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Abstract
Background: Cognitive impairment, increasingly recognized 
as a major social burden, is commonly found in chronic kid-
ney disease (CKD) patients. Summary: Vascular damage, ure-
mic toxicity, oxidative stress, and peripheral/central inflam-
mation induced by CKD might be involved in brain lesions 
and ultimately result in cognitive decline. Uncovering the 
pathophysiology of CKD-associated cognitive impairment is 
important for early diagnosis and prevention, which un-
doubtedly prompts innovative pharmacological treatments. 
Key Messages: Here, we sequentially review the current un-
derstanding and advances in the epidemiology, risk factors, 
and pathological mechanisms of cognitive impairment in 
CKD. Furthermore, we summarize the currently available 
therapeutic strategies for cognitive impairment in CKD.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Chronic kidney disease (CKD), also known as chronic 
kidney failure, is a gradual loss of kidney function that 
manifests in a decrease in the glomerular filtration rate or 
an increase in urinary albumin excretion. As an impor-

tant risk factor for morbidity, CKD is a major health bur-
den world-widely. According to the 2019 Global Burden 
of Disease, 697.29 million people worldwide suffered 
from CKD, which caused about 1.427 million deaths. 
Global prevalence and incidence of CKD were shown to 
be 9.37% and 0.05%, respectively, in 2019 [1, 2]. CKD-
related complications include kidney disease progres-
sion, acute kidney injury, anemia, mineral and bone dis-
orders, increased all-cause and cardiovascular mortality, 
and especially cognitive impairment [3]. Cognitive im-
pairment and deficits in one or more key brain functions, 
such as learning, memory, and sensory processing, have 
often been observed as accompanying symptoms of CKD, 
with a prevalence that depends on the stage of CKD 
among 16% and 38% [4]. At the end stage of renal disease, 
which requires hemodialysis, 85% of patients endure 
memory loss, difficulty in execution, or language deficits 
[5]. Cognitive impairment begins early in the course of 
the CKD and parallels kidney function decline [6]. A sub-
stantial number of patients with CKD suffer from cogni-
tive dysfunction. Hence, CKD is deemed as one of the 
strongest risk factors for mild cognitive impairment and 
dementia. It is especially worth noting that CKD is close-
ly related to Alzheimer’s disease (AD), stroke, and cere-
brovascular disease [7]. In fact, an 11-year follow-up 
study elucidated that albuminuria and microalbumin-
uria, as early markers of endothelial damage of the renal 
glomeruli, could help predict cognitive decline [8]. How-
ever, the intricate pathogenic relationship and exact 
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modulation mechanisms between CKD and cognitive 
impairment remain unclear and require in-depth clarifi-
cation. Understanding kidney-brain interplay is a multi-
disciplinary issue in the scientific field. These basic scien-
tific findings will provide translational values for devel-
oping new therapeutic strategies to prevent, treat, or 
reverse CKD-related cognitive impairment.

Risk Factors Leading to Cognitive Impairment in CKD

Traditional risk factors for cognitive impairment in 
CKD include aging, female gender [9], education status, 
nonwhite ethnicity, diabetes mellitus [10], hypertension, 

and cardiovascular disease, which have been extensively 
reviewed recently [7, 11–14]. Here, we will discuss the 
nontraditional risk factors in depth, including hyperho-
mocysteinemia, oxidative stress, low estimated glomeru-
lar filtration rate (eGFR), albuminuria, malnutrition, and 
inflammation (shown in Fig. 1).

Low eGFR and albuminuria are both independent risk 
factors for cognitive impairment. A study assessing the 
level of albuminuria demonstrated that urine albumin-
creatinine ratio of 30–299 and ≥300 mg/g is associated, 
respectively, with 31% and 57% higher risk of cognitive 
impairment [15]. This study included a relatively large 
patient cohort with baseline standardized albuminuria 
measurements and a prospective assessment of cognitive 

Fig. 1. Schematic representation of the potential mechanism of 
cognitive impairment in patients with CKD and treatment strate-
gies. In CKD-induced cognitive impairment, vascular hypothesis 
includes systemic hypertension, arteriosclerosis, and uremic tox-
in-related pathways. The nonvascular hypothesis contains purine 
nucleotides, oxidative stress, and FGF23-related pathways. These 
hypotheses together with other known factors such as albuminuria 
or anemia contribute to cognitive impairment. Specifically, CKD-
related vascular damage can contribute to cognitive impairment 
by inducing impaired cerebral hemodynamics, altered brain mi-
crocirculation, or leakage of hemoglobin (HbA1c) and fibrinogen 
from vessels. Accumulation of uremic toxins, including phos-
phate, IS, and PCS, is agonists of the transcription factor AhR in 
endothelial cells. Activation of AhR leads to BBB disruption and 
subsequently increases the transportation of inflammatory im-
mune cells and proteins into the brain. Purine nucleotides alter the 

activity of AChE which is associated with cognitive impairment. 
Oxidative stress leads to the cleavage of APP and Aβ production. 
Increased FGF23 directly impacts hippocampal neurons or inter-
feres with the immune system. Therapies and interventions in-
clude inflammasome-targeted RNA interference approaches such 
as NLRP3 siRNA. The antioxidant drug 4-hydroxy-2,2,6,6-tetra-
methylpiperidine-N-oxyl shows potential to improve cognitive 
dysfunction in the CKD model. Recombinant klotho proteins are 
used to treat and/or prevent CKD by reducing inflammation and 
injury. For risk factors such as anemia, rHuEPO is the standard 
therapy and also acts as a neuroprotective agent. Roxadustat (FG-
4592) is a PHD inhibitor that can stimulate endogenous EPO pro-
duction. These anti-anemia drugs exhibit beneficial effects on 
CDK-induced cognitive impairment. In the context of AD, neu-
ron-specific expressed Aβ can cause BACE-mediated kidney dam-
age. PHD, prolyl-hydroxylase domain.
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function using a validated measure. This finding supports 
the incorporation of albuminuria information into CKD 
classification methods.

Although dialysis differentially benefits CKD patients’ 
life quality and alleviates uremic symptoms, such as de-
pressive symptoms, pruritus, sleep disturbances, etc. [16], 
plenty of studies have shown that patients undergoing di-
alysis are more likely to have cognitive impairment [17]. A 
676-patient study showed that 79.4% of hemodialysis pa-
tients progress to cognitive impairment [18]. A meta-anal-
ysis indicated people treated with hemodialysis have worse 
cognition than the general population, particularly in their 
attention (95% CI: −1.18 to −0.68) [19]. However, these 
meta-analysis studies had uncertain risk of bias. First, they 
were not fully adjusted for education. Second, a wide range 
of tests were used to assess cognition which might cause 
high heterogeneity. Furthermore, other data regarding dif-
ferences between people who received hemodialysis and 
those who received peritoneal dialysis were insufficient.

