic stimulation of the SMG 
suppresses endotoxemia in serum, spleen, and mesenteric lymph nodes, 
but not in inguinal lymph nodes, whereas optogenetic inhibition elim-
inates the suppressive effect of cervical VNS on TNFα production [69]. A 
further possibility are the suprarenal ganglia. However, whether the 
efferent vagus innervates the suprarenal ganglia also remains contro-
versial, with some studies reporting that it does [48,49] and others that 
it does not [68]. 

Recent studies shedding light on the innervation of the spleen further 
support the CSAP model. Guyot et al. (2019), for instance, described 
three branches of the splenic nerve in mice (Fig. 4). These comprise two 
arterial branches running along the splenic arteries and entering the 
hilum (medial/concave side of the spleen), and a third branch 

connecting to the apical pole without blood vessel association [46]. All 
three branches stained for tyrosine hydroxylase (TH), indicating the 
presence of sympathetic neurotransmitters. Strikingly, the apical branch 
also stained for cholinergic markers and is the only branch showing 
cholinergic activity, suggesting a vagal origin for some of its fibers [46]. 
This implies that the efferent vagus might directly innervate the spleen 
by contributing fibers to the apical splenic branches (see Section 4.2). 

Additional lines of evidence for a direct vagus-spleen connection are 
provided by a recent study in rats [45]. First, cervical (cVN) and sub-
diaphragmatic (sdVNS) vagal stimulation in rats increased activity in the 
splenic nerve apical branches (SN-1). Second, a retrograde tracer placed 
in SN-1 stained the cervical vagus as well as DMV neurons. Third, a 
direct cVN-SN1 link was further suggested by simultaneous recordings 
of spontaneous activity in the cervical vagus (cVN) and all splenic 

Fig. 4. Splenic anti-inflammatory cellular 
mechanisms. (A) Apical splenic nerve stimula-
tion engages cholinergic (purple dashed line) 
and adrenergic (orange dashed lines) fibers. 
Upon release, ACh and NE bind, respectively, to 
α7nAChR (in orange) and βA2R (in purple) on 
macrophages. This suppresses the production of 
TNFα during endotoxemia via two parallel 
mechanisms acting simultaneously. (B) Upon 
arterial splenic nerve stimulation, NE binds to 
ChAT+ T cells, which in turn release ACh. Ach 
acts on α7nAChR-expressing monocytes (in or-
ange), inducing an anti-inflammatory polariza-
tion. ACh can also bind to α9nAChR-expressing 
B cells (in green), increasing T-dependent anti-
body formation. (C) NE release after (apical or 
arterial) splenic nerve stimulation act on βA2R 
located on splenic stromal cells. βA2R activa-
tion induces the release of the chemokine 
CCL13, which regulates the migration of 
ChAT+ T/B cells in the spleen. βA2R further 
modulate the expression of CCR2 on mono-
cytes—the most important chemokine receptor 
during inflammation. (D) Mesothelial cells (in 
yellow) binding to the spleen capsule. Upon 
changes in the peritoneal environment, 
ChAT+ mesothelial cells release ACh, resulting 
in equivalent effects to arterial splenic stimu-
lation (B). Figure created by Ilse Anton 
(@science_illustrated_by_ilse)   
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terminal branches under conditions of hypoxia and vaso-
dilation/hypotension induced by nitroprusside (NPS) stimulation. Spe-
cifically, activity changes in cVN immediately following NPS 
administration were closely followed in time by an increase in SN-1 
activity. It should be noted that four splenic nerve terminal branches 
were reported in the rat, numbered SN-1 through SN-4, with SN-1 likely 
corresponding to the mouse’s apical branch (SN-1) and SN-2 through 
SN-4 corresponding to the mouse’s arterial branches (SN-2 & SN-3). 

While the relative contribution of mono- vs. di-synaptic vagus- 
splenic nerve pathways remains to be determined, the body of evidence 
provides ample support for Tracey’s CSAP model. However, other pos-
sibilities must be considered. Martelli and colleagues have suggested 
that the efferent vagus might communicate with the spleen via a non- 
neural pathway. Specifically, based on evidence that the efferent 
vagus innervates the gut-associated lymphoid tissue (GALT) [48], they 
proposed that efferent vagal stimulation might mobilize lymphocytes 
such as ChAT + T cells. Under endotoxemia, these cells would migrate to 
the spleen, where they would release ACh and activate the IR [70,71]. A 
further possibility not contemplated by Martelli’s group is that the 
endothelium in the spleen, which expresses α7nAChR and is an indirect 
target of VNS, might serve as a regulator of leukocyte trafficking and 
thereby contribute to the IR activation [72–74]. Alongside the 
anatomical connections mentioned above, these non-neural mechanisms 
might contribute to the IR triggered by efferent VNS. 

4.2.2. Splanchnic-splenic communication 
While the above evidence suggests that the efferent vagus commu-

nicates with the spleen through multiple pathways, Martelli and col-
leagues have provided evidence that the thoracic splanchnic nerve can 
also mediate brain-spleen communication. Electrical stimulation of this 
nerve produces action potentials in the splenic nerve [51], and intra-
venous LPS administration causes a sustained rise in efferent activity in 
the greater splanchnic nerve and its splenic branch. Critically, admin-
istering LPS after severing the splanchnic nerve produces a dramatic 
increase in TNFα production in serum. In addition, and perhaps more 
problematic for Tracey’s model, complete bilateral vagotomy (i.e., of 
both afferent and efferent fibers) after LPS administration does not 
reduce either splanchnic or splenic nerve activity, suggesting the 
absence of efferent vagal control over the splanchnic-mediated IR acti-
vation [51]. 

