
Copyright © 2022 The Korean Association of Internal Medicine
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/) which 
permits unrestricted noncommercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

pISSN 1226-3303
eISSN 2005-6648

http://www.kjim.org

REVIEW

Korean J Intern Med 2022;37:489-501 
https://doi.org/10.3904/kjim.2021.492

1Department of Anatomy, 
Soonchunhyang University College 
of Medicine, Cheonan; 2Graduate 
School of New Drug Discovery & 
Development, Chungnam National 
University, Daejeon; 3Department of 
Internal Medicine, Soonchunhyang 
University Cheonan Hospital, 
Cheonan, Korea 

Chronic kidney disease (CKD) leads to cognitive impairment and emotional changes. 
However, the precise mechanism underlying the crosstalk between the kidneys and the 
nervous system is not fully understood. Inflammation and cerebrovascular disease can 
influence the development of depression in CKD. CKD is one of the strongest risk fac-
tors for cognitive impairment. Moreover, cognitive impairment occurs in CKD as patients 
experience the dysregulation of several brain functional domains due to damage caused 
to multiple cortical regions and to subcortical modulatory neurons. The differences in 
structural brain changes between CKD and non-CKD dementia may be attributable to 
the different mechanisms that occur in CKD. The kidney and brain have similar anatomi-
cal vascular systems, which may be susceptible to traditional risk factors. Vascular factors 
are assumed to be involved in the development of cognitive impairment in patients with 
CKD. Vascular injury induces white matter lesions, silent infarction, and microbleeds. 
Uremic toxins may also be directly related to cognitive impairment in CKD. Many uremic 
toxins, such as indoxyl sulfate, are likely to have an impact on the central nervous system. 
Further studies are required to identify therapeutic targets to prevent changes in the 
brain in patients with CKD.
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INTRODUCTION

Chronic kidney disease (CKD) is a critical health burden 
worldwide. The overall prevalence rate of CKD in Korea 
is 8.2% [1]. A number of risk factors, including diabetes, 
hypertension, and hyperlipidemia, are responsible for the 
progression of CKD and cardiovascular events [2,3]. More-
over, CKD itself is one of the strongest risk factors for car-
diovascular events. These risk factors lead to endothelial cell 
injury, which eventually results in end organ damage [4]. Re-
cent studies have examined the mechanism of the crosstalk 
between the kidney and other organs [5,6]. Kidney injury 

can adversely affect the function and induce pathological 
changes in the gut, lungs, heart, brain, and the immune 
system [7-9].

Under normal physiological conditions, homeostasis is 
maintained by the communication between the kidney and 
the central nervous system (CNS). For example, under nor-
mal physiological conditions, systemic changes in osmolarity 
are detected by osmoreceptors in the CNS. When osmolar-
ity is high, vasopressin is secreted from the hypothalamus 
and the posterior region of the pituitary gland. Vasopressin 
increases the number of aquaporin 2 channels in the api-
cal membrane and enhances the reabsorption of water in 
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the kidney. The brain and nervous system are affected by 
pathological conditions in the kidney. Recent studies have 
shown that CKD and acute kidney injury adversely affect the 
structure and function of the brain and the nervous system 
[10-12]. However, there is still no consensus regarding the 
precise mechanism underlying the crosstalk between the 
kidney and the nervous system.

The neurological complications in patients with CKD are 
related to the peripheral nervous system and the CNS [13]. 
The prevalence of peripheral neuropathy is higher in pa-
tients with CKD than in the population with normal kidney 
function. Peripheral neuropathy includes myopathy, somatic 
neuropathy, and cranial neuropathy (olfactory, visual, and 
auditory nerves). CNS complications can be divided into cor-
tical and subcortical disorders, and include cognitive disor-
ders (encephalopathy, cognitive decline), vascular disorders 
(infarction, microbleeding, multifocal ischemia, posterior 
reversible encephalopathy), movement disorders (dystonia, 
chorea, tremor, reticular myoclonus), and sleep disorders 
(restless legs syndrome, sleep apnea) [10,13,14].

