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ABSTRACT

Inflammation and autonomic dysfunction are common find-
ings in chronic and end-stage kidney disease and contribute to a
markedly increased risk of mortality in this patient population.
The cholinergic anti-inflammatory pathway (CAP) is a vagal
neuro-immune circuit that upholds the homoeostatic balance
of inflammatory activity in response to cell injury and patho-
gens. CAP models have been examined in preclinical studies to
investigate its significance in a range of clinical inflammatory
conditions and diseases. More recently, cervical vagus nerve
stimulation (VNS) implants have been shown to be of potential
benefit for patients with chronic autoimmune diseases such as
rheumatoid arthritis and inflammatory bowel disease. We have
previously shown that dialysis patients have a functional CAP
ex vivo. Here we review the field and the potential role of the
CAP in acute kidney injury and chronic kidney disease (CKD)
as well as in hypertension. We also present a VNS pilot study in
haemodialysis patients. Controlling inflammation by neuroim-
mune modulation may lead to new therapeutic modalities for
improved treatment, outcome, prognosis and quality of life for
patients with CKD.

Keywords: acute kidney injury, cholinergic anti-inflammatory
pathway, chronic kidney disease, dialysis, inflammation, vagus
nerve stimulation

INTRODUCTION

More than 850 million individuals are estimated to have
chronic kidney disease (CKD) [1-3]. Patients with CKD are

© The Author(s) 2020. Published by Oxford University Press on behalf of ERA-EDTA.

increasing in numbers largely due to an ageing population but
also the cumulative incidence of diabetic kidney disease and
obesity [4, 5]. Cardiovascular disease (CVD) is a major comor-
bid condition in CKD and accounts for the increased morbidity
and mortality in the CKD population in addition to infections
and malignancies [6, 7]. The survival rate of incident dialysis is
lower than that of patients with several types of solid organ can-
cer, while the survival rate of patients >70 years of age is similar
to that of pancreas and lung cancer patients [8]. CKD is cur-
rently the 10th leading cause of death in high-income countries
and is expected to be the 5th leading cause of death in the world
in 2040 [7]. Inflammation in combination with autonomic dys-
function can significantly contribute to or trigger non-
communicable chronic diseases that represent the bulk of the
global burden of disease [9]. Important examples are hyperten-
sion, myocardial infarction, type 2 diabetes mellitus, heart fail-
ure, CKD and rheumatoid arthritis (RA) [9-12].

In this review we will highlight chronic inflammation and au-
tonomic dysfunction in patients with CKD. It also includes a con-
cise description of the cholinergic anti-inflammatory pathway
(CAP) and potential applications for neuroimmune modulation
in the emerging field of bioelectronic medicine. Furthermore, we
elaborate on the potential role of the CAP in the context of acute
kidney injury (AKI) and CKD and present a vagus nerve stimula-
tion (VNS) pilot study in haemodialysis (HD).

Chronic inflammation in CKD

Inflammation is linked to a significantly increased mortality
rate in CKD, end-stage kidney disease (ESKD) and dialysis
treatment [13-17]. Chronic inflammation, reflected by elevated
levels of pro-inflammatory cytokines, is highly associated with
predominantly CVD in this population [6, 18]. Underlying dis-
eases, lifestyle factors and age contribute to increased inflamma-
tory activity in CKD [7, 19-21]. Other factors related to a
decrease in glomerular filtration rate (GFR) and ESKD, such as
reduced elimination of cytokines and metabolic acidosis,
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promote and maintain inflammation in addition to compro-
mised immune responses and an impaired performance of neu-
trophils and lymphocytes [18, 22-26]. Several of these
circumstances provide an increased susceptibility and an ampli-
fied risk of infections, while others are more strongly associated
with CKD progression, comorbidity and mortality [18, 27].
Malnutrition and protein wasting in CKD are explained in part
by depression and anorexia associated with circulating cytokines
in the brain and suppressed levels of anabolic hormones, but are
also driven by persistent inflammation [28-30]. Moreover, in-
flammation upholds anaemia in CKD patients, which is further
amplified by a decreased synthesis of erythropoietin (EPO) and
a lower responsiveness to EPO in the bone marrow [31].

