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7 , Carsten 

A. Wagner 8 , Ziad A. Massy 3 ,9 , Carmine Zoccali 10 ,11 , Marion Pepin 

3 ,12 , Giovambattista Capasso 10 ,13 and Sophie Liabeuf 14 ,15 ; on 

behalf of CONNECT Action (Cognitive Decline in Nephro-Neurology European Cooperative Target)∗

1 Division of Clinical Geriatrics, Department of Neurobiology, Care Sciences and Society, Karolinska Institutet, Stockholm, Sweden 
2 Department of Pharmacology, Faculty of Pharmacy, Altinbas University, Istanbul, Turkey 
3 Paris-Saclay University, UVSQ, Inserm, Clinical Epidemiology Team, Centre de Recherche en Epidémiologie et Santé des Populations (CESP), Villejuif, France 
4 Department of Health, Medicine and Caring Sciences, Linköping University, Linköping, Sweden 
5 Department of Renal Medicine, Karolinska University Hospital and CLINTEC Karolinska Institutet, Stockholm, Sweden 
6 Faculty of Pharmacy, University of Belgrade, Belgrade, Serbia 
7 Department of Renal Medicine, Royal Free Hospital, University College London, London, UK 
8 Institute of Physiology, University of Zürich, Zurich, Switzerland 
9 Association pour l’Utilisation du Rein Artificiel dans la région parisienne (AURA) and Ambroise Paré University Hospital, APHP, Department of Nephrology 
Boulogne-Billancourt, Paris, France 
10 Biogem Research Institute, Ariano Irpino, Italy 
11 Associazione Ipertensione Nefrologia Trapianto Renale (IPNET), c/o Nefrologia, Grande Ospedale Metropolitano, Reggio Calabria, Italy 
12 Department of Geriatrics, Ambroise Paré University Medical Center, APHP, Boulogne-Billancourt, France 
13 Department of Translational Medical Sciences, University of Campania Luigi Vanvitelli, Naples, Italy 
14 Pharmacoepidemiology Unit, Department of Clinical Pharmacology, Amiens University Medical Center, Amiens, France 
15 MP3CV Laboratory, EA7517, Jules Verne University of Picardie, Amiens, France 
Correspondence to: Hong Xu; E-mail: hong.xu.2@ki.se, Sophie Liabeuf; E-mail: liabeuf.sophie@chu-amiens.fr
∗CONNECT Action (see Appendix) 

Watch the video of this contribution at https://academic.oup.com/ndt/pages/author_videos

ABSTRACT 

Cholinergic synapses are widespread throughout the human central nervous system. Their high density in the thalamus, neocortex, 
limbic system and striatum suggests that cholinergic transmission plays a vital role in memory, attention, learning and other higher 
cognitive functions. As a result, the brain’s cholinergic system occupies a central position in research on normal cognition and age- 
related cognitive decline, including dementias such as Alzheimer’s disease. In addition to its role in the brain, neuronal cholinergic 
pathways are essential for the physiological regulation of the body’s organs, including the kidneys, through the parasympathetic 
branch of the peripheral nervous system. Chronic kidney disease (CKD) is a non-communicable disease with a global prevalence of 
≈10%. Cognitive impairment is common among patients with CKD, with reported prevalence rates ranging from 30% to 60%, depending 
on the definitions and assessment methods used. Given the importance of the cholinergic system in cognitive processes, it may be a 
key area of focus for evaluating cognitive function in this population. In this current narrative review, we will first examine evidence 
linking the cholinergic system to cognitive functions and then we will discuss the potential implications of cholinergic function in 

patients with CKD. 
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GRAPHICAL ABSTRACT 

The brain’s cholinergic system holds a potential central position in
ongoing research focused on normal cognition and cognitive impairment

and warrants attention in individuals with CKD.

Cholinergic system in patients with CKD:
cognitive and renal implications

Focus of study was the exploration
of the potential implications of the 

cholinergic system in the brain
in patients with CKD

Methods

Cholinergic system:
• Memory
• Attention
• Learning

• Higher cognitive functions 

Narrative review

Xu, H. et al.
NDT (2025)
@NDTSocial

Results

How CKD impacts the
cholinergic system

and cognition

How the cholinergic system
impacts the kidneys

Uraemia

Inflammation

Parasympathetic
innervation to
renal tissue

Cholinergic system
dysfunction

± drugs

Interacts with
RAASi and SNS

Inflammation

Metabolic
factors

Vascular
disease

RAAS = renin-angiotensin-aldosterone system; SNS = sympathetic nervous system

INTRODUCTION 

Chronic kidney disease (CKD) is a progressive condition that af- 
fects > 10% of the global population, totalling > 800 million peo- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The role of the cholinergic system in cognitive impairment 
among CKD patients warrants closer attention. Emerging evi- 
dence also suggests that the cholinergic system may play a role 
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ple [1 ]. It has become a significant contributor to global mortal-
ity and is one of the few non-communicable diseases with an in-
creasing death rate over the past 2 decades [2 ]. There is mounting
evidence that CKD is an independent risk factor for cognitive im-
pairment [3 –5 ]. Even mild cognitive changes can affect essential
aspects of healthcare management, including medication adher-
ence, decision-making and active participation in care. This is par-
ticularly critical for patients with CKD, since nephrology is often
considered one of the most complex medical subspecialties due
to the high prevalence of comorbidities and the need to manage
polypharmacy [6 , 7 ]. 

Despite growing evidence, the complex pathogenic relation-
ship and precise regulatory mechanisms linking CKD to cogni-
tive impairment remain unclear and require further investiga-
tion. In addition to well-known cardiovascular risk factors such as
diabetes, inflammation, hypertension and dyslipidaemia, kidney-
specific risk factors, including uraemic toxins, may also increase
the vulnerability of CKD patients to neurological disorders [3 , 8 ].
Cholinergic synapses are distributed throughout the human cen-
tral nervous system (CNS), with high concentrations in the thala-
mus, neocortex, limbic system and striatum. This distribution in-
dicates that cholinergic transmission plays a crucial role in mem-
ory, attention, learning and other higher cognitive functions [3 , 9 ].
Consequently, the brain’s cholinergic system remains a focal point
of research on normal cognition and age-related cognitive decline,
including dementias such as Alzheimer’s disease (AD). 
in the pathophysiology of both acute kidney injury (AKI) [10 ] and
CKD [11 ]. Dysregulation of this system could contribute to the re-
nal dysfunction observed in CKD. Notably, the cholinergic anti- 
inflammatory pathway, mediated by the vagus nerve, has been 
shown to exert anti-inflammatory effects throughout the body, in- 
cluding the kidneys [12 ]. 