The severity of cognitive dysfunction varies from mild cog-
nitive impairment to severe dementia, which can prevent 
patients from independently carrying out activities of daily 
living. Some CKD patients also suffer from cognitive dys-
function. The prevalence of depression is about three times 
higher in patients with CKD than the general population. 
Some studies have suggested that CKD patients have ele-
vated risks of developing depression, dementia, and cog-
nitive impairment [11,15,16]. In this review, we discuss the 
interactions between the kidney and the brain in CKD pa-
tients, focusing on the possible mechanisms that may con-
tribute to neurological disorders in these patients.

ANXIETY AND DEPRESSION IN CKD

The prevalence rates of fatigue, depression, and anxiety in 
patients with chronic conditions are around 1.5 to 4 times 
higher than in the general population [12,17,18]. Patients 
with CKD have prevalence rates of anxiety disorders and 
anxiogenic symptoms of 19% and 43%, respectively [19]. 
Anxiety has a significant adverse effect on quality of life. 
Loosman et al. [20] reported that pre-dialysis CKD patients 
with elevated anxiety symptoms had 60% higher risks of 
mortality, hospitalization, and requiring dialysis than those 
without anxiety disorder. The most common risk factors of 

elevated anxiety symptoms are as follows: concomitant de-
pression, reduced parathyroid hormone level, increased co-
morbidities, increased duration of hospitalization, decline in 
quality of life, and decreased vitality levels [19]. Persistently 
high or new-onset symptoms of anxiety are associated with 
reduced perceived social support in hemodialysis patients 
[21]. Regular screening for anxiety or depression as part of 
clinical care is therefore essential in patients with CKD and 
end-stage renal disease (ESRD). A number of anxiety screen-
ing tools and instruments, such as the Hospital Anxiety and 
Depression Scale (HADS), Beck Anxiety Inventory (BAI), and 
Generalized Anxiety Disorder 7 (GAD-7), have been used 
to evaluate the elevated anxiety symptoms of patients with 
CKD.

Depression is also common in the general population, 
with a lifetime risk of about 7% [22]. Chronic disease in-
creases the risk of depression because it increases economic 
burden, reduces quality of life, and impairs activities of daily 
living. Very few randomized clinical trials of treatment have 
focused on screening CKD patients for depression. More-
over, the sample sizes were small, and the clinical outcomes 
were surrogates. The prevalence of depression in CKD 
patients was reported to be 26.5% based on screening 
questionnaires and 21.4% in clinical interviews with psychi-
atrists [23]. The risk factors of depression in CKD patients 
are young age, female sex, Black race, low education level, 
low family income, unemployment, hypertension, smoking 
status, diabetes, and coronary artery disease. A bidirection-
al association between depression and chronic disease has 
been identified [11]. The Diagnostic and Statistical Manu-
al of Mental Disorders (DSM) includes the standard set of 
criteria used to diagnose mental disorders. Moreover, DSM 
has also been used to diagnosis depression in CKD patients 
[24]. For screening of depression in patients with CKD and 
ESRD, the most commonly used questionnaires that need to 
be validated are the Patient Health Questionnaire (PHQ-9), 
Beck Depression Inventory (BDI), Center for Epidemiologic 
Studies Depression Scale (CESD) 14, and Quick Inventory of 
Depressive Symptomatology Self-Report (QIDS-SR) [25-27].

MECHANISM OF DEPRESSION AND  
ANXIETY IN CKD

The prevalence of depression is high in CKD patients due to 
several factors, including uremic toxins, psychosocial symp-
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toms, and economic challenges [8]. Although several mech-
anisms of depression have been reported in CKD patients, 
they could be broadly divided into behavioral and biological 
mechanisms. In this review, we focused on understanding 
the biological mechanisms.