Autonomic dysfunction

Cardiovascular autonomic dysfunction is a frequent finding
in CKD and ESKD and has repeatedly been shown to be associ-
ated with poor outcome [32-36]. Autonomic dysfunction, in re-
search and in clinical applications, is commonly measured by
heart rate variability (HRV), an assessment of the physiological
variation in the time interval between heartbeats. Cardiac activ-
ity is controlled by the autonomic nervous system and both
heart rate and cardiac output are influenced by the efferent va-
gus nerve [37]. HRV is analysed by means of a time domain,
frequency domain and non-linear variables [38]. Standard devi-
ation of RR intervals (SDNN) is used as an overall estimate of
autonomic function. The square root of the squared mean dif-
ference between adjacent RR intervals (RMSSD) is predomi-
nantly influenced by vagus tone [39]. Low-frequency (LF)
power mainly reflects the sympathetic tone, whereas high-
frequency (HF) power correlates more with the parasympa-
thetic tone [40]. HRV is also significantly influenced by sex,
age, physical fitness, clinical comorbidities, smoking and medi-
cation [41-44]. Additional factors linked to decreased HRV are
metabolic (diabetes, early stages of glucose intolerance and met-
abolic syndrome), endocrine (cortisol) and barometric (ortho-
static) [45-47]. Reduced HRV is associated with adverse
outcomes in hypertension, systemic inflammation, depression
and CKD, but also an increased risk of sudden death [48-53].
Inflammatory markers such as C-reactive protein (CRP), tu-
mour necrosis factor (TNF) and interleukin (IL)-6 have been
reported to be associated with low HRV in several studies [54,
55]. In inflammatory autoimmune diseases, e.g. RA and sys-
temic lupus erythematosus, autonomic dysfunction and a re-
duction in vagal nerve activity are common findings [56, 57].
The association between decreased HRV and CKD, ESKD and
different dialysis modalities has been demonstrated in several
studies [58-60]. All in all, correlations between inflammatory
cytokine levels and reduced variation of HRV have been sug-
gested to reflect a reduced vagal tone and, as a consequence, im-
paired functionality of the CAP [50].

THE CHOLINERGIC ANTI-INFLAMMATORY
PATHWAY

The autonomic nervous system maintains homoeostasis in
essential organs and tissue functions. The hypothalamus, the
limbic system, the medulla and other central functions are
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constantly processing sensory information ascending from the
external and internal milieu. Descending signals in both regula-
tory sympathetic and parasympathetic nerve bundles deliver reg-
ulatory actions in target organs. In situations requiring very
rapid adaptation, the target organ is controlled via reflexes [61].
The parasympathetic vagus nerve is a mixed nerve with ~80%
sensory afferent fibres and 20% efferent motor fibres [62].

In 2002, Tracey described the concept of the CAP and the in-
flammatory reflex [63]. This groundbreaking discovery was
preceded by several studies, one of them describing the role of
efferent vagal influence on inflammation in a model of acute ar-
thritis. Intracerebral or intravenous administration of the cyto-
kine inhibitor CNI-1493 (Semapimod) resulted in decreased
inflammation. Bilateral cervical vagotomy abrogated the anti-
inflammatory effect, demonstrating the importance of an intact
vagus for CAP activity. However, electrical stimulation of the
transected peripheral vagus also attenuated acute inflammation,
as did local administration of acetylcholine, indicating several
possible mechanisms and approaches for the anti-
inflammatory effect of the efferent vagus [64]. Another study
on human macrophages in a sepsis model showed decreased
TNF when exposed to acetylcholine or electrical VNS [65]. Ever
since these seminal papers were published, continued research
in the field has delineated many of the mechanisms and sub-
stances involved in this neuroimmune pathway.

The following section includes a brief outline reviewing the
current understanding of anatomical and biochemical compo-
nents, properties and functions of the CAP gained from
preclinical studies. Resident cells from the immune system pro-
duce cytokines, damage-associated molecular patterns (DAMPs)
and pathogen-associated molecular patterns (PAMPs) in the
event of cell injury, inflammation or infection [66, 67]. Antigen-
presenting cells introduce DAMPs and PAMPs to pattern recog-
nition receptors (toll-like receptors) expressed on afferent sen-
sory vagal nerve endings [68]. Afferent vagal nerves also express
receptors for cytokines and molecules released from local im-
mune cells, e.g. IL-1 receptors, receptors for histamine and sero-
tonin [69, 70]. Signals generated by activated receptors
propagate to the nodose ganglia and are then forwarded to cell
bodies located in the tractus solitarius in the brain stem. From
here, intermediate fibres transfer the sensory information to be
further processed in the central nervous system [71]. However,
fibres also convey signals directly to the dorsal motor nucleus
(DMN). In the DMN, the efferent motor vagus nerve originates
and its posterior trunk ends in the celiac plexus, where the sym-
pathetic splenic nerve is activated [72-76].

The splenic nerve subsequently releases norepinephrine
(NE) near a small population of T cells found in the red pulp
and the marginal zone of the spleen [77]. Beta-adrenergic
receptors (ARs) on these cells induce production of the enzyme
choline acetyl transferase and hence these specialized T cells are
called choline acetyltransferase (ChAT) cells. Activated ChAT
cells synthesize and release the neurotransmitter acetylcholine
that binds to an a7nACh receptor on macrophages [77-84].
Activated receptors lead to a decrease in intracellular signalling,
which reduces the production and release of cytokines.
Released NE in the spleen also inhibits B cell migration and an-
tibody production [74, 78, 81, 82]. Figure 1 briefly summarizes
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FIGURE 1: The CAP. Pro-inflammatory cytokines (IL-1, TNF) as
well as PAMPs and DAMPs stimulate the sensory afferent vagus nerve
endings. A signal is referred to the nucleus tractus solitarius via the
nodose ganglion. The dorsal motor nucleus of the vagus is the orgin of
the efferent motor vagus, which is activated by intermediate neurons.
From here, the signal is spread to the celiac plexus, where the splenic
nerve begins. Splenic nerve terminals are found in the vicinity of T
cells and B cells in the red pulp and marginal zone in the spleen.
Specialized T cells with the enzyme ChAT are activated by NE that
binds to ARs of the ChAT T cell. Activated ChAT cells results in pro-
duction and release of acetylcholine (ACh). ACh binds to the
a7nAChR on macrophages and other immune cells and release of
TNF is inhibited. Stimulation of muscarinic acetylcholine receptors
(mAChR) or acetylcholinesterase (AChE) inhibitor in the central ner-
vous system also activates the CAP. Acupuncture at the Hegu point
causes activation of brain mAChR, resulting in activation the CAP
[139]. Figure reprinted with permission from Nature Science.