In this narrative review, we will begin with evidence linking the 
cholinergic system to cognitive functions and then examine the 
potential implications of cholinergic system dysfunction in pa- 
tients with CKD. 

THE CHOLINERGIC SYSTEM AND 

COGNITIVE FUNCTION 

The physiology of the cholinergic system 

The cholinergic pathways involve multiple modalities related to 
the classical neurotransmitter acetylcholine (ACh), including reg- 
ulation of its production and degradation and its ability to mod- 
ulate cellular pathways through interactions with specific recep- 
tors. Cells involved in cholinergic signalling can be divided into 
two categories: cholinergic cells, which produce ACh (e.g. cholin- 
ergic neurons [13 ]), and cholinoceptive cells, which possess re- 
ceptors and can respond to available ACh (e.g. various cell types 
in the kidney [14 ]). Similarly, drug substances are classified as 
cholinergic or anti-cholinergic based on their agonistic or antag- 
onistic effects on cholinergic receptors, which are divided into 
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Figure 1: The cholinergic system and ACH equilibrium. (A) The production and clearance of ACh. ChAT catalyses ACh formation from choline and 
acetyl CoA in the cytosol of the presynaptic cholinergic neuron. The vAChT loads the ACh into synaptic vesicles that are then fused with the synaptic 
cleft cell membrane to release ACh into the synapse. Free ACh can either engage various receptors—nAChRs or mAChRs—present in the 
cholinoceptive cell or become degraded by AChE or BChE into choline and acetate. The available choline undergoes reuptake by the cholinergic neuron 
through the high-affinity ChT to continue the process of ACh production. In contrast, depending on their availability and distribution, nAChRs and 
mAChRs can initiate various signalling pathways in the cholinoceptive cells that may lead to various biological effects. (B) The cholinergic index, 
which represents the balance between ACh production and clearance. The steady-state equilibrium is maintained when the production and clearance 
rates of ACh are in tandem with each other, wherein ChAT activity represents ACh production, whereas ACh clearance is represented by the combined 
efforts of AChE and BChE. A change in ACh production or clearance may lead to situations of ACh accumulation or deficiency. 
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wo types: ligand-gated ion channels, known as nicotinic acetyl-
holine receptors (nAChRs; subtypes α1–7, α9–10, β1–4, δ, ε, γ ), and
-protein-coupled muscarinic acetylcholine receptors (mAChRs; 
ubtypes M1–5) [15 ]. 
Under normal physiological conditions in the brain, most ACh

s produced inside cholinergic neurons primarily by the enzyme
holine acetyltransferase (ChAT) in the cytosol, and to a lesser
xtent by carnitine acetyltransferase (CRAT) within the mito-
hondria. Choline and acetyl co-enzyme A (CoA) are converted
nto ACh by ChAT, after which ACh is then released into synap-
ic vesicles by the vesicular acetylcholine transporter (vAChT).
hese vesicles release ACh into the synaptic cleft after fusing
ith the presynaptic membrane, where ACh interacts with nico-
inic or muscarinic receptors on cholinoceptive cells to trigger
ownstream signalling. The type of ACh receptor present on the
holinoceptive cells determines the specific signalling pathway
nd biological outcome in different cell types [15 ]. Simultaneously,
Ch in the synaptic cleft is broken down by two cholinesterases—
cetylcholinesterase (AChE) and butyrylcholinesterase (BChE)—
eleasing choline. This choline is then reabsorbed by presynap-
ic cholinergic neurons through the high-affinity choline trans-
orter (ChT), ensuring an adequate supply for ChAT activity and
urther ACh production (Fig. 1 A). An imbalance in ACh produc-
ion or degradation can alter ACh availability, which is reflected
n the cholinergic index (the ChAT/ChE, representing the balance
etween ACh production and degradation) (Fig. 1 B). 
In the CNS, ACh is produced primarily by cholinergic neurons,
hose cell bodies are clustered in the basal forebrain. However,
heir projections extend to various brain regions, including the
ortex and hippocampus—two key areas involved in memory and
ognition [13 ]. The critical role of ACh signalling cognitive func-
ion is well established and is particularly evident in dementia
isorders, where ACh signalling is significantly reduced [16 , 17 ]. In
he peripheral nervous system, ACh plays a vital role in regulating
arious organs, mainly through the parasympathetic nervous sys-
em. Vagus nerve–mediated signalling has been extensively doc-
mented to modulate organ function, including the regulation of
idney activity [18 –20 ]. 

ssociation between the cholinergic system and 

ognition 

Ch regulates neuronal excitability throughout the nervous sys-
em by acting on both the cys-loop ligand-gated nAChRs and
AChRs. The hippocampus, a key brain region for learning and
emory, expresses both types of receptors. Activation of these re-
eptors by cholinergic input from the basal forebrain regulates
ynaptic communication essential for cognitive function [21 ]. As
arly as the 1970s, it was shown that cognitive decline is associ-
ted with central cholinergic dysfunction and neurodegeneration
f the basal forebrain [22 –24 ]. Studies also showed that cholinergic
gonists improve and antagonists impair memory [25 ]. AD, char-
cterized by progressive memory loss and cognitive decline, has
een strongly linked to central cholinergic dysfunction originating
n the basal forebrain, from which cholinergic neurons project to
everal brain regions, including the cerebral cortex and hippocam-
us. ACh plays a crucial role in regulating cognitive functions as-
ociated with these regions [26 ]. This accumulated knowledge led
o formulation of the cholinergic hypothesis, which proposes that
holinergic neuron degeneration in AD is directly associated with
ognitive impairment [27 ]. Later studies confirmed this hypothe-
is, showing that the cholinergic neurons in the basal forebrain de-
enerate early in AD [28 , 29 ] and that reduced basal forebrain vol-
me correlates with cognitive decline [30 , 31 ]. Based on the cholin-
rgic hypothesis, cholinesterase inhibitors (ChEIs), which enhance
Ch signalling, were developed in the 1990s as a treatment for
ild to moderate AD [32 , 33 ]. 
Several factors influence the cholinergic system, with one of

he most critical being the neurotrophin nerve growth factor
NGF), which is essential for the survival and plasticity of cen-
ral cholinergic neurons [34 ]. Under normal physiological condi-
ions, NGF enhances cholinergic signalling and anti-inflammatory
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pathways and regulates amyloid precursor protein (APP) β-
processing, thereby reducing the formation of pathological
amyloid- β (A β) [35 , 36 ]. However, NGF metabolism has been re-
ported to be impaired in AD, making NGF a promising target for
therapeutic intervention [37 , 38 ]. In addition, altered NGF matu-
ration, as observed in AD, may lead to inefficient axonal trans-
port and disrupted signalling, which can compromise homeo-
static control and contribute to cholinergic dysfunction [38 , 39 ]. 