To further test the SAP model, Martelli and collaborators have also 
activated the IR by stimulating abdominal afferent vagal fibers, which 
contrasts with the cervical efferent vagal stimulation used by Tracey’s 
group [75]. Consistent with SAP, severing sympathetic splanchnic fibers 
was found to abolish the suppression of endotoxemia induced by 
abdominal afferent VNS [75]. Interestingly, severing efferent vagotomy 
did not [75], suggesting that SAP and CSAP might be parallel IR path-
ways. This is also suggested by the fact that, while both types of VNS 
suppress TNF production during endotoxemia, only afferent VNS in-
creases IL-10 and adrenaline production in serum [75,76]. The same 
effect, albeit less intense, was observed after manipulating the abdom-
inal afferent vagus in preparation for electrical stimulation [75]. Further 
evidence that SAP and CSAP constitute parallel IR pathways comes from 
the distinct cellular pathways engaged by afferent and efferent VNS. 

5. Cellular substrates of the IR 

5.1. Modulation by NE of immune cell migration in the spleen 

A pending question surrounding the IR is how NE release causes 
immune cells within the spleen parenchyma to trigger anti- 
inflammatory cellular pathways. The spleen parenchyma is densely 
and exclusively innervated by sympathetic fibers [47]. Indeed, 
TH-positive sympathetic terminals are reportedly in close contact with 
spleen lymphocytes [1,77–80]. This has led to the suggestion that IR 
activation occurs via direct contact of NE-releasing sympathetic splenic 

nerve branches with ChAT+ T cells [8]. However, recent evidence 
suggests a distribution of immune cells influenced by chemokine gra-
dients, providing another mechanism for neurotransmitter-immune cell 
interaction [47]. Specifically, TH+ fibers were observed within prox-
imity of blood vessels and follicular macrophages [47]. Using a novel 
procedure that allows whole-tissue 3D assessment of mouse immune 
organs (immuView), this study further reported a hitherto unknown 
panicle-shaped sympathetic structure in the spleen parenchyma. 
TH-positive terminals in this structure were observed inside and out of 
CD169 + follicles (constituted by follicular macrophages) and spatially 
colocalized with endothelial vasculature (PECAM1 +). Critically, the 
proximity of splenic nerves and blood vessels has since been also 
described in humans, where vascular adventitia surrounds splenic nerve 
endings [81]. 

Further evidence for a chemokine gradient mechanism inside the 
spleen comes from a study showing that chemical sympathectomy 
substantially reduces the expression of chemokine CXCL13 [82]. This 
chemokine is released by β2AR-expressing stromal splenic cells present 
throughout the spleen parenchyma and binds to its cognate receptor 
CXCR5 on ChAT+ lymphocytes [82]. On this basis, Murray et al. pro-
posed that adrenergic innervation modulates stromal cell chemokine 
production, which in turn recruits ChAT+ lymphocytes within the 
spleen [82]. Furthermore, norepinephrine (NE) can also modulate 
macrophage and monocyte migration by regulating the expression of 
CCR2, the associated receptor for the chemokine CCL2 [83]. Addition-
ally, recent work points to CCR2 as the primary driver of monocytic cells 
recruitment during acute inflammation [83] (Fig. 4, D). 

5.2. IR-related intracellular pathways triggered by direct or indirect 
splenic nerve stimulation 

Multiple studies have examined the immune intracellular pathways 
engaged by direct splenic nerve stimulation [84]. Notably, Guyot et al. 
recently investigated the effect of stimulating arterial and apical splenic 
nerve branches independently [46]. Stimulation of arterial branches 
decreased LPS-induced TNFα production in wild type (Fig. 4 A), but not 
in nude or α7nAChRKO mice [46]. This indicates that the effect was 
mediated by ChAT T cells and α7nAChR on spleen macrophages, 
respectively [8]. On the other hand, stimulation of the apical branch 
suppressed endotoxemia both in nude and α7nAChRKO mice. Specif-
ically, apical stimulation produced as strong an effect in nude mice as in 
wild types, whereas in α7nAChRKO animals the effect was half the 
magnitude. In a further study, apical stimulation also produced half the 
suppressive effect in β2ARKO mice compared with that observed in wild 
types, suggesting the existence of complementary and parallel 
α7nAChR- and β2AR-mediated cellular pathways [46] (Fig. 4). 

The newly described splenic nerve branches in rats [45] raise the 
possibility of further functional specializations among individual splenic 
nerve branches in terms of their immune cellular effects. For instance, 
different roles might be fulfilled by the strictly sympathetic SN2–4 
branches compared with the hybrid sympathetic/parasympathetic SN-1 
branch. Similarly, SN-1 and SN-3 branches, which reportedly display 
tonic activity [45], might be necessary to maintain a basal level of 
healthy immunity in the same way that tonic activity is necessary to 
maintain baseline vasoconstriction of the blood vessels [85]. 