Inflammation is frequently observed in CKD patients, 
which is related to adverse outcomes, including mortality 
[28,29]. Inflammation and depression have been suggested 
to show a bidirectional association in patients with chronic 
illness [30]. Other potential mechanisms include the devel-
opment of comorbid cerebrovascular disease, which can 
also influence the incidence of depression in CKD patients. 
Moreover, cerebrovascular disease can increase the possi-
bility of inflammation, which indirectly affects the mood 
of CKD patients. In clinical studies, it is difficult to estab-
lish a causal relationship between depression and CKD be-
cause many factors are involved. Experimental approaches 
can control for these factors, and help to understand the 
mechanism of depression in CKD patients. In a rodent CKD 
model, various behavioral tests were applied to evaluate 
sensorimotor function, mood, learning capacity, and mem-
ory. The results of these behavioral tests were validated and 
have been widely used in the literature describing how to 
evaluate neurological deficits in rodents (Table 1) [5,31-56].

The results of behavioral changes are disputed because 
of the diversity of CKD animal models, and the different 
time points for behavioral testing reflecting early or ad-
vanced stages of CKD [57-59]. Changes in the emotional 
behavior test were insufficient and ambiguous for CKD 
patients [9,60,61]. However, in our previous study in rats, 
we found that locomotor activity had declined in CKD rats 
[62]. Moreover, the time spent by the animals in the central 
zone of the open-field apparatus was reduced, indicating 
an increase in anxiety-related behaviors (Fig. 1) [62]. Many 
animal studies have shown that CKD itself causes changes 
in behavior, and leads to emotional and cognitive disorders 
(Table 2) [9,58,61-66].

Anxiety is described as the feeling of fear, uncertainty, 
helplessness, and apprehension that an individual encoun-
ters when anticipating a threatening situation [67]. In CKD, 
postulated mechanisms for increased susceptibility to anxi-
ety may involve inflammatory processes secondary to uremic 
toxins, oxidative stress due to increased cytokine production, 
microvascular damage to the brain, and the involvement of 
the renin–angiotensin system [19]. However, this postulated 
mechanism of anxiety is similar to the development of de-

pression or cognitive impairment in CKD. Further studies are 
needed, therefore, to elucidate specific mechanisms.

PREVALENCE OF COGNITIVE IMPAIRMENT 
IN CKD

CKD is one of the strongest risk factors for cognitive im-
pairment. The current guidelines used in the diagnosis and 
management of mild cognitive impairment specify that kid-
ney function should also be assessed as part of the routine 
neurological workup [5]. In fact, mild cognitive impairment 
is considered to be a prodromal state that initially occurs 
in patients with established dementia. The annual rate of 
progression from mild cognitive impairment to dementia 
is 1.9% in ESRD patients [16]. Mild cognitive impairment 
is more common among patients with stage 1–4 CKD 
(prevalence, 27% to 62%) than in matched populations 
without CKD (prevalence, 11% to 26%) [5,15,68-70]. The 
prevalence of mild cognitive impairment increases with the 
progression of CKD stage [71]. Dementia (Alzheimer’s dis-
ease, vascular dementia, Lewy body dementia, etc.) is not a 
specific disease but is, rather, a general term defined as an 
impaired ability to remember, think, or make decisions that 
interfere with everyday activities. In the general population, 
age is a very important risk factor for dementia because 
the incidence of dementia is very low (< 1%) in individuals 
< 65 years old [72]. However, in young patients with ESRD, 
the prevalence of cognitive impairment may be higher than 
that in the general population [73]. Another study showed 
that the overall age- and sex-specific incidence rates and 
the cumulative incidence rates of dementia were much 
higher in ESRD than non-ESRD subjects (10.73 vs. 1.40 per 
1,000 person-years and 0.061 vs. 0.017, respectively, both 
p < 0.0001) [74]. Age-related chronic diseases, such as car-
diovascular disease, high cholesterol, diabetes, and kidney 
disease, are factors that cause the advancement and rapid 
progression of dementia [75]. Therefore, CKD itself could 
be related to the progression and prevalence of dementia.