the current understanding of the CAP and Figure 2 displays a
simplified figure of the efferent vagus, the inflammatory reflex,
the role of the spleen and ChAT cell activity.

Modulation of CAP

Neuromodulation by VNS was recorded in the late 1800s
when Corning observed that mechanical stimulation of the
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FIGURE 2: The inflammatory reflex. The celiac plexus receives effer-
ent signals from both the efferent vagus nerve and the sympathetic
trunk. Efferent signals from the vagus nerve activate the splenic
nerve to release NE that interacts with ARs on ChAT T cells. ChAT
T cells release acetylcholine that binds to a7nAChR on macrophages
and inhibits further release of pro-inflammatory cytokines. Figure
reprinted with permission from Wiley & Sons.

cervical vagal region suppressed epileptic seizure activity [85].
However, as the field of medical therapeutics in epilepsy devel-
oped, this type of intervention was considered obsolete until a
renewed interest emerged for resistant cases. Cervical VNS,
with an implanted wire electrode and a battery-driven stimula-
tor, is currently approved for the treatment of drug-resistant ep-
ilepsy and severe depression [86-88]. Transcutaneous electrical
VNS of the cervical vagus is approved for treatment of migraine
and cluster headaches in Europe since 2013 and by the US Food
and Drug Administration (FDA) in 2017 [89]. Transcutaneous
electrical VNS to the outer ear has been approved for drug-
resistant epilepsy in Europe since 2011 [90] and has also been
used in clinical trials for pain and depression [91, 92].

Since the CAP was first described in the early 2000s, CAP
models have been examined in preclinical studies in order to in-
vestigate the significance of the CAP in a range of clinical in-
flammatory conditions and diseases. The CAP regulates
endotoxin-induced sepsis, experimental pancreatitis and exper-
imental ileus, which has been further validated after vagotomy
in these models [65, 93, 94]. Vagotomy in an arthritis model
did not eliminate the symptoms, but the severity of the disease
was attenuated [95].
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It is well established that inflammation is a significant com-
ponent of most medical conditions, which has placed treatment
modalities such as VNS in a broader perspective. Electrical
stimulation of the vagus nerve is the most common method to
modulate the CAP in animal models. However, modulation of
the CAP can also be accomplished by pharmacological means.
CNI-1493 inhibits macrophage activation and GTS-21 (dime-
thoxybenzylidene anabaseine), a selective alpha7 nicotinic ace-
tylcholine (a7nACh) receptor, has been used in preclinical
studies. GTS-21 has been shown to improve survival and reduce
TNF levels compared with controls in a model of endotoxaemia
[96]. As of yet, there is not an established clinical application
for either of these drugs. Galantamine, which is licensed for
treatment of dementia, is a centrally acting choline esterase in-
hibitor. It is known to activate the CAP and has been shown to
reduce systemic TNF levels after intravenous administration in
a model of endotoxaemia. However, this effect was dependent
on both an intact vagus nerve and the presence a7nACh recep-
tors [84].

CAP and the possibility of modulating this circuit are poten-
tially of great interest in CVD. Electrical VNS in models of heart
failure has demonstrated beneficial effects on left ventricular
(LV) function, LV remodelling and long-term survival [97, 98].
In the INOVATE-HEF study of 707 patients with chronic heart
failure, New York Heart Association (NYHA) functional Class
III and ejection fraction <40% were studied. Patients were ran-
domized to VNS treatment with a cervical implantable device
or medical treatment only. The study population was followed
for a mean of 16 months. Mortality in the VNS-treated group
did not differ from controls, although NYHA class, physical
performance and quality of life improved in the VNS-treated
group [99]. A model of cardiac ischaemia-reperfusion injury
(IRI) showed that VNS, dispensed before IRI, did not affect the
LV function or the extent of myocardial injury [100]. However,
in another study, VNS was administered for 24 h after induced
ischaemia. Animals treated with VNS showed a substantial im-
provement in LV function, LV dilatation and less widespread
myocardial injury at 8 weeks follow-up compared with controls
[101]. VNS for hypertension has been discussed in the litera-
ture, but research has been lacking in both preclinical and clini-
cal studies.