Whatever the merits of this speculation, it is interesting to note that 
the results of Guyot et al. are echoed by studies stimulating the splenic 
nerve indirectly via either afferent or efferent VNS [46]. Specifically, 
like apical nerve stimulation, abdominal afferent VNS suppresses 
endotoxemia in α7nAChRKO and nude mice exclusively relying on β2AR 
pathways [46]. In contrast, like arterial splenic nerve stimulation, 
efferent VNS fails to suppress endotoxemia in α7nAChRKO and nude 
mice, which suggests the need for lymphocytes in addition to α7nAChRs. 
Consistent with this, the infusion of T ChAT+ cells in nude mice restores 
the ability of efferent VNS to suppress endotoxemia [8]. Curiously, the 
administration of β2AR-antagonists to endotoxemic mice eliminates the 
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anti-inflammatory effect induced by both afferent and efferent VNS 
[86]. Thus, while both types of VNS are dependent on β2AR signaling, 
only the efferent VNS requires α7nAChRs and T ChAT+ cells. Since 
afferent and efferent VNS are upstream from the splenic nerve branches, 
this pattern of results raises the possibility of shared anatomical path-
ways. This would require, on the one hand, abdominal afferent VNS to 
preferentially stimulate splenic nerve apical branches via the SAP, as 
well as efferent VNS fibers to preferentially stimulate splenic nerve 
arterial branches via the di-synaptic hypothesis. 

However, the functional equivalence between efferent VNS and 
stimulation of arterial but not splenic nerve apical branches flies in the 
face of the aforementioned evidence for a direct connection between the 
efferent vagus and apical, but not arterial splenic nerve branches. We 
can only speculate that the efferent VN fibers feeding the apical splenic 
nerve might make up too small a proportion of the total efferent VN 
fibers for efferent VNS—which is typically conducted at the cervical 
level—to stimulate abdominal splenic nerve apical fibers to a significant 
degree. 

Taken together, the above findings demonstrate that IR-related 
cellular pathways can be activated in the spleen by stimulating the 
afferent and efferent vagus, as well as the arterial or apical splenic nerve 

branches. Stimulation of the efferent vagus and arterial splenic nerve 
branches activate IR relying on Chat+ T cells, α7nAChR, and β2AR 
pathways, whereas afferent vagus and apical splenic nerve stimulation 
only need β2AR pathways. This coupling suggests the continuity of 
specific anatomic and physiologic pathways. Yet whether the continuity 
between specific types of electrostimulation and immune regulatory 
mechanism is anatomical, functional, or a combination of both needs to 
be further assessed. Overall, these data bolster the notion that the CSAP 
and SAP models might be complementary, with CSAP representing the 
parasympathetic, and SAP the sympathetic branch of the IR. Given the 
vital role of the IR against inflammatory threats, it makes adaptive sense 
for this response to be triggered by heterogeneous yet partly overlapping 
mechanisms. 

6. NaCOH3 as a potential IR activator: mechanisms of action 

Recently, Ray et al. [87] reported an anti-inflammatory monocyte 
polarization in the blood of healthy humans 3 h after a single oral dose 
of NaHCO3 (2 g dissolved in 250 ml of water) relative controls receiving 
the equivalent molar load of NaCl (1.39 g). A similar effect was found in 
rats administered a 0.1-M NaHCO3 solution for three consecutive days 

Fig. 5. Hypothetical mechanisms of NaHCO3- 
induced splenic IR activation. A (1). Oral 
NaHCO3 intake decreases stomach acidity, 
stimulating gastrin release by G cells [90]. 
Gastrin activates enterochromaffin cells (EC) by 
binding to gastrin-receptors on their membrane 
[91]. Excitation of ECs stimulates afferent vagal 
fibers via neuropods [92]. The EC-vagal neuron 
communication connects the gut lumen to the 
brainstem (NTS). [93–96]. A (2). After central 
integration in NTS, efferent information flows 
out via the vagus or splanchnic nerves to the 
splenic nerve, inducing the anti-inflammatory 
shift. Additional efferent autonomic fibers 
reach the visceral submesothelium, stimulating 
the underlying ChAT+ mesothelial cells 
attached to the spleen capsule to release ACh, 
which might also contribute to the 
anti-inflammatory shift. B. Alternatively, 
NaCHO3-induced increases in stomach acidity 
might be sensed by peritoneal mesothelial cells, 
which could stimulate ChAT+ mesothelial cells 
to release ACh via an unknown mechanism 
[70]. C. After oral intake, NaHCO3 dissociates 
into Na+ and HCO3-, the latter of which rea-
ches the bloodstream and eventually might 
reach: 1) NTS by the area postrema where can 
directly modulate brain function by unknown 
mechanisms spreading this information to 
brainstem and forebrain areas after NTS inte-
gration (see Fig. 3), and/or 2) the choroid 
plexus, where it can be transported into the 
cerebrospinal fluid (CSF) by ependymal cells 
[97,98]. An alkaline shift in the CSF has been 
shown to stimulate CSF-contacting neurons in 
the brain parenchyma [99], whose axons target 
multiple areas across the brain, some of which 
might be IR-related [100]. Figure created by 
Ilse Anton (@science_illustrated_by_ilse)   
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as drinking water in comparison with controls given a 0.1-M NaCl so-
lution. Flow cytometry analysis of the spleen and left kidney of 
NaHCO3-treated rats showed an increase in the total number of 
FOXP3 +CD4 + T-lymphocytes and anti-inflammatory monocytes (M2), 
whereas monocytes with a predominantly proinflammatory phenotype 
(M1) decreased. The monocyte polarization was clearest when 
expressed as the number of proinflammatory monocytes divided by 
anti-inflammatory monocytes (M1/M2). Furthermore, this finding was 
independently validated by the pattern of mRNA expression of macro-
phages isolated from the spleen of NaHCO3- or NaCl-treated rats (iNOS 
mRNA expression to confirm M1 and Arginase mRNA expression to 
confirm M2 polarization). Importantly, the monocyte polarization in 
rats was eliminated by moving the spleen to the midline of the 
abdominal cavity and exposing its poles, suggesting the mediation of the 
splenic IR [87,88] (Fig. 5). Additionally, the effect was abolished in 
animals administered a proton pump inhibitor along with NaHCO3, 
suggesting a dependence on stomach acidity changes and a possible 
suppressive effect on the IR which could potentially lead to worsening of 
patients with systemic inflammation. Below, we review several hypo-
thetical mechanisms whereby oral NaHCO3 intake might potentially 
activate the IR. Below, we review several hypothetical mechanisms 
whereby oral NaHCO3 intake might activate the IR. 