PATTERN OF COGNITIVE IMPAIRMENT IN 
CKD

Cognitive impairment is assessed by analyzing specific cog-
nitive domains, such as attention, memory, visuospatial abil-
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Table 1. Behavior tests and key features of neuropsychiatric disorders in rodents

Test Species Measurement purpose
Behavioral features  
implicated in neuro- 
psychiatric disorders

Special considerations

Basic motor and sensory function

Open-field test Rat, Mouse Locomotor activity Hyper locomotion in schizophrenia 
[31-34]

Can be done acutely

Rotarod Mouse Locomotor activity Decrease in Parkinson’s disease 
[35,36]

Requires training

Hot plate 
  (nociception)

Rat, Mouse Thermal nociception Hyperalgesia [37,38] Care must be taken to avoid 
injury

Learning and memory

Morris water maze Rat, Mouse Spatial learning and 
memory

Deficits in cognitive disorders 
including dementia and 
Alzheimer’s disease [36,39] 

Requires multiple days of 
training

Barnes maze Rat, Mouse Spatial learning and 
memory

Decreased contextual fear memory 
in dementia and Alzheimer’s 
disease [40,41] 

Requires multiple days of 
training

Radial arm maze Rat, Mouse Spatial learning and 
memory

Deficits in cognitive disorders 
including dementia and 
Alzheimer’s disease [42,43]

Object recognition Rat, Mouse Noble object recognition 
memory 

Deficits in cognitive disorders 
including schizophrenia 
[33,34,44] 

Fear conditioning Mouse Contextual/cued fear 
learning and memory, 
fear memory extinction 

Decreased contextual fear memory 
in dementia and Alzheimer’s 
disease [45-47] 

Can be cued or contextual, 
requiring different neural 
circuits; subject to extinction 
and reinstatement

Social behavior

Three chamber test Rat, Mouse Social interaction with a 
conspecific, preference 
for a noble conspecific

Deficits in schizophrenia [5,31] and 
autism spectrum disorder [48,49]

Requires a conspecific 
target, isolation housing is 
recommended prior to testing

Sexual behavior Rat Sexual relationship with 
cagemates [50]

Should be assessed during dark 
cycle

Maternal behavior Rat, Mouse Maternal care for 
offspring

Deficits in schizophrenia [32,51]

Nesting behavior Rat, Mouse Nesting building in home 
cage

Deficits in schizophrenia [32,33]

Anxiety and depression-like behaviors

Forced swim test Rat, Mouse Depression-like behavior Decrease in depression [35,52] Rats typically require two 
swim sessions for sufficient 
immobility

Tail suspension test Mouse Depression-like behavior Decrease in depression [35,52]

Elevated plus maze Rat, Mouse Anxiogenic and anxiolytic 
behaviors 

Anxiety disorder [31,53-55] Highly sensitive to prior 
handling/testing

Light/dark box Mouse Anxiogenic and anxiolytic 
behaviors 

Anxiety disorder [31,53]
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ity, language skills, and execution skills [71]. Recent studies 
have suggested that the phenotype of cognitive dysfunction 
in patients with CKD may be different from that in the gen-
eral population [71]. Attention is defined as the selection of 
specific information within a sensory channel, i.e., filtering 
the essential data and ignoring the remaining data. The pre-
frontal cortex performs this activity, which is modulated by 
the dopaminergic system. Lizio et al [76]. directly compared 
CKD-associated dementia with Alzheimer’s disease, and 
they found a more pronounced dysfunction in the frontal 
cortex of patients with CKD and mild cognitive impairment 
compared to the general population. The memory storage 
capacity and the processing of information are impaired in 
patients with CKD [77]. Some animal studies demonstrated 
neuronal death in the hippocampus associated with CKD 
[62,78,79]. In addition, CKD was shown to reduce the ac-
tivity of cholinergic neurons in the nucleus basalis of Mey-
nert [80]. Abnormal interactions occur between these cho-
linergic neurons and the cortical neurons, causing memory 
dysfunction in CKD. Griva et al. [81] reported a statistically 
significant improvement in the memory performance of pa-
tients following kidney transplantation. Language skills are 
also affected in patients with CKD, and this is the only cog-
nitive domain that shows a linear relationship with declining 