In summary, the central cholinergic system plays a pivotal role
in cognition. Understanding its mechanisms is crucial for address-
ing neurodegenerative conditions and, as this review will explore,
may also provide insights into conditions where the peripheral
cholinergic system plays a dominant role. 

THE CHOLINERGIC SYSTEM IN KIDNEY 

DISEASE 

The impact of CKD on the cholinergic system 

and cognitive function 

The association between cholinergic system damage and cogni-
tive impairment in CKD is an area of growing interest in med-
ical research [20 , 40 ]. CKD is increasingly recognized as a risk
factor for cognitive impairment and dementia. The cognitive
decline associated with CKD affects various domains, includ-
ing memory, attention, executive function and visuospatial abil-
ities, significantly reducing patients’ quality of life [41 ]. A key
contributor to cognitive dysfunction in CKD is damage to the
cholinergic system. Several mechanisms in CKD contribute to
cholinergic dysfunction, thereby exacerbating cognitive decline.
Table 1 A summarizes key findings from both animal and human
studies. One primary factor is the accumulation of uraemic tox-
ins due to impaired kidney function. These toxins can cross the
blood–brain barrier, interfering with the cholinergic system by re-
ducing the activity of cholinergic neurons in the basal ganglia [42 ],
downregulating neuronal nAChRs [43 ] and impairing ACh syn-
thesis and release. A recent animal study [44 ] demonstrated that
CKD mouse models exhibit psychomotor behavioural abnormal-
ities and blood–brain barrier disruption. This was accompanied
by impaired acetylcholinesterase activity, reduced neuronal ar-
borization in multiple brain regions and decreased dendritic spine
density. Specific brain regions also showed evidence of oxidative
stress, inflammation and mitochondrial dysfunction, contribut-
ing to neurochemical and structural changes [45 ]. Furthermore,
three cross-sectional human studies [46 –48 ] involving dialysis pa-
tients reported reduced brain choline concentrations as measured
by magnetic resonance spectroscopy. But it is important to note
that although cholinergic dysfunction is observed in both AD and
CKD, the underlying pathways leading to this dysfunction remain
largely unknown. Recent studies suggest that the APOE4 genotype
and A β peptides may play a role in disrupting cholinergic mech-
anisms in the AD brain [49 , 50 ]. However, similar findings have
not yet been reported in CKD. In contrast, CKD patients have been
found to exhibit elevated levels of A β in both plasma and the brain
[51 ], possibly indicating impaired peripheral clearance of amyloid
peptides. 

CKD is characterized by chronic systemic inflammation, which
may extend to the CNS. Neuroinflammation has been implicated
in the pathogenesis of cognitive decline in CKD. The cholinergic
anti-inflammatory pathway, mediated by the vagus nerve, plays
a key role in regulating inflammation in both the central and pe-
ripheral nervous systems. Dysfunction of this pathway in CKD can
result in excessive neuroinflammation, further exacerbating cog-
nitive impairment [40 ]. CKD is also associated with vascular dis-
eases, including small vessel disease and cerebral microbleeds.
Vascular injury disrupts the integrity of the blood–brain barrier 
and impairs cerebral perfusion, leading to cerebral hypoperfu- 
sion and ischaemia. CKD-related factors, such as metabolic disor- 
ders, oxidative stress and uraemic toxicity, can induce structural 
and functional changes in the brain. These changes, coupled with 
cholinergic system dysfunction, may impair neuronal plasticity 
and synaptic transmission, contributing to the cognitive deficits 
observed in CKD. 

One cohort study using magnetic resonance imaging (MRI) 
demonstrated a higher incidence of cerebrovascular disease in 
patients with kidney failure compared with healthy individuals.
Magnetic resonance spectroscopy (MRS) further revealed a lower 
N-acetylaspartate (NAA):choline ratio in patients with kidney 
transplants, indicating metabolic disturbances in the brain [52 ].
Another study involving non-dialysis patients with chronic renal 
failure found an elevated choline:creatine ratio in both grey and 
white matter compared with healthy controls. Interestingly, after 
≈18 months of haemodialysis (HD), the elevated choline:creatine 
ratio in the grey matter significantly decreased, with a similar 
trend observed in the white matter [53 ]. The cholinergic system 

also plays a crucial role in regulating cerebral blood flow. Dys- 
function of this system may worsen cerebral hypoperfusion, fur- 
ther contributing to cognitive decline in CKD. Notably, interven- 
tions such as HD or kidney transplants may help normalize brain
metabolism [54 , 55 ]. These mechanisms highlight the impact of 
CKD on brain function and may contribute to cognitive decline. 

THE IMPACT OF THE CHOLINERGIC SYSTEM 

ON RENAL FUNCTION 

Recent studies indicate parasympathetic innervation of renal tis- 
sues, suggesting direct cholinergic involvement in kidney function 
[56 ]. Furthermore, ACh production has been reported in mouse 
podocytes [57 ] and rabbit cortical cells [58 ], although confirma- 
tion in human cells or organs is still pending. Emerging evidence
also suggests that the cholinergic system plays a role in the patho-
physiology of both AKI and CKD. Table 1 B summarizes key findings
from animal and human studies on this topic. 