Renal denervation (RDN) is an antihypertensive treatment
aimed at reducing sympathetic nerve activity in the kidneys
through catheter-based radiofrequency ablation of the renal ar-
teries. This approach was evaluated in patients with resistant
hypertension in the European Symplicity-2 study. The primary
endpoint, office blood pressure (BP) reduction (>10 mmHg) at
6 months after denervation, was achieved in 80-90% of patients
without altering renal function [102]. However, the Symplicity-
3 study comparing RDN with a sham procedure failed to dem-
onstrate a significant BP effect [103]. However, a recent publi-
cation of 3-year follow-up data from the Global SYMPLICITY
Registry indicates that RDN is beneficial for patients with hy-
pertension and CKD (eGFR <60 mL/min/1.73m?). Patients
with CKD had a 3.7 mL/min/1.73 m* decline in eGFR com-
pared with baseline, in contrast to 7.1 mL/min/1.73 m® in the
non-CKD group [104]. The reason for the beneficial effect on
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GFR after RDN is likely due to the positive effect of lowering BP
in CKD patients, although other mechanisms cannot be
excluded.

The RDN treatment provided us with an opportunity to
study the effect on inflammation of a potential altered balance
in the autonomic nervous system in favour of enhanced para-
sympathetic tone while reducing sympathetic tone in a prospec-
tive manner. Ten patients treated with RDN were analysed for
TNF, IL-1 and IL-10 and lipopolysaccharide (LPS)-stimulated
cytokine release before RDN, 24 h after and at 3- and 6-months
follow-up. Pro-inflammatory cytokines decreased significantly
and IL-10, an anti-inflammatory cytokine, increased 1 day after
RDN. However, the effect was not sustained during follow-up,
and at 6 months the cytokine levels were back at baseline [105].
In another prospective study by Zaldivia et al., monocyte activa-
tion and monocyte platelet aggregation decreased 3 months af-
ter RDN. Pro-inflammatory markers remained at lower levels
after 3 and 6 months, but the effect also diminished with time
[106]. Even though RDN may still be an option for BP reduc-
tion in a select group of patients, inflammation as reflected by
cytokine release is thus not likely to significantly improve with
this treatment. However, it may be of interest to assess whether
long-term stimulation of the CAP in randomized controlled
studies could more effectively reduce inflammation in resistant
hypertension.

CAP AND AUTOIMMUNE DISEASE

Recent clinical studies based on experimental preclinical data
have shown that cervical VNS implants may be beneficial for
patients with chronic autoimmune diseases. Koopman et al.
performed a study where 17 patients with RA received 60s
VNS once daily using an implantable device. Levels of TNF and
RA disease scores [28-joint Disease Activity Score for
Rheumatoid Arthritis with CRP (DAS28-CRP)] improved with
VNS daily followed for up to 84 days. At day 28, all patients
were off VNS, subsequently leading to a significant increase in
TNF and DAS28-CRP. When VNS was resumed, these out-
come measures improved again [107, 108]. However, it should
be pointed out that in vitro-produced cytokines may not neces-
sarily reflect the in vivo inflammatory cytokine balance in RA,
which is a systemic chronic inflammatory disease primarily af-
fecting the joints. Still, it has been shown that serum IL-1, IL-6,
TNF and IL-17 are elevated in RA patients as compared with
controls [109]. Interestingly, circulating IL-6 and IL-17 in RA
patients have been shown to correlate with depression symp-
toms, which is a condition also known to be associated with re-
duced HRV [51, 109, 110]. Furthermore, the use of an IL-6
inhibitor in RA seems to have a more significant clinical effect
on patients with higher levels of circulating IL-6 [111].

In 2016, Bonaz et al. [112] reported a 6-month VNS follow-
up of an experimental study on patients with Crohn’s disease.
An implanted cervical device delivering continuous VNS for
6 months achieved both decreased CRP and calprotectin and,
moreover, demonstrated improvement of clinical symptoms
and endoscopic remission in five of seven patients . Later, an
application of VNS was reported from an experimental
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intestine inflammation model. A VNS electrode was attached to
the abdominal part of the vagus nerve and stimulation resulted
in lower CRP, normal stool and improved histology, suggesting
that localized VNS therapy may be applicable in limited and re-
gional inflammation [114]