estimated glomerular filtration rate (eGFR) [24]. Although 
magnetic resonance imaging (MRI) studies did not show any 
anatomical changes in the cortical language areas [82], poor 
naming performance was observed in patients with CKD 
[83,84]. Several studies have shown that executive dysfunc-
tion occurs in patients with CKD measured by the Trail Mak-
ing Test type A (TMT-A) and the TMT-B, which test cogni-
tive processing speed [76,83,85,86]. Executive dysfunction 
worsens with a decline in the eGFR [86]. Executive functions 
are mainly carried out by the frontal lobe, which is thinner 
in patients with CKD. Cognitive impairment of patients with 
CKD occurs due to dysregulation of several functional do-
mains of the brain. In fact, it may occur due to the damage 
caused to multiple cortical regions (particularly the frontal 
lobe) and subcortical modulatory neurons, especially the ad-
renergic neurons in the mesencephalon and the cholinergic 
neurons in the nucleus basalis of Meynert [24]. However, 
non-CKD dementia is caused by structural abnormalities in 
different regions of the brain, as revealed by MRI analyses. 
The differences in the structural brain changes between pa-
tients with CKD and non-CKD dementia may be attributed 
to the different mechanisms of cognitive dysfunction that 
occur in patients with CKD.

Test Species Measurement purpose
Behavioral features  
implicated in neuro- 
psychiatric disorders

Special considerations

Thigmotaxis in  
 open-field test

Rat, Mouse Anxiogenic and anxiolytic 
behaviors 

Anxiety disorder [53] Responses vary by age, should 
be conducted in a soundproof 
chamber

Prepulse inhibition Rat, Mouse Sensory and motor 
integration 

Deficits in schizophrenia [31-34,44] Similar to acoustic startle

Reward

Conditioned place 
 preference

Rat, Mouse Context-dependent 
addiction-like behaviors

Increase in chronic stress and 
depression [56]

Requires multiple training 
sessions; subject to extinction 
and reinstatement 

Sucrose preference Rat, Mouse Depression-like behavior, 
anhedonia-like behavior

Decrease in depression [35,52] and 
anhedonia in schizophrenia [33]

Self-administration Rat, Mouse Reward seeking behavior, 
attention

Decrease in depression [35,52] Most commonly done in rats; 
various reinforcers can be 
used; subject to extinction and 
reinstatement

Table 1. Continued
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MECHANISM OF COGNITIVE IMPAIRMENT 
IN CKD

The mechanism of cognitive impairment in CKD is not 
well understood. Genetic factors lead to the pathogene-
sis of cognitive dysfunction in pediatric patients with CKD 
[71,87]. However, vascular injury and uremic toxins are 
suspected to induce cognitive impairment in adult patients 
with CKD [10]. Atherosclerosis and endothelial dysfunction 
are common conditions in patients with CKD. The kidney 
and the brain have “strain vessels,” i.e., afferent arterioles 
in the kidney and perforating arterioles in the brain. These 
vessels are short in length, because small arterioles branch 

out of very large arteries that autoregulate tissue perfusion 
[88]. The anatomical vascular systems are similar in both of 
these organs, which may be susceptible to the traditional 
risk factors, i.e., hypertension, diabetes, hyperlipidemia, and 
obesity [14]. As many risk factors are involved in the devel-
opment of CKD and vascular dysfunction, vascular factors 
could also be involved in the development of cognitive im-
pairment in patients with CKD. In the general population, 
reduced cerebral blood flow impairs neural activity, which is 
involved in the pathogenesis of cognitive impairment. How-
ever, the global cerebral blood flow was found to be higher 
in CKD patients than in healthy individuals, which does not 
support the more general notion of vascular dysfunction in 