6.1. Stomach-spleen pathways mediating the NaCOH3-induced IR 
activation 

6.1.1. Role of the spleen capsule’s mesothelial cells 
A key finding of Ray et al. [87] was that moving the spleen to the 

midline of the abdominal cavity fibrosed a previously unknown mono-
layer of cells attached to the inferior and anterior border of the spleen rat 
capsule [87,88]. Since these cells stained for mesothelin, the authors 
identified them as mesothelial. However, unlike other mesothelial cells 
(but like some neural fibers), they stained for PGP9.5 and choline 
esterase but not for TH [87,88]. Furthermore, these mesothelial cells 
overlie a dense network of nerve terminals within the spleen capsule, 
approximately half of which stains for TH but not for cholinergic 
markers. This led Ray et al. to suggest that those terminals, which likely 
belong to the splenic nerve, might communicate with the mesothelial 
cells [87,88]. Consistent with this, efferent vagotomy did not fibrose 
these cells. 

Ray et al. hypothesized that NaHCO3′s effects might be mediated by 
a change in pH in the gastrointestinal tract (GI) which drives the 
mesothelial cells to release ACh indirectly through the vagus nerve or 
other unknown mechanisms. It is this ACh release that might activate 
the IR via a direct action on a) the spleen monocytes, and/or b) the 
underlying neural sympathetic network activating splenic nerve fibers 
[70] (Fig. 4, D). 

It is worth considering the possibility that the disruptive effects of 
spleen displacement on the NaHCO3-induced IR activation might not be 
mediated by the mesothelial layer. Displacing the spleen involves the 
removal of connective tissue at the borders and poles of the organ [70]. 
Previous evidence suggests that removal of this tissue at the poles of the 
mouse spleen while preserving the hilum attenuates the IR activation as 
measured by higher levels of TNF production during endotoxemia [25, 
89]. These findings were taken as evidence of parasympathetic inner-
vation reaching the spleen poles. Consistent with this, in mice the poles 
are innervated by splenic nerve branches that stain positive for cholin-
ergic markers [46]. Moreover, as mentioned in Section 4.2.2, a direct 
vagus-apical splenic nerve connection has been reported in rats [45]. 
Thus, it remains to be determined whether the effects of Ray et al. are 
the consequence of damaging the mesothelial cell layer, the splenic 
nerve branches, or both [87,88]. 

6.1.2. CNS-mediated stomach-spleen communication 
We propose that the stomach-spleen communication might also be 

mediated by the CNS. This would require stomach acidity changes to be 

sensed by the CNS and, after central integration, activate the IR via CSAP 
and/or SAP converging into the splenic nerve. Given that mucosal vagal 
afferents are stimulated by pH, osmotic, and chemical changes [101], 
one possibility is that NaHCO3 activates afferent vagal fibers. In the 
stomach, NaHCO3 breaks down into Na+ and HCO3- ions, changing the 
stomach pH or even local osmolarity. In support of this possibility, 
alkalinization of the stomach by direct infusion of NaHCO3 into the 
lumen has been reported to increase gastrin concentration in humans 
independently of gastric distention or the presence of Na+ [102]. This 
effect has been hypothesized to involve a direct effect of NaHCO3 on the 
G-cells, the suppression of gastrin secretion inhibitors, or the activation 
of hormonal or neural pathways that indirectly boost the production of 
gastrin [102]. This raises the possibility that oral NaHCO3 increases 
gastrin release by G cells [90], which is known to activate enterochro-
maffin cells (EC) by binding to gastrin-receptors on their membrane 
[91]. Excitation of ECs has been shown to stimulate afferent vagal fibers 
via neuropods [92] and thereby convey information from the gut lumen 
to the brainstem (NTS) in a matter of seconds [93–96] (Fig. 5). 

We hypothesize that the resulting afferent vagal stimulation might 
share a common sequence of events with vago-vagal reflexes. The gastric 
vago-vagal reflex involves stimulation of predominantly glutaminergic 
sensory vagal afferents from the stomach that converge on second-order 
neurons within the NTS [103–105]. After neural integration, GABAergic 
neurons in the NTS then project to DMV, where they modulate two 
populations of preganglionic motoneurons. One of these populations 
constitutes the nonadrenergic, noncholinergic efferent vagal pathway, 
which plays an inhibitory role in gastric function [103–105]. The second 
population constitutes the cholinergic-muscarinic efferent vagal 
pathway, which plays an excitatory role in gastric function. Given that 
the efferent vagus directly connects to the apical branches of the splenic 
nerve [45], we speculate that this latter population might also be 
responsible for the NaHCO3 effects on the IR. 