CAP AND AKI

AKIT is of major importance in hospitalized and critically ill
patients since AKI is linked to an increased risk of chronic renal
failure and mortality [114-116]. The pathophysiological mech-
anisms of AKI and subsequent inflammation are determined by
functional and morphological changes in the kidney [114, 115,
117, 118]. Sepsis is reported to be the most common cause of
AKT, although ischaemia, hypovolaemia and the use of nephro-
toxic substances are often culprits as well [119].
Neuromodulation of the CAP in AKI has been investigated in
several preclinical studies, primarily in models of sepsis-in-
duced AKI and renal IRI. Administration of cholinergic sub-
stances such as nicotine or the selective a7nAChR agonist GTS-
21 prior to induced renal IRI by clamping the renal arteries re-
duced both the loss of renal function and tubular necrosis in
this model [120]. Furthermore, the presence of TNF and leuco-
cytes in the kidney was mitigated by the administration of nico-
tine and GTS-21. However, when GTS-21 was given after
induced ischaemia and reperfusion, it did not have the same
beneficial effect on prevention of renal function loss [121].
GTS-21 and nicotine administration in sepsis-induced AKI has
furthermore been shown to attenuate kidney injury and abolish
local expression of TNF and systemic inflammation [122].
Electric VNS in renal IRI models has also demonstrated a sub-
stantial reduction of both renal injury and systemic inflamma-
tion [123]. In the same study, it was further established that the
beneficial effect of VNS regarding renal injury and inflamma-
tion was abrogated by splenectomy before IRI, which parallels
the diminished protective effect of splenectomy before VNS in
sepsis-induced AKI [77].

Recent studies have investigated how localized pulsed ultra-
sound (US) to the spleen could modulate the CAP. A renal IRI
model was used to administer pulsed US for ~5 min 24 h before
inducing IRI by clamping. In the treated animals there was a re-
duction of local accumulation of immune cells in the kidneys
compared with controls. The role of the CAP was further con-
firmed by sham-treatment and splenectomy or a7nACh recep-
tor depletion [124]. When using the same US protocol in
sepsis-induced AKI models it was found that adoptive transfer
of splenocytes from US-exposed mice to naive mice induced a
renal protective effect from IRI [125].

CAP AND CKD

Alterations of the autonomic function and parasympathetic
tone have been identified previously in CKD. Zoccali et al. me-
ticulously investigated this by using non-invasive methods as
well as atropine injections to assess changes in BP and heart
rate in dialysis patients as compared with controls [126].
Reduced vagal tone in end-stage CKD is associated with nega-
tive implications for outcome [36]. In dialysis patients, elevated
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circulating levels of inflammatory markers are also associated
with poor prognosis [14, 18]. There are currently no established
or effective treatment strategies to reduce chronic inflammation
in this population. The functionality of the CAP or the anti-
inflammatory potential of stimulating the CAP in CKD and
ESKD has not yet been thoroughly explored.

We have corroborated data from previous studies that cyto-
kine levels are elevated in both HD and peritoneal dialysis (PD)
patients. Baseline CRP, TNF, IL-1 and IL-6 were significantly
increased, whereas the anti-inflammatory IL-10 was signifi-
cantly lower in patients compared with controls [123]. In an ex
vivo LPS whole blood model, we also showed that in dialysis
patients, pro-inflammatory cytokine levels increased signifi-
cantly more than in healthy controls. The addition of the cho-
linergic analogue GTS-21 to the LPS-stimulated samples, used
in order to mimic the inflammatory reflex, resulted in a reduc-
tion of TNF to similar levels in both groups. IL-6 attenuation
was comparable to TNF, whereas the IL-1b pattern was similar
but remained significantly higher in patients. IL-10, an anti-
inflammatory cytokine, increased after adding GTS-21 in a
dose-dependent manner, but only in patients. Results in HD
and PD patients did not differ, suggesting that dialysis modality
was not critical for cytokine response in this model. HRV meas-
urements validated results from previous studies demonstrating
autonomic dysfunction in dialysis patients. We concluded that
dialysis patients, despite autonomic dysfunction and an under-
lying dysregulated cytokine response, have a functional CAP
[127].

VNS pilot study

Being mindful of differing origins and pathophysiological
backgrounds regarding chronic inflammation in CKD as com-
pared with autoimmune disease, we nevertheless aspired to ex-
plore the potential of neuroimmune modulation in CKD
patients. We decided to perform a pilot study with the aim of
investigating if short-term VNS, using a minimally invasive
method, could improve inflammatory cytokine levels and alter
HRYV, in particular vagal tone, in HD patients. We decided
against using an implantable VNS device in dialysis patients,
which could, in our view, be problematic in a patient population
with a ubiquitous risk of infectious complications.

Material and methods

We recruited 12 HD patients (7 males, 5 females, age range
47-86years) at the Dialysis Department at Karolinska
University Hospital, Huddinge, Sweden. Inclusion criteria com-
prised a stable general condition, stable dialysis treatment, no
clinically significant signs of active infection or inflammation
and no diagnosed psychiatric disease. Patients were also in-
cluded regardless of medications and dialysis vintage. All
patients received HD 3-4 times per week and, on average, typi-
cally 4 h per session. None of the patients had a history of fre-
quent complications during dialysis, e.g. recurrent symptomatic
BP reduction or leg cramps. Six patients were previously trans-
planted, of which two were still treated with low-dose immuno-
suppressive medication: one with tacrolimus and prednisolone
and the other with tacrolimus only. Two patients were treated
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Table 1. Patient and baseline characteristics (N =12)

Characterisitcs Values

Sex (female), % 38

Age (years) 60 (49-82)
Dialysis vintage (months) 96 (16-233)
P-hsCRP (mg/mL) 6 (0.4-44.6)
B-Hb (g/L) 106 (97-113)
B-WBCs (x10°) 6.4 (4.8-10.2)
B-monocytes (x10°) 00.7 (0.4-1.0)
B-lymphocytes (x 10%) 1.4 (0.8-1.9)
S-TNF (pg/mL) 20.3 (14.2-77.4)
S-IL-1b (pg/mL) 1.3 (0.3-9.2)°*
S-IL-10 (pg/mL) 1.2 (0.8-2.6)*
Medications, n

B-blocker 6
a-blocker 1
Calcium channel antagonist 5
ACE/ARB inhibitor 6
Furosemide 4
Statin 3

Values presented as median (10th-89th percentiles).