Figure 1. Behaviors of depression and anxiety in chronic kidney disease (CKD) rats. (A) The light-dark transition test apparatus consisted 
of a cage (30 × 30 × 30 cm) divided into two compartments by a black partition with a small opening that allowed the rat to move be-
tween the two compartments. One of the compartments was darkened, while the other was brightly illuminated. Rats were placed in the 
illuminated compartment and allowed to move freely for 5 minutes. The total time spent in the bright compartment was used as an indi-
cator of anti-anxiety behavior. The light/dark transition number and the total time spent in the light compartment by CKD rats were lower 
than those of controls. (B) The elevated plus-maze test apparatus consisted of an elevated, plus-shaped (+) apparatus with two open arms 
and two enclosed arms. Rats were placed in an elevated (60 cm above the floor) plus maze that had two opposite open arms (50 × 10 cm 
each) and two opposite closed arms (50 × 10 cm each); the height of the walls was 50 cm. The number of entries into the maze and the 
time spent in individual arms were measured for 5 minutes. The percentage of entries into the open arms and the total number of entries 
in the elevated plus-maze were reduced for CKD rats compared to controls. (C) The forced swimming test was performed to measure 
depression-like behaviors. Rats were individually placed in a plastic cylinder (50 cm in height, 30 cm in diameter), which was filled with 
water (23°C ± 3°C). Their behavior was observed for 5 minutes, and their immobility time was calculated. The time spent immobile was 
taken as an indicator of depression-like behavior. During the forced swimming test, the percentages of immobility were higher for CKD 
rats than controls. A decreased latency to immobility was observed in CKD rats. Data are presented as the mean ± standard error of the 
mean. Modified from Yu et al. [62]. ap < 0.01, bp < 0.001, one-way analysis of variance.
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Table 2. Behavior changes in chronic kidney disease animal models

Study CKD model Species CKD duration Behavior tests Key findings

Bobot et al. (2020) 
[63] 

Adenin rich diet 
rat with drinking 
indoxyl sulfate

Sprague-
Dawley rats

4 weeks Novel object 
recognition test

Object location task

In chronic kidney disease (CKD) 
rat, aryl hydrocarbon receptor 
activation by indoxyl sulfate leads 
the blood-brain barrier disruption. 
Increase of indoxyl sulfate 
was associated with cognition 
impairment. 

Chillon et al. (2014) 
[9] 

5/6 Nephrectomy C57BL/6J mice 6 and 10 
weeks

The open filed test
Dark/light box test
Elevated maze test
Y maze 
Prehensile test

Anxiety did not increase in CKD. 
Recognition was impaired after 10 
weeks.

Karbowska et al. 
(2020) [64] 

Indoxyl sulfate (100 
mg/kg) drinking 

Albino Wistar 
rats

4 weeks Open field with 
illuminated center 
test

Elevated plus maze 
test

Chimney test
T maze test
Splash test

The highest accumulation of 
indoxyl sulfate was observed in the 
brainstem. Indoxyl sulfate leads 
to behavior alterations involving 
apathetic behavior, increased 
stress sensitivity, and reduced 
locomotor and exploratory activity 

Lv et al. (2016) [65]. 5/6 Nephrectomy Sprague-
Dawley rats

8 weeks Morris water-maze 
test

In chronic renal failure rats, the 
escape latency was increased 
significantly (Morris water-maze 
test) and the protein and mRNA 
expression of ghrelin and growth 
hormone secretagogue receptor in 
hippocampus was also increased 
significantly