Uremic toxins are accumulated due to the deteriora-
tion of the renal clearance function and cause many del-
eterious effects, such as systemic inflammation, cardiac 
failure, anemia, immune dysfunction, anorexia, neuro-
logical damage, and cognitive impairment. Uremic toxins 
produced in CKD can pass through the blood-brain bar-
rier (BBB) and cause cognitive dysfunction and neurode-
generation. Uremic toxins such as phosphate, para-cresyl 
sulfate (PCS), indoxyl sulfate (IS), and fibroblast growth 
factor 23 (FGF23) have been reported to increase the risks 
of cognitive impairment in patients with CKD [20]. A 
study recruiting 199 patients with CKD and 84 control 
subjects revealed that the patients with higher serum PCS 
and IS levels had a poorer cognitive function in the early 
stage of CKD [21]. Besides, neuronal damage induced by 
uremic toxins may be more important than disturbed he-
modynamic factors or lipid metabolism in cognitive im-
pairment pathogenesis. Notably, experimental models 
showed that the brain monoaminergic system is suscep-
tible to uremic neurotoxins [22].

Acetylcholinesterase (AChE) activity is closely associ-
ated with dementia and cognitive impairment. Purine 
nucleotides and uric acid, relevant to the increased prev-
alence and progression of CKD, have been found to alter 
the activity of AChE. Other CKD-associated metabolites, 
such as adenine, hypoxanthine, xanthine, and 2,8-dihy-
droxyadenine, also potentially play a role in inhibiting the 
activity of AChE [23].

Homocysteine, which has been verified detrimental to 
the brain, increases in the blood of CKD patients and 
therefore is related to worse cognitive and motor impair-

ment. The possible underlying mechanism is that homo-
cysteine may contribute to the pathogenesis of neuronal 
damage by overstimulation of N-methyl-D-aspartate re-
ceptors resulting in excessive Ca2+ influx and reactive ox-
ygen generation [24]. From this point, homocysteine may 
play a vital role in vascular dementia and AD [25].

Cystatin C, a protease inhibitor, is a measurement in-
dicator of kidney function and a biomarker of cognitive 
impairment. A study found that a higher serum cystatin 
C level is associated with a greater likelihood of poor cog-
nitive attention and executive function performance in 
individuals with CKD [26]. The results of this study are 
also consistent with longitudinal cohort studies of older 
adults that demonstrated an association between elevated 
cystatin C levels and incident-induced cognitive impair-
ment [27, 28].

Anemia and malnutrition are commonly observed 
among patients with CKD, which may impair oxygen de-
livery to the brain, affect brain metabolism, and increase 
the prevalence and severity of cognitive impairment. Ad-
ministration of erythropoietin (EPO) in CKD patients 
with anemia significantly improves cognitive function 
[29].

Vitamin D deficiency has been associated with multi-
tudinous physiopathologic mechanisms, including mus-
cle weakness, bone loss, cardiovascular diseases, oxidative 
stress, inflammation, immune suppression, and neuro-
cognitive impairment [30]. Vitamin D exerts neuropro-
tective and regulatory roles in the central nervous system, 
and its deficiency is general in patients with CKD. Hypo-
vitaminosis D was found to be linked with endothelial 
dysfunction in nondialysis CKD patients [31]. Therefore, 
endothelial function may be improved and the cardio-
cerebrovascular events may be reduced by vitamin D sup-
plementation in CKD patients [32].

Mechanisms of Cognitive Dysfunction in CKD

Several possible physiopathologic mechanisms are un-
derlying the cognitive dysfunction in CKD, including 
vascular/nonvascular hypothesis and risk factor-related 
pathways. Factors related to any of these pathways have 
the potential to promote the development of cognitive 
impairment (shown in Fig. 1). Further inquiry into these 
mechanisms is warranted.

Vascular Damage
Brain microhemorrhages in CKD have been con-

firmed by preclinical studies and clinical imaging of the 
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brain in patients [33]. Unquestionably, brain microbleeds 
indicate the BBB breakdown, which has been demon-
strated intensively in AD settings. Hence, CKD patients 
are at a greater risk of developing stroke and cognitive 
impairment. As end organs on parallel trajectories, the 
brain and kidney have similar anatomical and functional 
features of the vasculature system, giving them a unique 
susceptibility to vascular injury. In general, the risk of de-
veloping atherosclerosis, hypertension, atrial fibrillation, 
and diabetes are increased by CKD-related vascular risk 
factors. In particular, vascular risk factors, such as inflam-
mation and oxidative stress, insult low-resistance vascu-
lar beds and endothelial structures, trigger vascular 
pathologic changes, ultimately induce minor artery dis-
eases in the brain and kidney.

Vascular damage, impaired cerebral hemodynamics 
and altered extracellular milieu are among the most im-
portant proposed mechanisms involved in the cognitive 
dysfunction in CKD. Increased artery stiffness and mi-
crovascular damage in CKD patients are related to the 
damage of brain microcirculation [34], which is con-
firmed to be related to cognitive impairment [35]. In ad-
dition, a cross-sectional study that enrolled 151 CKD pa-
tients with cognitive impairment showed an interconnec-
tion between kidney function, central pressure pulsatility, 
large artery damage, and the damage of brain microcircu-
lation [36]. CKD patients concomitant with the cerebral 
vascular disease showed higher global cerebral blood flow 
than control subjects [37], potentially affecting brain 
function and cognitive performance [38]. In the CKD an-
imal model, widespread macrovascular and microvascu-
lar damage exists in the subcortical monoaminergic and 
cholinergic systems [13].

Hemoglobin A1c (HbA1c) and fibrinogen as vascular 
risk factors are investigated to be potential predictors of 
cognitive impairment. After blood vessel injury, HbA1c 
and fibrinogen leak out of vessels and participate in the 
pathological process of CKD. It is noteworthy that higher 
HbA1c and fibrinogen predispose CKD patients to have 
worse memory and executive function. In a prospective 
study of 119 CKD patients at stages 3–5 and 54 control 
patients of the same age without CKD, linear regression 
analysis showed HbA1c and fibrinogen can predict cog-
nitive ability among patients with CKD [39]. The strength 
point of this study was that the control group of patients 
without CKD had a similar vascular risk profile. These 
observations are therefore very relevant in the clinical set-
ting.

Uremic Toxicity
Uremic toxicity may play a vital role in the elevated 

risk of developing cognitive impairment found among 
patients with CKD. Accumulation of uremic toxins may 
cause BBB breakdown, neurotransmitter derangement, 
and drug pharmacokinetics disturbance. The BBB is im-
portant for keeping the central nervous system stable 
from the peripheral circulation. Endothelial dysfunction 
is commonly observed in CKD patients. Impaired endo-
thelial function in the kidney manifests in impaired glo-
merular filtration and proteinuria leakage. The renal tox-
ic effects of uremia, calcium-phosphate, and other meta-
bolic disturbances circularly exaggerate inflammatory or 
oxidative response, which may directly or indirectly in-
sult the brain vasculature and accelerate cognitive de-
cline [40]. One study found that elevated urea alters the 
actin cytoskeleton and tight junction proteins in cultured 
endothelial cells and consequently breaks down the BBB 
[33]. Aryl hydrocarbon receptor (AhR), a ligand-activat-
ed transcription factor widely expressed in endothelial 
cells, has been discovered to induce the expression of xe-
nobiotic-metabolizing enzymes, inflammatory cyto-
kines, and adhesion molecules. The uremic toxin IS, act-
ing as an agonist of AhR, activates the endothelial cells 
[41] and leads to BBB disruption in animal CKD model 
with cognitive impairment [42]. Hence, uremic toxins 
have emerged as potent ligands of AhR and are associ-
ated with cognitive dysfunction in patients with CKD 
[43].