One key mechanism is the cholinergic anti-inflammatory path- 
way, mediated by the vagus nerve, which has been shown to 
exert anti-inflammatory effects throughout the body, including 
the kidneys. Cholinergic neurons in the forebrain, which are 
known to regulate peripheral inflammation, have been shown 
to be affected in AD, potentially contributing to increased sys- 
temic inflammation [59 ]. Animal studies have demonstrated that 
vagus nerve stimulation can reduce AKI by activating cholin- 
ergic anti-inflammatory pathways via α7 nACHRs ( α7nAChRs) 
on splenic macrophages [12 , 60 ] and α7nAChR-expressing peri- 
toneal macrophages [61 ]. Another study [62 ] demonstrated that 
treatment with cholinergic agonists significantly reduced tumour 
necrosis factor α protein expression and renal leucocyte infil- 
tration in the context of ischaemia–reperfusion injury. Addition- 
ally, cell culture studies have identified functional nAChRs in 
glomeruli [63 ], inner medullary collecting duct cells [64 ] and prox-
imal tubule epithelial cells [11 ]. One study demonstrated that in-
terfering with the M3 mAChR—one of the five G-protein-coupled 
receptor subtypes (M1–M5) responsible for ACh’s physiological 
functions—improved renal fibrosis in transforming growth fac- 
tor β–treated NRK-49F cells [11 ]. Moreover, ACh plays a key role
in regulating renal haemodynamics and sodium excretion [65 ].
Changes in ACh activity, such as the use of anticholinergic drugs,
may affect kidney function. Dysregulation of the cholinergic 
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Figure 2: Mechanism of action of cholinergic and anticholinergic drugs. 
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system is thought to contribute to the renal dysfunction observed
in CKD. For example, studies have shown that injecting different
doses of ACh into the renal arteries increases renal blood flow in
dogs [66 ]. Additionally, vagus nerve stimulation has been shown
to protect the kidneys and prevent the development of hyper-
tension in mice with chronic inflammation [67 ]. The cholinergic
system also interacts with other physiological systems, such as
the renin–angiotensin–aldosterone system and the sympathetic
nervous system. Imbalances in these systems have been impli-
cated in CKD progression and the development of renal compli-
cations. Cholinergic system dysfunction may disrupt the regula-
tion of these pathways, further influencing renal function and
disease progression. For instance, angiotensin II (AngII) promotes
renal fibrosis, while the vagus nerve–mediated cholinergic anti-
inflammatory pathway helps mitigate AngII-induced hyperten-
sion by inhibiting nuclear factor κB (NF- κB) activation, thereby
reducing fibrosis and inflammatory responses [68 ]. This pathway
inhibits NF- κB activation, thereby reducing renal fibrosis and in-
flammatory responses. Given the intricate interplay between the
cholinergic system and renal function, targeting this system may
offer a novel therapeutic approach for CKD patients. Two clinical
studies have investigated this potential. In one pilot study [69 ], a
vagus nerve stimulation (VNS) device was used in HD patients,
but no statistically significant changes in cytokine levels were ob-
served after 4 weeks. In contrast, another cohort study examined
the use of ChEIs and found that these drugs were significantly
associated with slower progression of CKD [70 ]. This suggests a
possible mechanism by which ChEIs may help manage CKD. Fur-
ther research is needed to clarify the precise role of cholinergic
dysfunction in CKD and to identify potential therapeutic targets
for intervention.

CLINICAL APPLICATIONS AND FUTURE 

RESEARCH DIRECTIONS 

Drugs that directly modulate the cholinergic system can induce
undesirable effects, including adverse reactions affecting the
CNS. Medications with anticholinergic effects are commonly 
prescribed to manage various conditions, such as overactive 
bladder, nausea and vomiting, excessive gastric acid produc- 
tion, intestinal motility disorders, psychosis, depression, muscle 
spasms, allergies and chronic obstructive pulmonary disease [71 ].
However, numerous reports have linked the use of anticholinergic 
drugs to adverse outcomes, such as hospitalization, cognitive 
impairment and increased mortality [72 –74 ]. For example, a 
study involving > 19 000 participants ≥70 years of age, all initially
free from dementia, demonstrated that a higher anticholinergic 
burden predicted a decline in cognitive function over time [75 ].
In a large cohort of CKD patients with an estimated glomerular 
filtration rate (eGFR) < 60 ml/min/1.73 m2 , Mouheb et al . [76 ]
reported that 52% of patients were prescribed at least one drug 
with anticholinergic properties. Furthermore, patients with a 
high anticholinergic burden had a significantly higher likelihood 
of cognitive impairment compared with those without an anti- 
cholinergic burden, even after adjusting for sociodemographic 
factors, comorbidities, laboratory data and the number of daily 
medications taken. Given that CKD patients are particularly 
prone to polypharmacy, it is crucial to carefully re-evaluate their 
prescriptions to identify and, where possible, reduce the use of 
medications with anticholinergic properties. 

In contrast, therapeutic options that stimulate the cholinergic 
system may benefit both cognitive and renal function in CKD pa- 
tients. ChEIs such as donepezil, galantamine, and rivastigmine re- 
main the primary pharmacological treatment for AD to address 
symptoms related to memory, thinking, language, judgment and 
other cognitive functions [41 ] (Fig. 2 ). Intriguingly, there is growing
evidence linking ChEI use to cardio- and cerebrovascular protec- 
tion. A recent meta-analysis of nine cohort studies reported a 37% 

reduction in cardiovascular events and cardiovascular mortality 
associated with ChEI use [77 ]. Moreover, our research has shown 
that ChEI treatment is linked to significant reductions in mortality 
and a lower risk of myocardial infarction [78 ], stroke [79 ] and renal
dysfunction [70 ]. These protective effects might be attributable to 
the anti-inflammatory properties of ChEIs and suggest that their 
benefits extend beyond the cholinergic system in the brain [80 ]. 
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To the best of our knowledge, the impact of ChEIs on cogni-
ion in CKD patients has not yet been evaluated. However, future
linical trials could investigate the potential beneficial effects of
holinergic system stimulation—whether through pharmacolog- 
cal treatment or VNS devices—on both cognitive and renal func-
ion in CKD patients. 