Beyond vago-vagal reflexes, NTS is an integrative center for visceral 
afferents projecting to multiple areas in brainstem and forebrain [106]. 
As mentioned above, the brainstem NTS connects to DMV and RVML, 
which constitute core centers for reflex regulation of vagal and sympa-
thetic outflow, respectively. Still within the brainstem, NTS projects to 
the dorsal raphe nucleus, parabrachial nucleus, LC and other areas 
[106]. These areas target other CNS regions via widespread connections. 
At the forebrain level, NTS projects to PVN, central amygdala, stria 
terminalis and cingulate cortex, which in turn establish reciprocal reg-
ulatory connections with vagal and sympathetic outflow centers in the 
brainstem {Elenkov et al., 2000; Pavlov and Tracey, 2017; Webster 
et al., 2002}. Thus, by modulating the NTS, oral NaHCO3 intake might 
reflexively stimulate the IR via sympathetic and parasympathetic 
mechanisms. One such mechanism could be the SAP sympathetic and 
CSAP parasympathetic branches that converge on the splenic nerve (see 
section 5.3). On the other hand, sympathetic and parasympathetic 
branches also innervate the visceral submesothelium, a structure that 
underlies the visceral peritoneum. This latter structure includes meso-
thelial cells attached to the spleen capsule that, as described below, have 
been suggested to mediate the IR activation [107] (Fig. 5, A (2)). Irre-
spective of which of these pathways drives the NaHCO3-mediated IR 
activation, it is likely that this effect is tightly regulated by reciprocal 
connections between centers of autonomic outflow and other CNS re-
gions implicated in the IR (see Section 4). 

A further possibility for central integration is that NaHCO3 break-
down in the stomach might allow HCO3- molecules to modulate brain 
function by arriving in the CNS directly from the bloodstream. For 
instance, HCO3- molecules might enter the CNS through circum-
ventricular organs (CVOs) known to lack a BBB [108] such as the area 
postrema (AP), which is located close to the central canal and adjacent 
to NTS. Blood-born substances can enter the brainstem by AP and diffuse 
to deeper NTS areas via vessels located in the dorsomedial aspect of the 
NTS, which also lack BBB [108]. Once in NTS, unspecified mechanisms 
might modulate brain activity by influencing neurons, glial cells, and/or 
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their interaction [109]. Alternatively, HCO3- molecules might reach the 
choroid plexus, where they could be transported by ependymal cells into 
the CSF, increasing its pH (Fig. 5) [97,98]. Although Ray et al. [87] 
failed to find a significant change in plasmatic HCO3- relative to 
NaCl-treated rats, changes in the CSF were not assessed. Thus, it remains 
possible that subtle variations not measurably affecting the blood pH are 
sensed by the CNS through the CSF. 

Alternatively, pH shifts caused by plasmatic HCO3- might be sensed 
in the CSF by the dendrites of CSF-contacting neurons innervating the 
ventricles and surrounding areas, as studies in lampreys [110] and ro-
dents [99] have shown. The somata of these neurons are located in the 
CSF-contacting nucleus within the brain parenchyma, a structure that 
has been reported in rodents [111, 112) and primates {Song, 2020 
#211]. Neurons in the CSF-contacting nucleus send widespread pro-
jections to areas involved in visceral activity [100], some of which could 
potentially modulate the splenic IR and potentially induce an 
anti-inflammatory shift in the CNS itself. 

6.2. Possible intracellular pathways mediating the NaCOH3-induced IR 
activation 

Ray et al. (2018) showed that administration of an α7nAChR blocker 
in Sprague Dawley rats decreased the anti-inflammatory splenocyte 
polarization observed after NaHCO3 intake [87]. This finding led the 
authors to suggest that the cellular pathways whereby oral NaHCO3 
intake activates the IR might be those linked to CSAP. However, the 
findings of Guyot et al. (Section 5.2) indicate that SAP cellular pathways 
might also play a role. Guyot et al. reported that apical nerve stimulation 
of the spleen not only engages a CSAP-related pathway (requiring β2AR 
on ChAT+ T cells and α7nAchR), but also a parallel pathway requiring 
β2AR on monocytes (and potentially related to SAP). More work needs 
to be done to elucidate the intracellular pathways triggered by NaHCO3 
in the spleen. 

6.3. The NaHCO3-triggered anti-inflammatory changes beyond the spleen 

While we have focused here on the effects of NaHCO3 intake on the 
splenic IR activation, it is unclear whether NaHCO3 contributes to a 
systemic anti-inflammatory shift by acting on other organs besides the 
spleen. As mentioned above, although Tracey’s CSAP model envisages 
the spleen and mesenteric lymph nodes as the major IR centers, Mar-
telli’s SAP model proposes that the IR relies on a network of abdominal 
organs in addition to the spleen. These include the adrenal glands, in-
testine, stomach, pancreas, and liver (see section 3.2). This latter pro-
posal is backed by evidence that splenectomy attenuates but does not 
fully eliminate the systemic anti-inflammatory shift (see section 
4.2.2.2). This suggests that, in principle, any organ receiving splanchnic 
fibers and containing immune cells (which includes the kidneys) might 
undergo an anti-inflammatory shift upon SAP activation [113]. If, as we 
suggest, NaHCO3 intake might act through both CSAP and SAP, we 
would expect it to contribute to a systemic anti-inflammatory response 
by involving multiple organs. 