Besides, urea and other metabolic waste products dif-
fuse into the gut lumen and induce changes in the micro-
biota, leading to the generation of proteolysis waste prod-
ucts, such as IS, PCS, indole-3-acetic acid, and so on. Re-
cent studies have suggested that IS and indole-3-acetic 
acid derived from the gut microbiota may participate in 
the inflammatory signaling pathway in CKD patients 
[44]. Thus, “gut-derived uremic toxins” may induce vas-
cular damage and play a crucial role in the pathogenesis 
of cognitive impairment in CKD. Accumulating evidence 
suggests that to reduce nephrotoxin production or accu-
mulation and/or to induce the production of renal-pro-
tective metabolites through manipulation of the gut mi-
crobiota represents a potential therapeutic strategy to im-
prove renal function. And experimental evidence from 
the use of prebiotics, probiotics, and symbiotics already 
showed promising results.

Peripheral/Central Inflammation
Inflammation, another detrimental factor for cogni-

tive impairment, plays a non-negligible role in CKD-as-
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sociated cognitive decline. The circulating levels of spe-
cific inflammatory cytokines and immune cells have been 
found to change significantly in CKD patients.

The cytokines most frequently associated with the 
pathogenesis of CKD are IL-1β, IL-6, TNF, transforming 
growth factor-β (TGF-β), and so on, which have been 
demonstrated to be involved in the process of cognitive 
dysfunction. IL-1β has been reported to participate in ag-
ing processes and cognitive impairment in multiple brain 
domains. Correlation between high IL-6 levels and poor 
executive function and degeneration of GABAergic inter-
neurons were also identified [45, 46]. It was shown that 
elevated levels of TNF-α derived from CX3CR1+ mono-
cytes could modulate learning and learning-dependent 
dendritic spine remodeling, consequently inducing cog-
nitive dysfunction [47]. Importantly, inhibition of TNF-α 
showed potential to improve cognitive performance [48]. 
TGF-β is a crucial regulator of cell survival and differen-
tiation, BBB integrity, memory formation, and neuronal 
plasticity [49]. In CKD, TGF-β can induce renal fibrosis 
via Smads and other signaling pathways [50]. However, it 
remains to be fully explored whether certain inflamma-
tory cytokines are the cause of the cognitive and behav-
ioral changes associated with CKD. The role of the im-
mune system in CKD-related brain dysfunction is needed 
to be further elucidated.

Changes in cytokines and other biomolecules affect 
immune cell differentiation, activation, and function. 
The immune equilibrium plays an important role in 
CKD-related cognitive decline by maintaining the body’s 
tolerance and homeostasis. The main types of immune 
cells associated with the development and progression of 
CKD are macrophages and Th2 cells [51]. Of note, anti-
inflammatory macrophages are related to the incidence 
of kidney fibrosis [52]. In a unilateral ureteral obstruc-
tion-induced kidney fibrosis model, Th2 cells were proved 
to play pivotal promoting roles [53]. Besides, Treg cells 
play a critical role in maintaining immune equilibrium by 
secreting anti-inflammatory cytokines, including IL-10, 
IL35, TGF-β, and so on. A study enrolling 71 patients 
with CKD elucidated that peripheral blood Treg and 
Th17 cell frequencies are lower in the group with cogni-
tive impairment compared to those without cognitive im-
pairment [54], indicating that peripheral blood Treg/
Th17 cells are associated with cognitive impairment in 
CKD patients. However, the underlying mechanisms 
such as how these immune cells contribute to the main-
tenance of immune equilibrium, which specific cytokine 
is involved in the downstream of immune reaction, what 
kind of pathways are regulated remain unclear.

Oxidative Stress
Oxidative stress has been demonstrated as an impor-

tant factor in aging-related neurodegenerative diseases, 
including AD. The connection between oxidative stress 
and cognitive dysfunction has been extensively investi-
gated. Along with aging, reactive oxygen species (ROS) 
production increases and antioxidant function reduces, 
directly affecting synaptic activity and neurotransmis-
sion, leading to cognitive dysfunction [55]. Mechanisti-
cally, overloaded oxidative stress leads to cause cleavage 
of APP and Aβ production which are important patho-
physiological characteristics of cognitive dysfunction. 
As an important risk factor in cognitive dysfunction, 
oxidative stress is also prevalent in CKD. As a metabolic 
organ, the kidney is rich in oxidation reactions in mito-
chondria, making it vulnerable to oxidative stress-in-
duced damage. Several groups have shown that oxida-
tive stress-associated inflammation and anemia can ac-
celerate kidney disease progression. Elevated plasma 
oxidative stress and Aβ have been observed in CKD pa-
tients, which undoubtedly contribute to pathological 
changes within the brain and accelerate cognitive dys-
function [56]. Potentially, using the plasma oxidative 
stress and Aβ levels, a diagnostic method for the identi-
fication and confirmation of cognitive decline in CKD 
patients can be established.

FGF23/Alpha Klotho Axis
CKD is well characterized by the increased FGF23 and 

the deficiency of klotho, which is the co-receptor of 
FGF23. FGF23, produced in bones, plays an important 
role in mineral homeostasis. The co-receptor membrane 
alpha klotho (α-klotho) is expressed in the kidney and 
mediates a specific FGF23 signal pathway. The extracel-
lular domain of transmembrane α-klotho can be cleaved 
by proteases and released into the circulation as soluble 
α-klotho. Recent findings suggest that FGF23 directly af-
fects hippocampal neurons and may consequently impair 
memory and learning function in CKD patients [57]. 
Moreover, it was reported that FGF23 has direct effects 
on leukocytes and macrophages, mediating various im-
mune responses [58]. In summary, an in-depth under-
standing of the molecular mechanisms of the FGF23/α-
klotho axis is significant for uncovering the cognitive de-
cline and allows us to find new therapeutic strategies in 
CKD patients.
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Impact of Cognitive Impairment on Kidney Function 
in AD

Although the molecular interaction between the kid-
ney and brain is a recent research front in the scientific 
field, in traditional Chinese medicine, the kidney was be-
lieved to play an important role in maintaining the func-
tion of the brain [59]. AD is the most common neurode-
generative disease that is characterized by cognitive dete-
rioration and memory loss. Like CKD, multiple risk 
factors, including hypertension, atherosclerosis, and dia-
betes mellitus, are also associated with AD. Shared patho-
physiology may lead to cognitive decline in the progres-
sion of both CKD and AD.