ONCLUSION 

nderstanding the connection between kidney dysfunction and
ognitive impairment could deepen our understanding of various
ognitive disorders. The brain’s cholinergic system plays a poten-
ially central role in ongoing research on normal cognition and
ge-related cognitive decline, including dementias such as AD, as
ell as in the regulation of peripheral inflammation. This system
hould be carefully considered in individuals with CKD. In addi-
ion, the cholinergic system may contribute to the pathophysi-
logy of CKD, while altered kidney function in CKD can, in turn,
ffect brain functions through various mechanisms discussed in
his review. In both AD and CKD, sustaining cholinergic pathways
ay improve cognitive outcomes by acting directly on both cen-

ral and peripheral systems and by mitigating the effects of CKD-
elated dysfunction. 
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ana Pejušković, Marion Pepin, Alessandra Perna, Andrea Perrot-
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8. Liabeuf S, Pešić V, Spasovski G et al. Drugs with a negative impact
on cognitive function (part 1): chronic kidney disease as a risk
factor. Clin Kidney J 2023; 16 :2365–77. https://doi.org/10.1093/ckj/
sfad241

9. Hafez G, Malyszko J, Golenia A et al. Drugs with a negative impact
on cognitive functions (part 2): drug classes to consider while
prescribing in CKD patients. Clin Kidney J 2023; 16 :2378–92. https:
//doi.org/10.1093/ckj/sfad239

10. Xu H, Eriksdotter M, Garcia-Ptacek S et al. Acute kidney in-
jury and its association with dementia and specific demen-
tia types: findings from a population-based study in Swe-
den. Neurology 2024; 103 :e209751. https://doi.org/10.1212/WNL.
0000000000209751

11. Yang W, He L. The protective effect of hederagenin on renal fi-
brosis by targeting muscarinic acetylcholine receptor. Bioengi-
neered 2022; 13 :8689–98. https://doi.org/10.1080/21655979.2022.
2054596

12. Uni R, Inoue T, Nakamura Y et al. Vagus nerve stimulation even
after injury ameliorates cisplatin-induced nephropathy via re-
ducing macrophage infiltration. Sci Rep 2020; 10 :9472. https://doi.
org/10.1038/s41598-020-66295-0

13. Li X, Yu B, Sun Q et al. Generation of a whole-brain at-
las for the cholinergic system and mesoscopic projectome
analysis of basal forebrain cholinergic neurons. Proc Natl
Acad Sci USA 2018; 115 :415–20. https://doi.org/10.1073/pnas.
1703601115

14. Yeboah MM, Xue X, Javdan M et al. Nicotinic acetylcholine recep-
tor expression and regulation in the rat kidney after ischemia-
reperfusion injury. Am J Physiol Renal Physiol 2008; 295 :F654–661.
https://doi.org/10.1152/ajprenal.90255.2008

15. Jones CK, Byun N, Bubser M. Muscarinic and nicotinic
acetylcholine receptor agonists and allosteric modulators
for the treatment of schizophrenia. Neuropsychopharmacology
2012; 37 :16–42. https://doi.org/10.1038/npp.2011.199

16. Ballinger EC, Ananth M, Talmage DA et al. Basal forebrain cholin-
ergic circuits and signaling in cognition and cognitive decline.
Neuron 2016; 91 :1199–218. https://doi.org/10.1016/j.neuron.2016.
09.006

17. Xu H, Garcia-Ptacek S, Jönsson L et al. Long-term effects
of cholinesterase inhibitors on cognitive decline and mor-
tality. Neurology 2021; 96 :e2220–30. https://doi.org/10.1212/WNL.
0000000000011832

18. Tanaka S, Abe C, Abbott SBG et al. Vagus nerve stimula-
tion activates two distinct neuroimmune circuits converging
in the spleen to protect mice from kidney injury. Proc Natl
Acad Sci USA 2021; 118 :e2021758118. https://doi.org/10.1073/
pnas.2021758118

19. Hasegawa S, Inoue T, Inagi R. Neuroimmune interactions and
kidney disease. Kidney Res Clin Pract 2019; 38 :282–94. https://doi.
org/10.23876/j.krcp.19.014

20. Tanaka S, Okusa MD. Crosstalk between the nervous system and
the kidney. Kidney Int 2020; 97 :466–76. https://doi.org/10.1016/j.
kint.2019.10.032

21. Yakel JL. Cholinergic receptors: functional role of nico-
tinic ACh receptors in brain circuits and disease. Pflugers
Arch 2013; 465 :441–50. https://doi.org/10.1007/s00424-012-
1200-1

22. Bowen DM, Smith CB, White P et al. Neurotransmitter-related
enzymes and indices of hypoxia in senile dementia and
other abiotrophies. Brain 1976; 99 :459–96. https://doi.org/10.
1093/brain/99.3.459

23. Davies P, Maloney AJ. Selective loss of central cholinergic neu-
rons in Alzheimer’s disease. Lancet 1976; 2 :1403. https://doi.org/
10.1016/S0140-6736(76)91936-X
24. Mesulam MM, Mufson EJ, Wainer BH et al. Central choliner- 
gic pathways in the rat: an overview based on an alternative 
nomenclature (Ch1–Ch6). Neuroscience 1983; 10 :1185–201. https:
//doi.org/10.1016/0306-4522(83)90108-2

25. Drachman DA, Leavitt J. Human memory and the cholinergic 
system. A relationship to aging? Arch Neurol 1974; 30 :113–21.
https://doi.org/10.1001/archneur.1974.00490320001001

26. Haam J, Yakel JL. Cholinergic modulation of the hippocampal re- 
gion and memory function. J Neurochem 2017; 142(Suppl 2) :111–
21. https://doi.org/10.1111/jnc.14052

27. Bartus RT, Dean RL, Beer B et al. The cholinergic hypothesis of
geriatric memory dysfunction. Science 1982; 217 :408–14. https://
doi.org/10.1126/science.7046051

28. Mesulam M. The cholinergic lesion of Alzheimer’s disease: piv- 
otal factor or side show? Learn Mem 2004; 11 :43–9. https://doi.
org/10.1101/lm.69204

29. Mufson EJ, Counts SE, Perez SE et al. Cholinergic system dur- 
ing the progression of Alzheimer’s disease: therapeutic impli- 
cations. Expert Rev Neurother 2008; 8 :1703–18. https://doi.org/10.
1586/14737175.8.11.1703

30. Grothe M, Zaborszky L, Atienza M et al. Reduction of basal fore-
brain cholinergic system parallels cognitive impairment in pa- 
tients at high risk of developing Alzheimer’s disease. Cereb Cortex 
2010; 20 :1685–95. https://doi.org/10.1093/cercor/bhp232

31. Teipel SJ, Cavedo E, Hampel H et al. Basal forebrain volume,
but not hippocampal volume, is a predictor of global cogni- 
tive decline in patients with Alzheimer’s disease treated with 
cholinesterase inhibitors. Front Neurol 2018; 9 :642. https://doi.
org/10.3389/fneur.2018.00642

32. Birks JS, Harvey RJ. Donepezil for dementia due to Alzheimer’s 
disease. Cochrane Database Syst Rev 2018; 6 :CD001190. 