In their seminal study Ray et al. found a lack of anti-inflammatory 
monocyte polarization in the left kidney of splenectomized rats after 
NaHCO3 intake and concluded that the spleen fully mediates the 
NaHCO3 effects. However, the spleen and splenic vessels are within 
close proximity to the posterior parietal peritoneum, a layer overlying 
the anterior aspect of the left kidney and plexus [114]. Thus, a sple-
nectomy could potentially damage renal neural structures, depriving the 
left kidney of innervation and, conceivably, of SAP-mediated IR acti-
vation. It remains possible, therefore, for the kidneys as well as other 
organs in addition to the spleen to contribute to the effects of NaHCO3 
intake on the IR activation. 

6.4. Beyond the IR: effects of NaCOH3 on adaptive immunity 

The findings exposed focus on NaHCO3′s effects on the innate IR, 
there is preliminary evidence that NaHCO3 might also stimulate adap-
tive immunity. Ray et al. observed that oral intake of NaHCO3 increases 
the number of CD4/FOXP3 + T regs in the rat spleen, broadening 
NaHCO3′s therapeutic potential [87,88]. These results echo those found 
with splenic nerve stimulation. In a recent study, Zhang et al., 2020 
showed that the production of T cell-dependent splenic plasma cells 
(SPPC) is enhanced by splenic nerve stimulation, an effect which is 
absent in spleen denervated animals [67] (Fig. 3, section 3.1.2). Other 
studies have provided indirect evidence of splenic nerve-mediated 
adaptive immune responses. In a viral myocarditis model, splenic cells 
treated with the αnAChR agonist Nicotine raised the number of CD4 T 
helper 2 (Th2) and T regulatory cells (T reg) [115]. These findings 
suggest that under physiological circumstances splenic nerve stimula-
tion might regulate the differentiation of CD4 + T cells and implicate 
splenic nerve activity in both innate and adaptive immune mechanisms. 
If, as we propose, the immune effects of NaHCO3 are mediated by the 
splenic nerve, such adaptive effects might also be triggered by oral 
NaHCO3 intake. 

7. Can NaHCO3 be considered an IR activator? 

The anti-inflammatory polarization of splenocytes and increase in 
Tregs induced by oral NaHCO3 in tissues and blood suggests a role for 
NaHCO3 as an IR activator. If this is so, then NaHCO3′s effect should 
exhibit features that are common with those observed from well- 
established IR activators, such as VNS. Specifically, an anti- 
inflammatory role during endotoxemia, an equivalent use in clinical 
scenarios, common metabolic pathways, and dependence on SAP or 
CSAP neural pathways (alone and/or in response to LPS). While these 
criteria are not exhaustive, their examination can help to gain insight 
into the putative role of NaHCO3 as an IR activator and encourage 
further research on the topic. 

7.1. NaHCO3 and endotoxemia 

Suppression of LPS-triggered proinflammatory cytokines and sur-
vival improvement in LPS-lethality are fundamental features of IR ac-
tivators [116]. To date, two articles report an anti-inflammatory role of 
NaCHO3 during endotoxemia. In 1997, Netea et al. found that pre-
treatment with a gastric infusion of NaHCO3 in 
cyclophosphamide-induced neutropenic mice prevented the elevation of 
proinflammatory cytokines in response to LPS [117]. In the same study, 
they showed that pretreatment with NaHCO3 improved survival by a 
100% in neutropenic mice during LPS-induced lethality in comparison 
to nontreated animals [117]. The authors hypothesized that neutropenic 
mice developed a more dramatic elevation of proinflammatory cyto-
kines than non-neutropenic animals because of the systemic proin-
flammatory effect of cyclophosphamide-induced hyperuricemia [117]. 
Following the hyperuricemic hypothesis, NaHCO3 was used as an 
alkalizing agent to improve uric acid solubility in urine and renal 
excretion, which led to a decrease in uric acid blood levels. Notably, 
administration of allopurinol, a urate-lowering therapy, before LPS 
treatment only reduced plasmatic TNFα, whereas NaHCO3 decreased 
TNFα and IL-1α [117]. This finding supports an effect for NaHCO3 other 
than lowering uric acid levels, possibly as part of a separate mechanism 
to inhibit cytokine production. 

A decade later, a second article by Abdel-Latif et al. examined the 
effect of NaHCO3 on endotoxemia [118]. Endotoxemia was induced by 
heat stroke (HS). HS causes a rapid elevation in circulating proin-
flammatory cytokines, possibly due to an increase in the permeability of 
the gastrointestinal lining [119], followed by the entrance into the 
bloodstream of toxic elements such as endotoxin from the intestinal 
lumen [119,120]. The result of this process is local or systemic 
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inflammation and endotoxemia [121]. Abdel-Latif and col. showed that 
HS in rabbits increased cortisol, adrenaline, leptin, FN-γ, TNF-α, ALT, 
AST, urea, creatinine, NK, and γδ T cells whereas IL-10 and Treg cell 
infiltration in liver and kidney decreased. Remarkably, six weeks of 
drinking NaHCO3 reversed all these effects, decreasing proin-
flammatory markers and increasing IL-10 and Treg in the tissues [118]. 