Emerging evidence suggests that the renin-angiotensin 
system (RAS) may play roles in AD and CKD. Both pe-
ripheral and central RAS function alterations contribute 
significantly to cardiovascular homeostasis [60]. Clinical 
investigations suggested the association between angio-
tensin II type 1 receptor blockade and improved cognitive 
function and demonstrated an increased angiotensin II 
type 1 receptor expression in the postmortem cortex of 
AD patients in comparison with control patients [61]. An-
tihypertensive drugs including angiotensin receptor 
blockers (ARBs) and angiotensin-converting enzyme in-
hibitors (ACEIs) decrease the risk of AD [62]. The use of 
ARBs such as losartan correlates with reduced onset and 
progression of AD. One study found that losartan could 
improve the cognitive performance in a mouse model of 
AD [63]. Besides, uremic toxin IS was proved to enhance 
leukocyte-endothelial interactions through upregulation 
of E-selectin [64], which is notable in AD development. 
CKD and AD are both characterized by the decrease of 
FGF23 co-receptor klotho. Recently, upregulation of 
klotho was shown to be a neuroprotective factor [65]. As 
discussed in Risk Factors Leading to Cognitive Impair-
ment in CKD, kidney injury can contribute to impaired 
EPO secretion. In CKD, tubular-interstitial fibrosis leads 
to the loss of EPO secretion [66], while EPO was found to 
have the function to prevent Aβ accumulation by alleviat-
ing lipid peroxidation in animal experiments [67]. There-
fore, EPO supplements may improve cognition in AD. Re-
garding the vitamin D deficiency in CKD, it was found 
that higher levels of active vitamin D were associated with 
better cognitive performance in AD patients. A 7-year fol-
low-up indicated higher vitamin D dietary intake lowers 
the risk of developing AD among older women [68].

Interestingly, in an APP23 AD transgenic model, it 
was found that the increased APP protein can promote 
BACE1 expression in the kidney which contributes the 

kidney damage [69]. This highlights a possible bidirec-
tional communication between brain and kidney in the 
context of AD. In the present review, we provided an 
overview of the factors potentially involved in kidney-
brain crosstalk. In our unpublished data generated from 
a cross-sectional AD patient cohort, we found that kidney 
injury-related metabolites such as creatinine and sarco-
sine are elevated in the plasma of AD patients. Despite the 
emerging evidence, significant advances in both clinical 
and experimental settings are needed to strengthen the 
conclusions.

Therapies and Interventions for Cognitive 
Impairment in CKD

Understanding the currently applied prevention and 
management strategies for CKD is critical for the treat-
ment of CKD-related cognitive impairment [70]. Besides, 
as discussed in Mechanisms of Cognitive Dysfunction in 
CKD, several mechanisms were proposed to connect 
CKD with cognitive impairment. Therefore, interven-
tions targeting those mechanisms also hold great prom-
ise. The following section will discuss these strategies 
which could potentially reduce the burden of dementia in 
CKD patients (shown in Fig. 1).

Anti-Anemia Drugs
Recombinant human EPO (rHuEPO), as standard 

therapy for CKD-associated anemia, has shown a neuro-
protective effect. In a study evaluating the impact of 
rHuEPO on kidney damage and anemia in rats with CKD, 
treatment with rHuEPO not only improves the anemia 
but also significantly decreases the expression of BACE1, 
presenilin 1, Aβ, and lipid peroxidation, along with im-
proved neuropsychological test scoring and sensorimo-
tor and cognitive functions [71]. Therefore, rHuEPO can 
be considered as an effective neuroprotective agent in the 
context of CKD-associated cognitive dysfunction [72].

The inhibitors of the prolyl-hydroxylase domain, clas-
sical oral drugs for anemia, work by activating the hypox-
ia-inducible factors and stimulating the production of en-
dogenous EPO. AstraZeneca recently published the data 
of roxadustat (FG-4592) from a phase III clinical trial 
which showed that the average hemoglobin levels and 
baseline changes from 28 to 52 weeks are a statistically 
significant improvement in dialysis-dependent CKD pa-
tients with anemia who received roxadustat and EPO al-
pha (epoetin alfa) combination therapy [73]. On August 
19, 2021, the European Commission has approved the 
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EvrenzoTM (roxadustat) for the treatment of anemia 
symptoms in adult CKD patients [74]. Interestingly, one 
study showed that roxadustat could play an important 
role in promoting hippocampal neurogenesis and synap-
tic plasticity in rats [75]. As such, roxadustat may be used 
to treat anemia and improve the cognitive impairment in 
CKD patients.

Inhibitors of the RAS
RAS plays an important role in the pathogenesis of 

CKD. Notably, uremic toxins, such as IS, might induce 
the production of RAS metabolites in the CNS. As a re-
sult, the overload of angiotensin II in the brain might 
cause oxidative stress leading to cognitive dysfunction 
[53]. Additionally, nephrectomy accelerates cognitive 
impairment in AD mice through angiotensin II. Several 
studies have suggested that treatment with ARBs is asso-
ciated with a lower risk of cognitive decline in dementia 
or AD [76, 77]. The amelioration of CKD-induced cogni-
tive impairment in 5XFAD mice by ARB olmesartan ap-
pears to be mediated by the suppression of BBB disrup-
tion or oxidative stress [78]. Furthermore, treatment with 
angiotensin II receptor blocker telmisartan was shown to 
prevent spatial memory impairment by decreasing brain 
oxidative DNA damage and lipid peroxidation and im-
prove cognitive impairment in the CKD mouse model 
[79], reinforcing the hypothesis that brain RAS is acti-
vated in CKD and possibly contributes to the associated 
cognitive decline [79]. Importantly, the application of 
ACEI captopril in the nephrectomy rat model suppressed 
the tyrosine nitration production, oxidative stress, and 
ROS-NO interaction in the cerebral cortex [80]. In gen-
eral, the classical treatment strategy aiming to control the 
vascular risk factors such as ACE or ARB can improve 
cognitive function.

Anti-Inflammatory Agents
Inflammation is known to be associated with CKD pro-

gression. Recent studies have found that peripheral in-
flammation can significantly contribute to the central in-
flammation in different disease settings. In our previous 
finding, we found that gut microbiota-mediated periph-
eral inflammation can induce central inflammation in AD 
transgenic mice [81]. Therefore, inhibition of CKD-relat-
ed peripheral inflammation to prevent cognitive impair-
ment attracts much attention in the field. For example, 
increased uric acid could modulate NLR pyrin domain-
containing protein 3 (NLRP3)/IL-1β-related pathways by 
ROS activation and K+ efflux and consequently cause vas-
cular endothelial cell damage, which is closely related to 

microinflammation, oxidative stress, and disorders of lip-
id metabolism in the early stages of CKD. As such, an in-
flammasome-targeted RNA interference approach treats 
kidney injury and disease. In mice with 5/6 nephrectomy, 
knockout of NLRP3 can maintain better mitochondrial 
morphology and higher mitochondrial DNA copy num-
ber, indicating amelioration of mitochondrial abnormal-
ity [82]. NLRP3 siRNA reduces the expression of NLRP3 
in subjects diagnosed with CKD and/or renal injury [83]. 
However, there are still no direct results demonstrating 
the cognition benefit from NLRP3 silence.