Mazumder et al. 
(2016) [61] 

Adenin rich diet 
mice

Swiss albino 
mice

4 weeks Forced swim test
Dark/light box test
Neurological severity
Exit circle
Seeking behavior
Monparessi/
hemiparesis

Paw grip strength
Straight walk
Startle reflex
Beam balancing
Beam walk
Round stick 
balancing

In CKD rat, Evans blue dye 
extravasation was found to occur 
in the brain, which signifies 
disruption of blood-brain barrier. 
Motor behavioral abnormalities, 
depression like and anxiolytic 
behavior and increase in 
neurologic severity were prevalent 
in mice with CKD. 

Renczes et al. (2020) 
[66] 

5/6 Nephrectomy Wistar rats 2, 4, and 6 
months

Open-field, 
Light-dark box
Novel object 
recognition

Chronic renal failure rats did not 
significantly influence either 
locomotor activity, or anxiety-like 
behavior, or memory functions. 
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patients with CKD [89]. Prior to peritoneal dialysis, ESRD 
patients were shown to have cerebral hyperperfusion with 
reduced execution function [90]. Increased cerebral blood 
flow probably occurs due to anemia in patients with CKD 
[90,91]. This discrepancy makes it difficult to apply directly 
the mechanism of cognitive impairment determined in the 
general population to patients with CKD.

In patients with CKD, vascular injury can lead to white 
matter lesions, silent infarction, and cerebral microbleeds. 
Leukoaraiosis is a pathological appearance of the brain 
white matter, which is thought to be due to perfusion ab-
normalities within the arterioles that perforate through the 
deep brain structures. Leukoaraiosis is thought to represent 
ischemia and is associated with increased risk of stroke and 
dementia [92,93]. The prevalence of leukoaraiosis is higher 
in patients with CKD than in the general population [94].

Uremic toxins accumulate in the body fluids of patients 
with progressive CKD, and have a direct impact on the de-
velopment of cerebrovascular disease. Recent studies have 
reported that uremic toxins cause cognitive impairment in 
patients with CKD. A recent review article established that 
uremic toxins, such as uric acid, indoxyl sulfate, p-cresyl sul-
fate, interleukin-1β (IL-1β), IL-6, tumor necrosis factor-α, 
and parathyroid hormone, are likely to have an impact on 

the CNS, although the underlying mechanisms have yet 
to be elucidated [95]. In addition, guanidine compounds, 
asymmetric dimethylarginine, fibroblast growth factor 23, 
excessive phosphate, and indoxyl sulfate have also been 
considered potential uremic neurotoxins.

Indoxyl sulfate is a protein-bound uremic toxin, which is 
also known to be a renal and vascular toxin as it causes 
nephrotoxicity, especially in tubular cells, and inhibits the 
proliferation of endothelial cells; thus, indoxyl sulfate induc-
es free radicals [96,97]. In endothelial cells, aryl hydrocar-
bon receptor (AhR) may be the receptor of indoxyl sulfate. 
When indoxyl sulfate activates AhR, it causes endothelial 
dysfunction by inducing endothelial inflammation and an 
increase in oxidative stress. This leads to the development of 
a procoagulant state. Moreover, AhR is widely expressed in 
the CNS, and activated AhR was shown to have detrimen-
tal effects on cognitive functions. Recent studies suggested 
that indoxyl sulfate induces neurotoxicity via the proposed 
mechanism shown in Fig. 2. Adesso et al. [98] reported that 
indoxyl sulfate causes inflammation and oxidative stress in 
primary cells of the CNS by activating nuclear factor-κB (NF-
κB) and AhRs, resulting in the induction of neuronal death. 
Indoxyl sulfate plays a role in apoptosis via inhibition of the 
mitogen-activated protein kinase (MAPK) pathway in hu-

Study CKD model Species CKD duration Behavior tests Key findings

Topczewska-Bruns et 
al. (2001) [58]

Moderate chronic 
renal insufficiency: 
left nephrectomy 
with right 60% 
decortication, 

Severe chronic 
renal insufficiency: 
left nephrectomy 
with right 80% 
decortication

Wistar rats 1 and 2 
months

Open filed test The open field test have shown a 
marked decrease in locomotor, 
exploratory and emotional activity 
of the animals suffering from 
chronic renal insufficiency. 