33. Giacobini E, Cuello AC, Fisher A. Reimagining cholinergic ther- 
apy for Alzheimer’s disease. Brain 2022; 145 :2250–75. https://doi.
org/10.1093/brain/awac096

34. Aloe L, Rocco ML, Bianchi P et al. Nerve growth factor: from
the early discoveries to the potential clinical use. J Transl Med 
2012; 10 :239. https://doi.org/10.1186/1479-5876-10-239

35. Triaca V, Calissano P. Impairment of the nerve growth factor 
pathway driving amyloid accumulation in cholinergic neurons: 
the incipit of the Alzheimer’s disease story? Neural Regen Res 
2016; 11 :1553–6. https://doi.org/10.4103/1673-5374.193224

36. Canu N, Pagano I, La Rosa LR et al. Association of TrkA and
APP is promoted by NGF and reduced by cell death-promoting 
agents. Front Mol Neurosci 2017; 10 :15. https://doi.org/10.3389/
fnmol.2017.00015

37. Cattaneo A, Capsoni S, Paoletti F. Towards non invasive nerve 
growth factor therapies for Alzheimer’s disease. J Alzheimers Dis 
2008; 15 :255–83. https://doi.org/10.3233/JAD-2008-15210

38. Mitra S, Behbahani H, Eriksdotter M. Innovative therapy for 
Alzheimer’s disease-with focus on biodelivery of NGF. Front Neu- 
rosci 2019; 13 :38. https://doi.org/10.3389/fnins.2019.00038

39. Cuello AC, Pentz R, Hall H. The brain NGF metabolic pathway in
health and in Alzheimer’s pathology. Front Neurosci 2019; 13 :62.
https://doi.org/10.3389/fnins.2019.00062

40. Hilderman M, Qureshi AR, Al-Abed Y et al. Cholinergic anti- 
inflammatory pathway activity in dialysis patients: a role for 
neuroimmunomodulation? Clin Kidney J 2015; 8 :599–605. https:
//doi.org/10.1093/ckj/sfv074

41. Viggiano D, Wagner CA, Martino G et al. Mechanisms of cognitive 
dysfunction in CKD. Nat Rev Nephrol 2020; 16 :452–69. https://doi.
org/10.1038/s41581-020-0266-9

42. Wang Y, Chen K, Qiao ZX et al. Chronic kidney disease in-
duces cognitive impairment in the early stage. Curr Med Sci 
2023; 43 :988–97. https://doi.org/10.1007/s11596-023-2783-9

https://doi.org/10.1093/ckj/sfad241
https://doi.org/10.1093/ckj/sfad239
https://doi.org/10.1212/WNL.0000000000209751
https://doi.org/10.1080/21655979.2022.2054596
https://doi.org/10.1038/s41598-020-66295-0
https://doi.org/10.1073/pnas.1703601115
https://doi.org/10.1152/ajprenal.90255.2008
https://doi.org/10.1038/npp.2011.199
https://doi.org/10.1016/j.neuron.2016.09.006
https://doi.org/10.1212/WNL.0000000000011832
https://doi.org/10.1073/pnas.2021758118
https://doi.org/10.23876/j.krcp.19.014
https://doi.org/10.1016/j.kint.2019.10.032
https://doi.org/10.1007/s00424-012-1200-1
https://doi.org/10.1093/brain/99.3.459
https://doi.org/10.1016/S0140-6736(76)91936-X
https://doi.org/10.1016/0306-4522(83)90108-2
https://doi.org/10.1001/archneur.1974.00490320001001
https://doi.org/10.1111/jnc.14052
https://doi.org/10.1126/science.7046051
https://doi.org/10.1101/lm.69204
https://doi.org/10.1586/14737175.8.11.1703
https://doi.org/10.1093/cercor/bhp232
https://doi.org/10.3389/fneur.2018.00642
https://doi.org/10.1093/brain/awac096
https://doi.org/10.1186/1479-5876-10-239
https://doi.org/10.4103/1673-5374.193224
https://doi.org/10.3389/fnmol.2017.00015
https://doi.org/10.3233/JAD-2008-15210
https://doi.org/10.3389/fnins.2019.00038
https://doi.org/10.3389/fnins.2019.00062
https://doi.org/10.1093/ckj/sfv074
https://doi.org/10.1038/s41581-020-0266-9
https://doi.org/10.1007/s11596-023-2783-9


2036 | Nephrol Dial Transplant, 2025, Vol. 40, No. 11

4  

 

 

4  

 

4  

 

 

4  

 

 

4  

 

4  

 

4  

 

5  

 

 

 

5  

 

5  

 

 

 

5  

 

5  

 

5  

 

 

5  

 

5  

 

5  

 

5  

 

6  

 

6  

 

 

6  

 

6  

 

6  

6  

 

6  

 

6  

 

6  

 

 

6  

 

7  

 

 

7  

7  

 

 

7  

 

7  

 

 

D
ow

nloaded from
 academ

ic.oup.com
/ndt/article/40/11/2026/8005393 by IR

C
C

S O
spedale San R

affaele (M
ilano) user on 02 Septem

ber 2026
3. Ballesta JJ, del Pozo C, Castelló-Banyuls J et al. Selective down-
regulation of α4 β2 neuronal nicotinic acetylcholine receptors
in the brain of uremic rats with cognitive impairment. Exp
Neurol 2012; 236 :28–33. https://doi.org/10.1016/j.expneurol.2012.
03.020

4. Mazumder MK, Paul R, Bhattacharya P et al. Neurological sequel
of chronic kidney disease: from diminished acetylcholinesterase 
activity to mitochondrial dysfunctions, oxidative stress and in-
flammation in mice brain. Sci Rep 2019; 9 :3097. https://doi.org/
10.1038/s41598-018-37935-3