Anti-Diabetic Drugs
Type 2 diabetes mellitus (T2DM) is the main cause of 

CKD. In this population, the application of sodium-glu-
cose cotransporter-2 (SGLT-2) inhibitors and glucagon-
like peptide-1 receptor agonists (GLP-1 RAs) was shown 
to be correlated with the decreased risk of cardiovascular 
and renal events. GLP-1 RAs, a new class of anti-hyper-
glycemic drugs, are demonstrated to improve cardiovas-
cular and renal events in diabetic kidney disease patients 
and show cognitive-enhancing effects in animals [84].

Accumulated evidence in the past few years suggests 
that SGLT-2 inhibitors present potent neuroprotective 
properties. In clinical trials of patients with T2DM, these 
agents were shown to reduce albuminuria and protein-
uria by 30–50% and the incidence of composite hard re-
nal outcomes by 40–50% [85]. Meanwhile, SGLT2 inhib-
itors are detected in the central nervous system of afore-
said clinical subjects and possibly have neuroprotective 
properties. As expected, SGLT2 inhibition by empa-
gliflozin has been shown to reduce amyloid burden in 
cortical regions of APP/PS1xd/db mice. Empagliflozin 
has a beneficial effect on cognitive function, which may 
be connected to an increase in cerebral brain-derived 
neurotrophic factors. Other SGLT2 inhibitors such as 
canagliflozin and dapagliflozin were shown to have 
AChE-inhibiting activity [86], which can be connected to 
the neuroprotective function.

Dipeptidyl peptidase-4 (DPP-4) inhibitors are safe and 
well tolerated in T2DM patients with CKD and may re-
duce major risk factors for diabetic nephropathies, such 
as hyperglycemia and albuminuria [87]. Preclinical and 
clinical studies suggest that DPP-4 inhibitors may exert 
significant pleiotropic effects on CKD. Linagliptin, a 
DPP-4 inhibitor prescribed for T2DM patients who have 
CKD up to stage 3 and/or have eGFR (mL/min/1.73 m2) 
levels down to 45 or down to 30, shows beneficial effects 
in protecting against occurrence or progression of cogni-
tive decline and/or reducing the risk of cognitive impair-
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ment or dementia [88]. Since renal failure and T2DM are 
often comorbidities, the pharmacokinetics of T2DM 
agents may be affected, potentially increasing drug expo-
sure and risk of adverse events.

Anti-Vascular Calcification Agents
Vascular calcification, another pathological feature in 

CKD, can induce renal dysfunction through high phos-
phate in mouse models of CKD with 5/6 nephrectomy. 
HMGB-1, a nuclear DNA-binding protein involved in in-
flammation, was recently identified as a proinflammatory 
mediator of tissue injury [89]. A cross-sectional study re-
vealed that HMGB-1 is elevated significantly in CKD pa-
tients and correlates with glomerular filtration rate [90]. 
Another study suggested that HMGB1 is involved in vas-
cular calcification associated with CKD via a mechanism 
involving the β-catenin [91]. Noteworthy, HMGB1 an-
tagonists such as K883 have been tested in the preclinical 
treatment study of CKD and neurodegenerative diseases 
[92], which may serve as a promising treatment option. 
Further clinical studies, in placebo-controlled and dou-
ble-blind way, are needed to elucidate the functional role 
of HMGB1 in CKD.

Others
Klotho, as an anti-aging protein mainly expressed in 

the kidney, is significantly associated with CKD develop-
ment and progression. The deficiency of klotho results in 
white matter hyperintensities, microbleeds, microinfarc-
tions, and cerebral atrophy through chronic inflamma-
tion, endothelial dysfunction, and vascular calcifications. 
Hence, changes in klotho levels may play a role in the de-
velopment of cognitive impairment in CKD patients. Ob-
viously, recombinant klotho proteins might be a hopeful 
treatment or prevention for CKD and associated cogni-
tive impairment in the near future [93]. Importantly, giv-
en the critical role of oxidative stress in CKD-induced 
cognitive impairment, the anti-oxidative agents hold 
great promise for the treatment. One study showed that 
treatment with the antioxidant 4-hydroxy-2,2,6,6-tetra-
methylpiperidine-N-oxyl significantly improved cogni-
tive dysfunction in uremic mice [94]. A very recent study 
reported an increase of urine flow in APOE4-knock-in 
mice with bumetanide improved cognitive impairment. 
This finding in the animal model was consistent with the 
observation that patients using bumetanide had low AD 
risk [95]. Several proofs of principle strategies were pro-
posed based on these findings for the management of 
CKD-related cognitive impairment. However, their clin-
ical application will need to be assessed in the future.

Conclusion

Clinical characteristics of CKD patients include white 
matter injury, cerebral microbleeds, vascular dysfunc-
tion, and endothelial function, which are also shared by 
neurodegenerative diseases, including AD. From the ho-
listic perspective, it is critical to consider the effects of 
distant tissue, such as kidneys, on the function of the 
brain and seek to understand the complex pathophysio-
logical link between the brain and kidney in the future. In 
this review, we first discussed from the perspective of vas-
cular injury. Due to the brain and the kidneys having 
many common anatomic and vasoregulatory features, 
CKD patients have cerebral hemodynamic change, which 
is likely to be the leading cause of cognitive impairment. 
In addition to cerebrovascular causes, other potential 
mechanisms, such as endothelial toxicity of the uremic 
state, could also be involved in cognitive impairment in 
CKD patients. Besides, we also discussed mechanisms 
linking to purine nucleotides, oxidative stress, and FGF23, 
which are still in the early stage and need to be further 
characterized in the future. The current treatment op-
tions for CDK aim at common risk factors, including 
ACEIs and ARBs, SGLT-2 inhibitors, GLP-1 RAs, and 
DPP-4 inhibitors. Other interventions such as compensa-
tory EPO and the reduction of inflammation and oxida-
tive stress may help ameliorate patients' clinical symp-
toms. In conclusion, the kidney and the brain interact in 
a strong and complicated way, often leading to the abnor-
mal cognitive function for patients with CKD. Therefore, 
understanding the pathophysiologic interactions be-
tween brain function and kidney impairment is impor-
tant for developing new therapies for the management of 
cognitive impairment in CDK patients.

Conflict of Interest Statement

The authors have no conflicts of interest to declare.

Funding Sources

The authors have no funding sources to report.

Author Contributions

Zuoquan Xie, Siyu Tong, Xingkun Chu, and Teng Feng drafted 
the manuscript. Meiyu Geng revised and approved the final man-
uscript.



Kidney-Brain Axis in Chronic Kidney 
Disease-Induced Cognitive Impairment

283Kidney Dis 2022;8:275–285
DOI: 10.1159/000524475

References

 1 http: //ghdx.healthdata.org/gbd-results-tool.
 2 Drew DA, Weiner DE, Sarnak MJ. Cognitive 

impairment in CKD:  pathophysiology, man-
agement, and prevention. Am J Kidney Dis. 
2019 Dec; 74(6): 782–90.

 3 Kalantar-Zadeh K, Jafar TH, Nitsch D, Neuen 
BL, Perkovic V. Chronic kidney disease. Lan-
cet. 2021 Aug 28; 398(10302): 786–802.