References: hsCRP <3 mg/L; B-Hb 117-153 g/L (female), 134-170 g/L (male); B-WBCs
3.5-8.8 x 10°/L; B-monocytes 0.1-1.0 x 10°/L; B-lymphocytes 1.0-1.4 x 10%; S-
TNF <12 pg/mL; S-IL-1b <5 pg/mL; S-IL-10 <5 pg/mL.

“Baseline values before stimulation in the LPS model.

undefined

P: plasma; hsCRP: high-sensitivity CRP; B: blood; S: serum.

with long-term antibiotics: one because of osteitis with an infu-
sion of vancomycin 500 mg intravenously 3 times weekly and
the other patient with flucloxacillin 750 mg orally daily as uri-
nary tract infection prophylaxis. A summary of patient charac-
teristics including age, gender, dialysis vintage, blood chemistry
(baseline TNF, IL-1 and IL-6) and the most common medica-
tions are found in Table 1.

The study protocol included treatment with a minimally in-
vasive oscillating device prior to dialysis 3 times a week for
4 weeks. We used a device that was originally developed for rhi-
nitis and subsequently used in a migraine study [128-131].

Blood samples and HRV were collected at baseline and after
2 and 4 weeks of intervention. Follow-up blood samples and
HRV were also scheduled at 8 and 12 weeks (Figure 3). The
study protocol was approved by the local ethics committee
(EPN, Stockholm) and informed consent was obtained from
each patient.

The minimally invasive oscillating device was a single-use
plastic tube with an inflatable tip made of thin latex. Inside the
tip, a soft thin plastic pin was anchored to the edge of a plastic
tube (Figure 4a). The tip was lubricated with water and inserted
in the left nostril. The tube was secured in position by a head-
band (Figure 4b) and was then connected to a portable electrical
energy unit and inflated with room air. When reaching a pres-
sure of 95 mbar the soft pin inside the tip started to oscillate at a
frequency of 68 Hz. The oscillations generated vibrations to the
nostril mucosa. Each treatment lasted for 10 min. The choice of
side, pressure, frequency and duration of treatment was decided
in discussions with the designer based on prior studies using
the same device [128-131]. The decision to administer the
treatment for 10 min was also a practical decision to not disturb
routine dialysis treatment and to potentially compensate for not
administrating VNS daily.

The cholinergic anti-inflammatory pathway and CKD
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FIGURE 3: Study protocol. Timetable for blood samples, electrocar-
diogram (ECG) and intervention treatment. Blood sampling and
ECG at baseline, after 2 and 4 weeks during the intervention period
and at 8 and 12 weeks of follow-up.

The VNS equipment was tested on healthy volunteers prior
to initializing the intervention to safeguard a potential influence
on vagus nerve activity. Treatment for 10 min resulted in aug-
mentation of HRV variables, which supported an increased va-
gal activity exemplified in Figure 5.

HRV

HRV during the study was measured for 20 min using a
custom-made device designed by Z-Health Technologies,
Boras, Sweden. The HRV analysis generated data for time and
frequency domain parameters according to European Task
Force for HRV measurements [38]. A quiet examining room
outside the Dialysis Department was used and the patient was
in a supine position in a bed.

Cytokine and routine blood sample analysis

Blood samples were analysed for CRP, haemoglobin (Hb),
white blood cell (WBC) count and TNF, IL-1 and IL-10. High-
sensitivity TNF, IL-1 and IL-10 were analysed on an Immulite
1000 Analyser using enzyme-linked immunosorbent assays
(Siemens Healthcare Diagnostics, Los Angeles, CA, USA). CRP,
Hb and WBC count were analysed by using routine methods at
the Department of Clinical Chemistry at Karolinska University
Hospital.

Whole blood assay

Whole blood was stimulated with LPS 10 and 100 ng/mL
and GTS-21 90 pmol/L using a method previously described
and used in our study of CAP functionality in dialysis patients
[127]. After 4h incubation at 37°C on a rocking platform,
plasma was collected by centrifugation (2600 g, 20 min, 18°C,
Eppendorf centrifuge 5804 R) and frozen at —80°C pending cy-
tokine analyses.