Yu et al. (2021) [62] 5/6 Nephrectomy Sprague-
Dawley rats

4 and 10 
weeks

Open-field, 
Elevated plus-maze, 
Light-dark transition
Forced swim test

The level of anxiety and depression-
like behaviors increased in the 10-
week CKD rat models compared 
with the 4-week rat models.

In the recording of local field 
potentials, the power of delta (1–4 
Hz), theta (4–7 Hz), and alpha 
rhythm (7–12 Hz) was significantly 
increased in the hippocampus of 
CKD rats.

Table 2. Continued
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man astrocytes under conditions of oxidative stress [99]. 
Bobot et al. [63] reported that rats fed an adenine-rich diet 
with drinking water containing indoxyl sulfate showed an 
increased serum concentration of indoxyl sulfate and stron-
ger impairment of cognition and increased permeability of 
the blood-brain barrier (BBB). Consequently, uremic toxins 
accumulated in the brain as the BBB was disrupted due 
to increased indoxyl sulfate concentration. The glymphat-
ic system is a waste clearance system in the CNS, which is 
formed by astroglial cells that efficiently eliminate soluble 
proteins and various metabolites from the CNS. Intriguingly, 
the glymphatic system functions mainly during sleep, and is 
largely disengaged during wakefulness. Sleep disturbances 
are common in patients with CKD. Further studies are re-
quired to determine how uremic toxins and/or CKD influ-
ence the glymphatic system, which can suppress the clear-
ance of uremic toxins and β-amyloid.

CONCLUSIONS

Clinical studies have consistently established that there is a 
relationship between CKD and emotional/cognitive chang-
es. Genetic factors, inflammation, cerebrovascular disease, 
vascular factors, and uremic toxins may be associated with 
the development and progression of cognitive changes in 
patients with CKD. Radiological studies have elucidated 
the different mechanisms of CKD dementia and compared 
them with the characteristics of non-CKD dementia. Fur-
thermore, animal studies have established the mechanism 
underlying the brain damage caused by CKD. However, dis-
crepancies occurred between behavioral tests, and further 
studies are required to determine the detailed mechanisms. 
Finally, research should also focus on identification of po-
tential therapeutic targets to prevent changes in the brains 
of patients with CKD.

Figure 2. Proposed scheme of indoxyl sulfate-induced neurotoxicity. Indoxyl sulfate disrupts the integrity of the blood-brain barrier. In ad-
dition, indoxyl sulfate inhibits organic anion transporter 3 (OAT3) and efflux transport of endothelial cells, resulting in the accumulation of 
indoxyl sulfate in the brain. Furthermore, indoxyl sulfate increases reactive oxygen species (ROS) in astrocytes, inhibiting the mitogen-ac-
tivated protein kinase (MAPK) pathway and inducing apoptosis. Moreover, indoxyl sulfate binds with aryl hydrocarbon receptor (AhR), 
and activates the signaling of AhR in astrocytes. The activated AhR inhibits the transcription of nitric oxide synthase (NOS), tumor necrosis 
factor-α (TNF-α), interleukin 6 (IL-6), and C-C motif chemokine ligand 2 (CCL2), which show antiinflammatory effects. Finally, indoxyl sul-
fate suppresses nuclear factor-κB (NF-κB) signals in astrocytes, which promote inflammation and neurodegeneration in the CNS. NRF2, 
nuclear factor erythroid 2-related factor 2.
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