 4 Kurella Tamura M, Yaffe K. Dementia and 
cognitive impairment in ESRD:  diagnostic 
and therapeutic strategies. Kidney Int. 2011 
Jan; 79(1): 14–22.

 5 Kuo YT, Li CY, Sung JM, Chang CC, Wang JD, 
Sun CY, et al. Risk of dementia in patients with 
end-stage renal disease under maintenance di-
alysis-a nationwide population-based study 
with consideration of competing risk of mortal-
ity. Alzheimers Res Ther. 2019 Apr 9; 11(1): 31.

 6 Hooper SR, Gerson AC, Butler RW, Gipson 
DS, Mendley SR, Lande MB, et al. Neurocog-
nitive functioning of children and adolescents 
with mild-to-moderate chronic kidney dis-
ease. Clin J Am Soc Nephrol. 2011 Aug; 6(8): 

1824–30.
 7 Miglinas M, Cesniene U, Janusaite MM, Vi-

nikovas A. Cerebrovascular disease and cog-
nition in chronic kidney disease patients. 
Front Cardiovasc Med. 2020; 7: 96.

 8 Ekblad LL, Toppala S, Johansson JK, Koski-
nen S, Sundvall J, Rinne JO, et al. Albuminuria 
and microalbuminuria as predictors of cogni-
tive performance in a general population:  an 
11-year follow-up study. J Alzheimers Dis. 
2018; 65(3): 1053–4.

 9 Kurella M, Yaffe K, Shlipak MG, Wenger NK, 
Chertow GM. Chronic kidney disease and 
cognitive impairment in menopausal women. 
Am J Kidney Dis. 2005 Jan; 45(1): 66–76.

10 Umemura T, Kawamura T, Umegaki H, 
Kawano N, Mashita S, Sakakibara T, et al. As-
sociation of chronic kidney disease and cere-
bral small vessel disease with cognitive im-
pairment in elderly patients with type 2 diabe-
tes. Dement Geriatr Cogn Dis Extra. 2013 Jan; 

3(1): 212–22.
11 Bugnicourt JM, Godefroy O, Chillon JM, 

Choukroun G, Massy ZA. Cognitive disor-
ders and dementia in CKD:  the neglected kid-
ney-brain axis. J Am Soc Nephrol. 2013 Feb; 

24(3): 353–63.
12 Lu R, Kiernan MC, Murray A, Rosner MH, 

Ronco C. Kidney-brain crosstalk in the acute 
and chronic setting. Nat Rev Nephrol. 2015 
Dec; 11(12): 707–19.

13 Viggiano D, Wagner CA, Martino G, Neder-
gaard M, Zoccali C, Unwin R, et al. Mecha-
nisms of cognitive dysfunction in CKD. Nat 
Rev Nephrol. 2020 Aug; 16(8): 452–69.

14 Ariton DM, Jiménez-Balado J, Maisterra O, 
Pujadas F, Soler MJ, Delgado P. Diabetes, al-
buminuria and the kidney-brain axis. J Clin 
Med. 2021 May 27; 10(11): 2364.

15 Kurella Tamura M, Muntner P, Wadley V, 
Cushman M, Zakai NA, Bradbury BD, et al. 
Albuminuria, kidney function, and the inci-

dence of cognitive impairment among adults 
in the United States. Am J Kidney Dis. 2011 
Nov; 58(5): 756–63.

16 Cabrera VJ, Hansson J, Kliger AS, Finkelstein 
FO. Symptom management of the patient 
with CKD:  the role of dialysis. Clin J Am Soc 
Nephrol. 2017 Apr 3; 12(4): 687–93.

17 McAdams-DeMarco MA, Tan J, Salter ML, 
Gross A, Meoni LA, Jaar BG, et al. Frailty and 
cognitive function in incident hemodialysis 
patients. Clin J Am Soc Nephrol. 2015 Dec 7; 

10(12): 2181–9.
18 van Zwieten A, Wong G, Ruospo M, Palmer 

SC, Teixeira-Pinto A, Barulli MR, et al. Asso-
ciations of cognitive function and education 
level with all-cause mortality in adults on he-
modialysis:  findings from the COGNITIVE-
HD Study. Am J Kidney Dis. 2019 Oct; 74(4): 

452–62.
19 O’Lone E, Connors M, Masson P, Wu S, Kel-

ly PJ, Gillespie D, et al. Cognition in people 
with end-stage kidney disease treated with he-
modialysis:  a systematic review and meta-
analysis. Am J Kidney Dis. 2016 Jun; 67(6): 

925–35.
20 Six I, Flissi N, Lenglet G, Louvet L, Kamel S, 

Gallet M, et al. Uremic toxins and vascular 
dysfunction. Toxins. 2020 Jun 18; 12(6): 404.

21 Yeh YC, Huang MF, Liang SS, Hwang SJ, Tsai 
JC, Liu TL, et al. Indoxyl sulfate, not p-cresyl 
sulfate, is associated with cognitive impair-
ment in early-stage chronic kidney disease. 
Neurotoxicology. 2016 Mar; 53: 148–52.

22 Pepin M, Villain C. Chronic kidney disease 
and cognitive impairment. Geriatr Psychol 
Neuropsychiatr Vieil. 2021 Oct 5.

23 Mazumder MK, Phukan BC, Bhattacharjee A, 
Borah A. Disturbed purine nucleotide metab-
olism in chronic kidney disease is a risk factor 
for cognitive impairment. Med Hypotheses. 
2018 Feb; 111: 36–9.

24 Lipton SA, Kim WK, Choi YB, Kumar S, 
D’Emilia DM, Rayudu PV, et al. Neurotoxic-
ity associated with dual actions of homocyste-
ine at the N-methyl-D-aspartate receptor. 
Proc Natl Acad Sci U S A. 1997 May 27; 

94(11): 5923–8.
25 Wang Q, Zhao J, Chang H, Liu X, Zhu R. Ho-

mocysteine and folic acid:  risk factors for Alz-
heimer’s disease-an updated meta-analysis. 
Front Aging Neurosci. 2021; 13: 665114.

26 Yaffe K, Kurella-Tamura M, Ackerson L, Ho-
ang TD, Anderson AH, Duckworth M, et al. 
Higher levels of cystatin C are associated with 
worse cognitive function in older adults with 
chronic kidney disease:  the chronic renal in-
sufficiency cohort cognitive study. J Am Geri-
atr Soc. 2014 Sep; 62(9): 1623–9.

27 Sarnak MJ, Katz R, Fried LF, Siscovick D, Kes-
tenbaum B, Seliger S, et al. Cystatin C and ag-
ing success. Arch Intern Med. 2008 Jan 28; 

168(2): 147–53.
28 Yaffe K, Lindquist K, Shlipak MG, Simonsick 

E, Fried L, Rosano C, et al. Cystatin C as a 
marker of cognitive function in elders:  find-

ings from the health ABC study. Ann Neurol. 
2008 Jun; 63(6): 798–802.