7.2. NaHCO3 and IR activators used in common clinical scenarios 

In addition to the reported anti-inflammatory effect of NaHCO3 
during endotoxemia, it is important to highlight the shared beneficial 
effects of NaHCO3 and IR activators in clinical scenarios where the 
elevation of proinflammatory cytokines is a predominant feature. For 
instance, intense physical exercise is known to induce systemic inflam-
mation [122], and numerous evidence supports a role for NaHCO3 in 
enhancing physical performance and recovery in athletes [123–127]. 
Accordingly, non-invasive VNS enhanced golfers and baseball pitchers 
perceived quality of repetitive movements [128] and nicotine improved 
endurance performance during exercise [129]. Moreover, galantamine 
treatment, an acetylcholinesterase inhibitor and positive allosteric 
modulator of the α7nAChRs improved motor performance in runner rats 
with experimental autoimmune encephalomyelitis (EAE) in comparison 
with an untreated group [130]. 

Further evidence is provided by metabolic acidosis, which has been 
associated with systemic inflammation irrespective of illness severity 
[131], and where NaHCO3 is used as standard therapy [132]. Interest-
ingly, in a model of thermal injury in rats, VNS resulted in improvement 
of metabolic acidosis and decreased of lactic acid and proinflammatory 
cytokine levels [133]. 

Cancer is another common clinical scenario, the development and 
progression of which are linked to inflammation [134]. NaHCO3 in-
hibits early metastasis of highly glycolytic primary tumors in mice and 
improves survival rate [135]. NaHCO3 reduces the number of lymph 
nodes involved and the amount of tumor cells circulating, inhibits 
hypoxia, autophagy and immune evasion, and improves chemotherapy 
efficacy and checkpoint inhibition [136]. On the other hand, vagus 
nerve activation by semapimod decreased the primary tumor growth of 
breast cancer in mice, a highly glycolytic tumor [137], as well as lung 
and liver metastases in comparison with a non-semapimod-treated 
group [138]. Subdiaphragmatic VNS also induced TFF3 release, an 
anti-inflammatory protein that suppresses the expansion of 
CD11b+Gr-1 + myeloid-derived suppressor cells (MDSCs) through 
CXCR4, whereas spleen denervation led to the expansion of MDSCs and 
colorectal cancer in mice [139]. Moreover, high vagal activity predicted 
higher survival rates and lower tumor markers in colon cancer, 
non-small cell lung cancer, prostate, and breast cancer [140–142]. 
Likewise, galantamine treatment in mice with induced colon cancer, 
restored the histological cell architecture and decreased the formation of 
aberrant crypt foci [143]. 

7.3. NaHCO3 and IR activators: metabolic pathways 

There is also evidence of shared biochemical and metabolic path-
ways between NaHCO3 and IR activators. NaHCO3-treated rats showed 
improved mitochondrial mass and respiration during running exercise 
[144], and elevated PGC-1α mRNA—the protein product of which is 
associated with mitochondrial biogenesis—after chronic intense exer-
cise [145]. For its part, iVNS has been shown to have a beneficial effect 
on cardiac mitochondrial respiration during sepsis [146], post-cardiac 
arrest syndrome in an asphyxial cardiac arrest model in rats [147], 
and myocardial ischemia [148]. Furthermore, the protective effect of 
VNS on myocardial injury during endotoxemia is mediated by 
a7nAChRs [149,150], identifying mitochondrial respiration as a target 
of IR activation. 

The metabolism of heat shock proteins (HSPs) might provide another 
common metabolic pathway for NaHCO3 and IR activation. HSPs are 

considered signals of multiple types of stress as they are rapidly 
expressed shortly after exposure to a significant dose of a stressor such as 
the increase in body temperature attending heat stroke and intense 
physical exercise [151]. Their synthesis is induced by protein damage, 
and they act as chaperones, protecting protein assembly and folding 
within a stressed cell [151]. Decreased levels of HSPs are seen in 
NaHCO3-pretreated individuals exposed to intense physical exercise; 
suggesting preservation of acid-base homeostatic mechanisms and pre-
vention of higher levels of cellular stress in NaHCO3-pretreated subjects 
[124]. In turn, cholinergic activation by VNS has a beneficial effect on a 
rat model of heat stroke, decreasing proinflammatory cytokines and 
improving survival [152], also in postburn cardiac dysfunction [153], 
on thermal injury in rats [133], and in postburn recovery [154]. While 
the involvement of HSPs as mechanism to explain the positive effect of 
VNS on heat stroke is unknown, it does parallel NaHCO3′s effect; sug-
gesting HSPs as a shared metabolic path. Lastly, other key elements of 
cellular metabolism have been associated with the use of NaHCO3 
and/or IR activators, such as lactate, monocarboxylate transporters, and 
high mobility group Box 1 (HMGB1) protein, [155–161]. 

7.4. NaHCO3 and IR activation: dependency on CSAP and SAP neural 
pathways 

As mentioned above, the splenic nerve is the final convergence path 
for CSAP and SAP. In 2008, Ballinas-Rosas et al. demonstrated that CSAP 
regulation of TNFα in endotoxemia depends on splenic nerve activity 
[50]. Later, in 2014, Martelli et al. showed that splenic nerve activity 
induced during endotoxemia depends on intact inputs from the 
splanchnic nerve [51]. Crucially, this phenomenon correlated with an 
attenuated suppression of TNFα in animals with severed splanchnic 
nerves [51]. To date, no studies have tested whether spleen denervation 
eliminates the anti-inflammatory effect of NaHCO3. 