Statistical analysis

All values were expressed as median (10th, 90th percentile)
or percentage, as appropriate. A P-value <0.05 was statistically
significant. Comparisons between more than two groups were
assessed with a non-parametric Kruskal-Wallis analysis of vari-
ance (ANOVA) test. The statistical analysis was performed us-
ing SAS version 9.4 (SAS Institute, Cary, NC, USA).

Results

All patients completed the 4-week intervention period of
the protocol without interruptions. During follow-up, how-
ever, four patients were affected by either infection or
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FIGURE 4: The minimally invasive treatment device. A plastic tube with inflatable tip of thin latex. (A) The tube is inserted in the left nostril
and (B) secured in position by a specially designed headband [129]. Images reprinted with permission from Headache.
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FIGURE 5: HRV in a healthy volunteer (A) before and (B) after 10 min of treatment. Augmentation of time domain variables SDNN (47.7—
61.0 ms), RMSSD (34-41.5ms) and frequency domain variables LF (559-1749 ms?) and HF (255-382 ms?).

dialysis access surgery. The intervention procedure was gen-
erally well tolerated and there were no minor or major ad-
verse events.

Cytokine levels

The levels of CRP and unstimulated cytokines did not
change significantly during the study: CRP (ANOVA P = 0.61),
IL-1 (P=0.63) and IL-10 (P=0.37) (Figure 6). The reduction
of TNF and IL-1 as well as the increase in IL-10 did not reach
statistical sigificance in the LPS-stimulated whole blood assay
(Figure 7). In the presence of the cholinergic analogue GTS-21
there was a further ~50% reduction of cytokine expression, as
shown for TNF in Figure 8. We also analysed separately the

1846

eight patients who completed the study and follow-up without
any hurdles. Although the TNF decrease in LPS-stimulated
samples was more pronounced during treatment in these cases,
the results again did not reach statistical significance (Figure 9).
The IL-1 result was similar to TNF and IL-10 did not show any
clear pattern (data not shown).

HRV

Three patients had a cardiac pacemaker or implantable car-
dioverter defibrillator and thus it was not possible to analyse for
HRYV variables. None of the remaining nine patients showed
any significant change in HRV during the study and follow-up
(data not shown).

M. Hilderman and A. Bruchfeld
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FIGURE 6: N=12. Unstimulated levels of hsCRP, TNF, IL-1b and IL-10 at baseline, at 2 and 4 weeks during the intervention and at 8 and

12 weeks of follow-up.

Additional findings

Outside the protocol, three of four patients with insulin-
dependent diabetes mellitus reported a lowering of insulin
doses of ~25% during the study. The fourth patient had only a
small dose (4 units) of long-acting insulin at night.
Approximately 3-6 months after finishing the study, the
patients had resumed their original insulin dosing schedules.
Another example of effects observed outside the protocol was
better sleep among several of the participants. This was mani-
fested as a reduction in the use of sleeping medication.
Furthermore, several subjects reported an improvement in gen-
eral mood as well as alertness.

Summary of the pilot study

To our knowledge, this is the first intervention study with
the aim of modulating vagus nerve activity as an anti-
inflammatory approach in dialysis patients. After 4 weeks of
VNS treatment 3 times a week, there were no significant
changes in unstimulated CRP, IL-1 and IL-10. In the LPS-stim-
ulated ex vivo whole blood model, changes in levels of TNF, IL-
1 and IL-10 during treatment did not reach statistical signifi-
cance. However, cytokine reduction was more pronounced
when adding a cholinergic analogue to the model, which sug-
gests that there may be a further potential for cholinergic mod-
ulation in patients. This was, however, a small pilot study with a

The cholinergic anti-inflammatory pathway and CKD

limited number of patients. There was also no control group.
Furthermore, the treatment was not administered daily, which
was a disadvantage for the study design and is likely to have
hampered the study and thereby potentially influenced the
results. The VNS device we used had not previously been ap-
plied in a study focusing on inflammatory response. Thus it
may not have been effective enough despite the HRV results in
healthy volunteers and reported influence on autonomic ner-
vous system activity when used in a study on migraines [130].
However, we did not record any significant changes in HRV in
patients during this study.

Studies using cervical vagus implants have demonstrated sig-
nificant inhibition of cytokine production and disease activity
in RA and inflammatory bowel disease [107, 132]. One may hy-
pothesize that daily sessions, prolonged treatment time at each
session or a longer protocolized treatment period could have
improved outcomes regarding inflammatory response and
alterations in HRV in the current pilot study.