5. Łukawski K, Raszewski G, Czuczwar SJ. Effects of the uremic
toxin indoxyl sulfate on seizure activity, learning and brain ox-
idative stress parameters in mice. Neurosci Lett 2024; 820 :137594.
https://doi.org/10.1016/j.neulet.2023.137594

6. Anazodo UC, Wong DY, Théberge J et al. Hemodialysis-
related acute brain injury demonstrated by application of in-
tradialytic magnetic resonance imaging and spectroscopy. J
Am Soc Nephrol 2023; 34 :1090–104. https://doi.org/10.1681/ASN.
0000000000000105

7. Zhang CY, Chen Y, Chen S et al. Evaluation of mental disorders
using proton magnetic resonance spectroscopy in dialysis and
predialysis patients. Kidney Blood Press Res 2017; 42 :686–96. https:
//doi.org/10.1159/000484023

8. Tryc AB, Alwan G, Bokemeyer M et al. Cerebral metabolic al-
terations and cognitive dysfunction in chronic kidney disease.
Nephrol Dial Transplant 2011; 26 :2635–41. https://doi.org/10.1093/
ndt/gfq729

9. Hshieh TT, Fong TG, Marcantonio ER et al. Cholinergic deficiency
hypothesis in delirium: a synthesis of current evidence. J Gerontol
A Biol Sci Med Sci 2008; 63 :764–72. https://doi.org/10.1093/gerona/
63.7.764

0. Alber J, Maruff P, Santos CY et al. Disruption of cholinergic
neurotransmission, within a cognitive challenge paradigm, is
indicative of A β-related cognitive impairment in preclinical
Alzheimer’s disease after a 27-month delay interval. Alzheimers
Res Ther 2020; 12 :31. https://doi.org/10.1186/s13195-020-00599-1

1. Sedaghat S, Ji Y, Hughes TM et al. The association of kidney
function with plasma amyloid- β levels and brain amyloid depo-
sition. J Alzheimers Dis 2023; 92 :229–39. https://doi.org/10.3233/
JAD-220765

2. Fiorina P, Vezzulli P, Bassi R et al. Near normalization of
metabolic and functional features of the central nervous sys-
tem in type 1 diabetic patients with end-stage renal disease after
kidney-pancreas transplantation. Diabetes Care 2012; 35 :367–74.
https://doi.org/10.2337/dc11-1697

3. Sasaki O, Hattori N, Nakahama H et al. Positive correlations
between cerebral choline and renal dysfunction in chronic
renal failure. Neuroradiology 2006; 48 :300–6. https://doi.org/10.
1007/s00234-006-0063-6

4. Lau WL, Huisa BN, Fisher M. The cerebrovascular-chronic kidney
disease connection: perspectives and mechanisms. Transl Stroke
Res 2017; 8 :67–76. https://doi.org/10.1007/s12975-016-0499-x

5. Lepping RJ, Montgomery RN, Sharma P et al. Normalization of
cerebral blood flow, neurochemicals, and white matter integrity
after kidney transplantation. J Am Soc Nephrol 2021; 32 :177–87.
https://doi.org/10.1681/ASN.2020050584

6. Cheng X, Zhang Y, Chen R et al. Anatomical evidence for
parasympathetic innervation of the renal vasculature and
pelvis. J Am Soc Nephrol 2022; 33 :2194–210. https://doi.org/10.
1681/ASN.2021111518

7. Truong LD, Trostel J, Roncal C et al. Production of acetylcholine
by podocytes and its protection from kidney injury in GN. J Am
Soc Nephrol 2025; 36 :205–18. 
8. Evans S, Garg LC, Meyer EM. Synthesis and release of acetyl-
choline in the rabbit kidney cortex. Life Sci 1992; 51 :1699–703.
https://doi.org/10.1016/0024-3205(92)90298-4

9. Lehner KR, Silverman HA, Addorisio ME et al. Forebrain choliner-
gic signaling regulates innate immune responses and inflamma-
tion. Front Immunol 2019; 10 :585. https://doi.org/10.3389/fimmu.
2019.00585

0. Inoue T, Abe C, Sung SS et al. Vagus nerve stimulation mediates
protection from kidney ischemia-reperfusion injury through
α7nAChR+ splenocytes. J Clin Invest 2016; 126 :1939–52. https://
doi.org/10.1172/JCI83658

1. Inoue T, Abe C, Kohro T et al. Non-canonical cholinergic
anti-inflammatory pathway-mediated activation of peritoneal
macrophages induces Hes1 and blocks ischemia/reperfusion in-
jury in the kidney. Kidney Int 2019; 95 :563–76. https://doi.org/10.
1016/j.kint.2018.09.020

2. Sadis C, Teske G, Stokman G et al. Nicotine protects kidney from
renal ischemia/reperfusion injury through the cholinergic anti-
inflammatory pathway. PLoS One 2007; 2 :e469. https://doi.org/10.
1371/journal.pone.0000469

3. Hurst RD, Whiteside CI, Thompson JC. Transmembrane sig-
nalling of cholinergic-stimulated contraction in isolated rat
glomeruli. Ren Physiol Biochem 1992; 15 :307–17. 

4. Yeboah MM, Xue X, Duan B et al. Cholinergic agonists attenuate
renal ischemia-reperfusion injury in rats. Kidney Int 2008; 74 :62–
9. https://doi.org/10.1038/ki.2008.94

5. Ruiz OS, Qiu YY, Cardoso LR et al. Regulation of the renal Na-
HCO3 cotransporter: VII. Mechanism of the cholinergic stimula-
tion. Kidney Int 1997; 51 :1069–77. https://doi.org/10.1038/ki.1997.
149

6. McGiff JC, Burns RB, Blumenthal MR. Role of acetylcholine in the
renal vasoconstrictor response to sympathetic nerve stimula-
tion in the dog. Circ Res 1967; 20 :616–29. https://doi.org/10.1161/
01.RES.20.6.616

7. Maloy CI, Fairly, AS, Pham, KW et al. Improvement in blood
pressure and renal injury following vagal nerve stimulation.
2016; 30 (Suppl 1):964.6.