29 Singh NP, Sahni V, Wadhwa A, Garg S, Bajaj 
SK, Kohli R, et al. Effect of improvement in 
anemia on electroneurophysiological mark-
ers (P300) of cognitive dysfunction in chron-
ic kidney disease. Hemodial Int. 2006 Jul; 

10(3): 267–73.
30 Cheng Z, Lin J, Qian Q. Role of vitamin D in 

cognitive function in chronic kidney disease. 
Nutrients. 2016 May 13; 8(5): 291.

31 Zhang QY, Jiang CM, Sun C, Tang TF, Jin B, 
Cao DW, et al. Hypovitaminosis D is associ-
ated with endothelial dysfunction in patients 
with non-dialysis chronic kidney disease. J 
Nephrol. 2015 Aug; 28(4): 471–6.

32 Zhang Q, Zhang M, Wang H, Sun C, Feng Y, 
Zhu W, et al. Vitamin D supplementation im-
proves endothelial dysfunction in patients 
with non-dialysis chronic kidney disease. Int 
Urol Nephrol. 2018 May; 50(5): 923–7.

33 Lau WL, Nunes ACF, Vasilevko V, Floriolli D, 
Lertpanit L, Savoj J, et al. Chronic kidney dis-
ease increases cerebral microbleeds in mouse 
and man. Transl Stroke Res. 2020 Feb; 11(1): 

122–34.
34 Townsend RR. Arterial stiffness and chronic 

kidney disease:  lessons from the Chronic Re-
nal Insufficiency Cohort study. Curr Opin 
Nephrol Hypertens. 2015 Jan; 24(1): 47–53.

35 Drew DA, Weiner DE. Cognitive impairment 
in chronic kidney disease:  keep vascular dis-
ease in mind. Kidney Int. 2014 Mar; 85(3): 

505–7.
36 Karasavvidou D, Boutouyrie P, Kalaitzidis R, 

Kettab H, Pappas K, Stagikas D, et al. Arterial 
damage and cognitive decline in chronic kid-
ney disease patients. J Clin Hypertens. 2018 
Sep; 20(9): 1276–84.

37 Liu HS, Hartung EA, Jawad AF, Ware JB, 
Laney N, Port AM, et al. Regional cerebral 
blood flow in children and young adults with 
chronic kidney disease. Radiology. 2018 Sep; 

288(3): 849–58.
38 Moodalbail DG, Reiser KA, Detre JA, Schultz 

RT, Herrington JD, Davatzikos C, et al. Sys-
tematic review of structural and functional 
neuroimaging findings in children and adults 
with CKD. Clin J Am Soc Nephrol. 2013 Aug; 

8(8): 1429–48.
39 Seidel UK, Gronewold J, Volsek M, Todica O, 

Kribben A, Bruck H, et al. The prevalence, se-
verity, and association with HbA1c and fi-
brinogen of cognitive impairment in chronic 
kidney disease. Kidney Int. 2014 Mar; 85(3): 

693–702.
40 Murray AM. The brain and the kidney con-

nection:  a model of accelerated vascular cog-
nitive impairment. Neurology. 2009 Sep 22; 

73(12): 916–7.
41 Dou L, Poitevin S, Sallee M, Addi T, Gond-

ouin B, McKay N, et al. Aryl hydrocarbon re-
ceptor is activated in patients and mice with 
chronic kidney disease. Kidney Int. 2018 Apr; 

93(4): 986–99.

https://www.karger.com/Article/FullText/524475?ref=2#ref2
https://www.karger.com/Article/FullText/524475?ref=3#ref3
https://www.karger.com/Article/FullText/524475?ref=3#ref3
https://www.karger.com/Article/FullText/524475?ref=4#ref4
https://www.karger.com/Article/FullText/524475?ref=5#ref5
https://www.karger.com/Article/FullText/524475?ref=6#ref6
https://www.karger.com/Article/FullText/524475?ref=7#ref7
https://www.karger.com/Article/FullText/524475?ref=8#ref8
https://www.karger.com/Article/FullText/524475?ref=9#ref9
https://www.karger.com/Article/FullText/524475?ref=10#ref10
https://www.karger.com/Article/FullText/524475?ref=11#ref11
https://www.karger.com/Article/FullText/524475?ref=12#ref12
https://www.karger.com/Article/FullText/524475?ref=13#ref13
https://www.karger.com/Article/FullText/524475?ref=13#ref13
https://www.karger.com/Article/FullText/524475?ref=14#ref14
https://www.karger.com/Article/FullText/524475?ref=14#ref14
https://www.karger.com/Article/FullText/524475?ref=15#ref15
https://www.karger.com/Article/FullText/524475?ref=16#ref16
https://www.karger.com/Article/FullText/524475?ref=16#ref16
https://www.karger.com/Article/FullText/524475?ref=17#ref17
https://www.karger.com/Article/FullText/524475?ref=18#ref18
https://www.karger.com/Article/FullText/524475?ref=19#ref19
https://www.karger.com/Article/FullText/524475?ref=20#ref20
https://www.karger.com/Article/FullText/524475?ref=21#ref21
https://www.karger.com/Article/FullText/524475?ref=22#ref22
https://www.karger.com/Article/FullText/524475?ref=22#ref22
https://www.karger.com/Article/FullText/524475?ref=23#ref23
https://www.karger.com/Article/FullText/524475?ref=24#ref24
https://www.karger.com/Article/FullText/524475?ref=25#ref25
https://www.karger.com/Article/FullText/524475?ref=26#ref26
https://www.karger.com/Article/FullText/524475?ref=26#ref26
https://www.karger.com/Article/FullText/524475?ref=27#ref27
https://www.karger.com/Article/FullText/524475?ref=28#ref28
https://www.karger.com/Article/FullText/524475?ref=29#ref29
https://www.karger.com/Article/FullText/524475?ref=30#ref30
https://www.karger.com/Article/FullText/524475?ref=31#ref31
https://www.karger.com/Article/FullText/524475?ref=31#ref31
https://www.karger.com/Article/FullText/524475?ref=32#ref32
https://www.karger.com/Article/FullText/524475?ref=32#ref32
https://www.karger.com/Article/FullText/524475?ref=33#ref33
https://www.karger.com/Article/FullText/524475?ref=34#ref34
https://www.karger.com/Article/FullText/524475?ref=34#ref34
https://www.karger.com/Article/FullText/524475?ref=35#ref35
https://www.karger.com/Article/FullText/524475?ref=36#ref36
https://www.karger.com/Article/FullText/524475?ref=37#ref37
https://www.karger.com/Article/FullText/524475?ref=38#ref38
https://www.karger.com/Article/FullText/524475?ref=39#ref39
https://www.karger.com/Article/FullText/524475?ref=40#ref40
https://www.karger.com/Article/FullText/524475?ref=41#ref41


Xie/Tong/Chu/Feng/GengKidney Dis 2022;8:275–285284
DOI: 10.1159/000524475

42 Bobot M, Thomas L, Moyon A, Fernandez S, 
McKay N, Balasse L, et al. Uremic toxic blood-
brain barrier disruption mediated by AhR ac-
tivation leads to cognitive impairment during 
experimental renal dysfunction. J Am Soc 
Nephrol. 2020 Jul; 31(7): 1509–21.