DISCUSSION

The notion that the immune system and the nervous system are
two different entities without any interaction is no longer true,
as there is uncontested evidence of the opposite. Moreover, the
immune system is a prerequisite for function of the nervous
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FIGURE 7: N=12. Levels of TNF, IL-1 and IL-10 in the whole
blood model at baseline, at 2 and 4 weeks during the intervention
and at 8 and 12 weeks of follow-up. Whole blood stimulated with
LPS 10 and 100 ng/mL.

system and vice versa. The parasympathetic vagus nerve has,
through a brain- and spleen-integrated mechanism, been found
to be involved in the regulation of inflammation via the CAP
[63]. This pathway has been investigated in clinical studies of
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FIGURE 9: N=8. Levels of TNF for eight patients that went
through the study without obstacles. Whole blood model stimulated
with LPS 100 ng/mL (red line) and the reduction with GTS-21

90 pmol/mL (green line). Results shown for 2 and 4 weeks during the
intervention and 8 and 12 weeks of follow-up.

inflammatory diseases. We and others have shown that vagal
tone is significantly decreased and associated with inflamma-
tory markers in RA, IBD and dialysis patients [ 127, 133, 134].
Recent and ongoing research further expands the prospects of
modulating the CAP and future therapeutic possibilities.

Chronic low-grade inflammation is a risk factor per se in
CKD and is associated with increased morbidity and mortality.
Specific treatment to address this problem is lacking.

We have previously shown that dialysis patients have a func-
tional CAP ex vivo [127]. However, in our pilot VNS study we
could not demonstrate significant alterations in cytokine levels.
Nevertheless and interestingly, three of four diabetic patients
had a 25% reduction of insulin doses. In a recently published
randomized, double-blind, placebo-controlled study, galant-
amine, which is known to activate the CAP, was given to
patients with metabolic syndrome [135]. Galantamine treat-
ment for 12 weeks was shown to alleviate inflammation, alter
HRYV and lower plasma insulin and insulin resistance (homoeo-
stasis model assessment of insulin resistance) compared with
placebo. These results suggest that the link between chronic in-
flammation and insulin resistance is treatable. Our findings re-
garding a reduction in insulin doses in the pilot study may
reflect a similar phenomenon.

M. Hilderman and A. Bruchfeld
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The reports of enhanced sleep and in some cases also general
mood were not anticipated. However, we cannot exclude that
these effects were secondary to the attention given to patients
during the study. Questionnaires such as the36-item Short
Form Health Survey and EuroQol 5-dimensions are directed to-
wards physical status and activities in daily life. These question-
naires do not include detailed questions describing more
subjective experiences and mood changes. In future studies,
perhaps more granular Patient-Reported Outcome Measures
and Patient-Reported Experience Measures could be important
to assess in studies aimed at modulating the CAP. We propose
that our short-term pilot study may serve as a first step to po-
tentially utilize VNS in this patient group.

The minimally invasive solution employed in this study was
a feasible approach in dialysis patients, albeit not effective
enough. However, for future studies it would be a prerequisite
and a considerable advantage to administer daily VNS to
patients with a portable non-invasive tool such as a transcuta-
neous device. However, a standardized instrument with proven
efficacy for stimulating parasympathetic activity is essential.
Such a device would potentially enable patients to manage treat-
ment themselves at home on non-dialysis days. A recent pilot
study by Addorisio et al. utilized a vibrotactile device for VNS
with vibrations to the cymba choncha of the outer ear. Both
healthy subjects and patients with RA were treated, which
resulted in modulation of peripheral blood cytokine levels in
healthy subjects and a lowering of TNF levels and disease activ-
ity in patients [136].

Potential VNS applications in nephrology may not be lim-
ited to the dialysis population. Hoeger et al. have interestingly
shown that vagal stimulation in brain dead donor rats had the
ability to decrease chronic allograft nephropathy in recipients
[137]. This would be an example of the CAP contributing to
adoptive transfer of immune cell modulation, protecting against
trauma caused by surgery as well as inflammation due to rejec-
tion. Finally, a substantial number of CKD patients suffer from
autoimmune disease with renal involvement, where effective
treatment is lacking or associated with side effects. The thera-
peutic possibilities in the growing field of bioelectronic medi-
cine as shown in RA and IBD may lead to new approaches for
treating and maintaining remission in inflammatory kidney
diseases with or without reduced renal function.

Conducting an intervention study in patients with CKD or
dialysis presents various challenges. These patients often have
comorbidities that can lead to acute and unexpected changes in
the patient’s condition. Unfortunately it is far too common that
CKD patients are often not included in studies for the above
reasons [138]. In addition, it can be difficult to motivate
patients to participate in studies that, by being time-consuming,
affect their quality of life. The small number of recruited study
patients in our pilot study also reflects how much dialysis treat-
ment interferes with daily life. We nevertheless believe that this
patient group could potentially benefit from novel non-invasive
therapies such as VNS, perhaps starting with patients treated
with home dialysis modalities.

CKD and associated comorbidities contribute to years of de-
creased quality of life for patients. Furthermore, its share of

The cholinergic anti-inflammatory pathway and CKD

both the national and international health economy is substan-
tial. These factors are a challenge to address on a population ba-
sis, but also in individual patients. Dialysis treatment needs to
improve and better tools should be used to monitor and reduce
chronic inflammation. In CKD and pre-dialysis patients, other
types of interventions are pertinent but should also focus on in-
flammation. New interventional studies with a focus on the
CAP in the field of bioelectronic medicine may, in the future, be
of substantial benefit in AKI and CKD as well as in associated
inflammatory conditions [134].
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