In summary, multiple studies indicate that NaHCO3 and IR activators 
are used in similar clinical settings where systemic or local inflammation 
is involved (endotoxemia, exercise, heat shock, metabolic acidosis, CKD 
[162,163], and cancer). Key elements of cellular metabolisms (i.e. 
mitochondrial respiration, HSPs) have been implicated during the use of 
NaHCO3 and/or IR activators. Whether pretreatment with NaHCO3 or 
IR activators decreases cellular stress by co-opting similar metabolic 
pathways including those triggered by SAP and CSAP remains to be 
determined. Further exploration of NaHCO3-mediated anti-in-
flammatory effects and survival during endotoxemia in animal models 
with severed SAP or CSAP neural pathways emerges as an immediate 
need in the field. Based on the role of splenic nerve for IR activation 
during endotoxemia (either by CSAP or SAP), the examination of 
NaHCO3′s effect in a model of spleen denervation would provide a 
decisive test on the status of NaHCO3 as an IR activator. 

8. NaHCO3 and metabolic alkalosis 

As discussed previously, NaHCO3 induces alkalotic changes in the 
blood, and very high doses or sustained alkalosis can lead to metabolic 
alkalosis [164]. This metabolic abnormality is characterized by a 
decrease in H+ or excess of HCO3- levels with a consequent increase in 
arterial pH above 7.45 and a base excess above 3 mmol/L [164]. The 
functional response to this acid-base disturbance is hypoventilation to 
increase CO2 retention, normalizing H+ concentration. Additional 
physiological changes associated with alkalosis include hypokalemia 
and a left-shifted oxyhemoglobin dissociation curve [164,165]. These 
changes underlie the most severe clinical manifestations of metabolic 
alkalosis such as arrythmias secondary to hypokalemia, tissue hypoxia, 
confusion, seizures, tetany [164,166]. Transitory alkalotic states can 
occur after oral or intravenous administration of NaHCO3 [167] and 
there are some case reports of metabolic alkalosis and hypernatremia 
caused by overdose and negligent consumption of oral NaHCO3 [168, 
169]. These are critical considerations to inform the therapeutic use of 
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NaHCO3. Given the efficiency of the kidneys to excrete NaHCO3, the 
alkalotic changes in acid-base balance induced by NaHCO3 adminis-
tration are a rare cause of persistent metabolic alkalosis [170]. 

9. Conclusions 

We have reviewed evidence on the IR circuitry at the level of the 
neural and cellular pathways involved and presented evidence that links 
NaHCO3′s anti-inflammatory properties to the activation of the IR. In 
light of this evidence, we have suggested several potential mechanisms 
whereby oral NaHCO3 intake might trigger the IR. We have seen that the 
anti-inflammatory effects of NaHCO3 might be mediated by choline 
esterase + mesothelial cells attached to the spleen capsule as well as 
splenic nerve branches. These structures could be stimulated by pH 
changes sensed locally in the peritoneum and come under the regulation 
of the central nervous system. This might require oral NaHCO3 intake to 
stimulate vagal afferents and activate the NTS and other IR-implicated 
brain regions, the output of which could trigger the IR via sympa-
thetic (SAP) and parasympathetic (CSAP) pathways. At the cellular 
level, the recruitment of SAP and CSAP would suggest the involvement 
of ChAT T cells and α7nAChR on the one hand, and β2AR on the other. 
Extrapolating from VNS studies, one would expect that only β2AR might 
be essential for the IR to be triggered by NaHCO3. Much work is needed 
to assess these proposals. 

The classification of NaHCO3 as an IR activator requires further 
experimental assessment in animal models of LPS-induced endotoxemia 
with disruption of SAP or CSAP neural pathways. In addition, other 
models of chronic and systemic inflammation would provide a testbed 
for determining NaHCO3′s therapeutic potential, its mechanisms of ac-
tion, and relevant pharmacokinetic properties. NaHCO3 has long been 
used as a basic solution to treat heartburn, acid indigestion, upset 
stomach, and metabolic acidosis associated with diabetic ketoacidosis, 
severe renal disease, circulatory insufficiency, severe dehydration, car-
diac arrest, severe primary lactic acidosis, and severe diarrhea, among 
others [132]. Furthermore, the reported NaHCO3′s side effects and risk 
for metabolic alkalosis are mild [170]. Once established its role as an IR 
activator, the translation to clinical practice should be straightforward 
since NaHCO3 is FDA-approved and has a safe and cost-effective profile 
in comparison with invasive VNS and other IR activators. 

Given the success of prior IR activators in animal models and clinical 
trials, NaHCO3 holds much promise for helping treat a variety of in-
flammatory conditions such as chronic kidney disease (CKD), athero-
sclerosis, hypertension, coronary artery disease (CAD), stroke, cancer, 
diabetes (DM2), obesity, Alzheimer’s (AD) disease, autoimmune dis-
eases, and psychiatric and neurological disorders among others [5,26, 
27,42,171–177] (see Fig. 1). Aside from its direct therapeutic effects, 
NaHCO3 offers the opportunity to investigate the relationship between 
stomach acidity and the IR. That stomach acidity is critical is suggested 
by the abolishment of the NaHCO3-induced anti-inflammatory effect 
when given in association with PPIs [87]. Thus, PPIs might suppress the 
IR and worsen systemic inflammation. Future research must elucidate 
which parameters of stomach acidity change (e.g., rate, intensity) are 
critical for producing optimal therapeutic effects and which stomach 
acidity modulators are safe to administer during systemic inflammation. 
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