8. Wu SJ, Shi ZW, Wang X et al. Activation of the cholinergic anti-
inflammatory pathway attenuated angiotension II-dependent
hypertension and renal injury. Front Pharmacol 2021; 12 :593682.
https://doi.org/10.3389/fphar.2021.593682

9. Hilderman M, Bruchfeld A. The cholinergic anti-inflammatory
pathway in chronic kidney disease-review and vagus nerve stim-
ulation clinical pilot study. Nephrol Dial Transplant 2020; 35 :1840–
52. https://doi.org/10.1093/ndt/gfaa200

0. Xu H, Garcia-Ptacek S, Bruchfeld A et al. Association between
cholinesterase inhibitors and kidney function decline in pa-
tients with Alzheimer’s dementia. Kidney Int 2023; 103 :166–76.
https://doi.org/10.1016/j.kint.2022.09.022

1. Miller CA. Anticholinergics: the good and the bad. Geriatr Nurs
2002; 23 :286–7. https://doi.org/10.1067/mgn.2002.128791

2. Welk B, McClure JA. The impact of anticholinergic use for over-
active bladder on cognitive changes in adults with normal cog-
nition, mild cognitive impairment, or dementia. Eur Urol Open Sci
2022; 46 :22–9. https://doi.org/10.1016/j.euros.2022.10.008

3. Naja M, Zmudka J, Hannat S et al. In geriatric patients, delir-
ium symptoms are related to the anticholinergic burden. Geriatr
Gerontol Int 2016; 16 :424–31. https://doi.org/10.1111/ggi.12485

4. Risacher SL, McDonald BC, Tallman EF et al. Association be-
tween anticholinergic medication use and cognition, brain
metabolism, and brain atrophy in cognitively normal older
adults. JAMA Neurol 2016; 73 :721–32. https://doi.org/10.1001/
jamaneurol.2016.0580

https://doi.org/10.1016/j.expneurol.2012.03.020
https://doi.org/10.1038/s41598-018-37935-3
https://doi.org/10.1016/j.neulet.2023.137594
https://doi.org/10.1681/ASN.0000000000000105
https://doi.org/10.1159/000484023
https://doi.org/10.1093/ndt/gfq729
https://doi.org/10.1093/gerona/63.7.764
https://doi.org/10.1186/s13195-020-00599-1
https://doi.org/10.3233/JAD-220765
https://doi.org/10.2337/dc11-1697
https://doi.org/10.1007/s00234-006-0063-6
https://doi.org/10.1007/s12975-016-0499-x
https://doi.org/10.1681/ASN.2020050584
https://doi.org/10.1681/ASN.2021111518
https://doi.org/10.1016/0024-3205(92)90298-4
https://doi.org/10.3389/fimmu.2019.00585
https://doi.org/10.1172/JCI83658
https://doi.org/10.1016/j.kint.2018.09.020
https://doi.org/10.1371/journal.pone.0000469
https://doi.org/10.1038/ki.2008.94
https://doi.org/10.1038/ki.1997.149
https://doi.org/10.1161/01.RES.20.6.616
https://doi.org/10.3389/fphar.2021.593682
https://doi.org/10.1093/ndt/gfaa200
https://doi.org/10.1016/j.kint.2022.09.022
https://doi.org/10.1067/mgn.2002.128791
https://doi.org/10.1016/j.euros.2022.10.008
https://doi.org/10.1111/ggi.12485
https://doi.org/10.1001/jamaneurol.2016.0580


H. Xu et al. | 2037

 

 

 

 

 

 

 

 

 

 

 

 

RA. T

D
ow

nloaded from
 academ

ic.oup.com
/ndt/article/40/11/2026/8005393 by IR

C
C

S O
spedale San R

affaele (M
ilano) user on 02 Septem

ber 2026
75. Broder JC, Ryan J, Shah RC et al. Anticholinergic medication
burden and cognitive function in participants of the ASPREE
study. Pharmacotherapy 2022; 42 :134–44. https://doi.org/10.1002/
phar.2652

76. Mouheb A, Levassort H, Massy ZA et al. The anticholinergic bur-
den in patients with chronic kidney disease: patterns, risk fac-
tors, and the link with cognitive impairment. J Am Geriatr Soc
2025; 73 :533–44. https://doi.org/10.1111/jgs.19283

77. Isik AT, Soysal P, Stubbs B et al. Cardiovascular outcomes of
cholinesterase inhibitors in individuals with dementia: a meta-
analysis and systematic review. J Am Geriatr Soc 2018; 66 :1805–11.
https://doi.org/10.1111/jgs.15415

Received: October 10, 2024; Editorial decision: January 20, 2025 
© The Author(s) 2025. Published by Oxford University Press on behalf of the E

Commons Attribution License ( https://creativecommons.org/licenses/by/4.0/), whi
medium, provided the original work is properly cited. 
78. Nordström P, Religa D, Wimo A et al. The use of cholinesterase
inhibitors and the risk of myocardial infarction and death: a 
nationwide cohort study in subjects with Alzheimer’s disease.
Eur Heart J 2013; 34 :2585–91. https://doi.org/10.1093/eurheartj/
eht182

79. Tan ECK, Johnell K, Garcia-Ptacek S et al. Acetylcholinesterase 
inhibitors and risk of stroke and death in people with dementia.
Alzheimers Dement 2018; 14 :944–51. https://doi.org/10.1016/j.jalz.
2018.02.011

80. Tracey KJ. The inflammatory reflex. Nature 2002; 420 :853–9.
https://doi.org/10.1038/nature01321

his is an Open Access article distributed under the terms of the Creative 

ch permits unrestricted reuse, distribution, and reproduction in any 

https://doi.org/10.1002/phar.2652
https://doi.org/10.1111/jgs.19283
https://doi.org/10.1111/jgs.15415
https://doi.org/10.1093/eurheartj/eht182
https://doi.org/10.1016/j.jalz.2018.02.011
https://doi.org/10.1038/nature01321
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	THE CHOLINERGIC SYSTEM AND COGNITIVE FUNCTION
	The physiology of the cholinergic system
	Association between the cholinergic system and cognition

	THE CHOLINERGIC SYSTEM IN KIDNEY DISEASE
	The impact of CKD on the cholinergic system and cognitive function

	THE IMPACT OF THE CHOLINERGIC SYSTEM ON RENAL FUNCTION
	CLINICAL APPLICATIONS AND FUTURE RESEARCH DIRECTIONS
	CONCLUSION
	ACKNOWLEDGEMENTS
	FUNDING
	AUTHORS’ CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT
	CONFLICT OF INTEREST STATEMENT
	APPENDIX
	REFERENCES