43 Brito JS, Borges NA, Esgalhado M, Magliano 
DC, Soulage CO, Mafra D. Aryl hydrocarbon 
receptor activation in chronic kidney disease:  
role of uremic toxins. Nephron. 2017; 137(1): 

1–7.
44 Brito JS, Borges NA, Anjos JSD, Nakao LS, 

Stockler-Pinto MB, Paiva BR, et al. Aryl hy-
drocarbon receptor and uremic toxins from 
the gut microbiota in chronic kidney disease 
patients:  is there a relationship between them? 
Biochemistry. 2019 Apr 16; 58(15): 2054–60.

45 Dugan LL, Ali SS, Shekhtman G, Roberts AJ, 
Lucero J, Quick KL, et al. IL-6 mediated de-
generation of forebrain GABAergic interneu-
rons and cognitive impairment in aged mice 
through activation of neuronal NADPH oxi-
dase. PLoS One. 2009; 4(5): e5518.

46 Jin K, Lu J, Yu Z, Shen Z, Li H, Mou T, et al. 
Linking peripheral IL-6, IL-1beta and hypo-
cretin-1 with cognitive impairment from ma-
jor depression. J Affect Disord. 2020 Dec 1; 

277: 204–11.
47 Garre JM, Silva HM, Lafaille JJ, Yang G. CX-

3CR1(+) monocytes modulate learning and 
learning-dependent dendritic spine remodel-
ing via TNF-alpha. Nat Med. 2017 Jun; 23(6): 

714–22.
48 Torres-Acosta N, O’Keefe JH, O’Keefe EL, 

Isaacson R, Small G. Therapeutic potential of 
TNF-α inhibition for Alzheimer’s disease pre-
vention. J Alzheimers Dis. 2020; 78(2): 619–26.

49 Diniz LP, Matias I, Siqueira M, Stipursky J, 
Gomes FCA. Astrocytes and the TGF-beta1 
pathway in the healthy and diseased brain:  a 
double-edged sword. Mol Neurobiol. 2019 
Jul; 56(7): 4653–79.

50 Meng XM, Nikolic-Paterson DJ, Lan HY. 
TGF-beta:  the master regulator of fibrosis. 
Nat Rev Nephrol. 2016 Jun; 12(6): 325–38.

51 Basso PJ, Andrade-Oliveira V, Câmara NOS. 
Targeting immune cell metabolism in kidney 
diseases. Nat Rev Nephrol. 2021 Jul; 17(7): 

465–80.
52 Tang PM, Nikolic-Paterson DJ, Lan HY. Mac-

rophages:  versatile players in renal inflamma-
tion and fibrosis. Nat Rev Nephrol. 2019 Mar; 

15(3): 144–58.
53 Liu L, Kou P, Zeng Q, Pei G, Li Y, Liang H, et 

al. CD4+ T lymphocytes, especially Th2 cells, 
contribute to the progress of renal fibrosis. 
Am J Nephrol. 2012; 36(4): 386–96.

54 Wang J, Li XB, Huang P, Huang MY, Gu XJ. 
Change of peripheral blood Treg/Thl7 in cog-
nitive impairment with chronic renal failure 
patients. Cell Physiol Biochem. 2018; 45(1): 

281–90.
55 Tonnies E, Trushina E. Oxidative stress, syn-

aptic dysfunction, and Alzheimer’s disease. J 
Alzheimers Dis. 2017; 57(4): 1105–21.

56 Vinothkumar G, Kedharnath C, Krishnakumar 
S, Sreedhar S, Preethikrishnan K, Dinesh S, et 

al. Abnormal amyloid beta42 expression and 
increased oxidative stress in plasma of CKD pa-
tients with cognitive dysfunction:  a small scale 
case control study comparison with Alzhei-
mer’s disease. BBA Clin. 2017 Dec; 8: 20–7.

57 Hensel N, Schon A, Konen T, Lubben V, 
Forthmann B, Baron O, et al. Fibroblast 
growth factor 23 signaling in hippocampal 
cells:  impact on neuronal morphology and 
synaptic density. J Neurochem. 2016 Jun; 

137(5): 756–69.
58 Haffner D, Leifheit-Nestler M. Extrarenal ef-

fects of FGF23. Pediatr Nephrol. 2017 May; 

32(5): 753–65.
59 Shi Y, Liu Z, Shen Y, Zhu H. A novel perspec-

tive linkage between kidney function and Alz-
heimer’s disease. Front Cell Neurosci. 2018; 

12: 384.
60 Wright JW, Harding JW. The brain renin-an-

giotensin system:  a diversity of functions and 
implications for CNS diseases. Pflugers Arch. 
2013 Jan; 465(1): 133–51.

61 Savaskan E, Hock C, Olivieri G, Bruttel S, 
Rosenberg C, Hulette C, et al. Cortical altera-
tions of angiotensin converting enzyme, an-
giotensin II and AT1 receptor in Alzheimer’s 
dementia. Neurobiol Aging. 2001 Jul–Aug; 

22(4): 541–6.
62 Kalra L. Antihypertensive drugs decrease risk 

of Alzheimer disease:  ginkgo evaluation of 
memory study. Neurology. 2014 Apr 1; 

82(13): 1192.
63 Royea J, Zhang L, Tong XK, Hamel E. Angio-

tensin IV receptors mediate the cognitive and 
cerebrovascular benefits of losartan in a 
mouse model of Alzheimer’s disease. J Neuro-
sci. 2017 May 31; 37(22): 5562–73.

64 Ito S, Osaka M, Higuchi Y, Nishijima F, Ishii 
H, Yoshida M. Indoxyl sulfate induces leuko-
cyte-endothelial interactions through up-reg-
ulation of E-selectin. J Biol Chem. 2010 Dec 
10; 285(50): 38869–75.

65 Adeli S, Zahmatkesh M, Tavoosidana G, 
Karimian M, Hassanzadeh G. Simvastatin en-
hances the hippocampal klotho in a rat model 
of streptozotocin-induced cognitive decline. 
Prog Neuropsychopharmacol Biol Psychia-
try. 2017 Jan 4; 72: 87–94.

66 Meng XM, Huang XR, Xiao J, Chen HY, 
Zhong X, Chung AC, et al. Diverse roles of 
TGF-beta receptor II in renal fibrosis and in-
flammation in vivo and in vitro. J Pathol. 2012 
Jun; 227(2): 175–88.

67 Rodriguez Cruz Y, Strehaiano M, Rodriguez 
Obaya T, Garcia Rodriguez JC, Maurice T. An 
intranasal formulation of erythropoietin 
(Neuro-EPO) prevents memory deficits and 
amyloid toxicity in the APPSwe transgenic 
mouse model of Alzheimer’s disease. J Alzhei-
mers Dis. 2017; 55(1): 231–48.

68 Gallego-Narbon A, Zapatera B, Alvarez I, Va-
quero MP. Methylmalonic acid levels and 
their relation with cobalamin supplementa-
tion in Spanish vegetarians. Plant Foods Hum 
Nutr. 2018 Sep; 73(3): 166–71.

69 Shi Y, Gao F, Yang X, Liu D, Han Q, Liu Z, et 
al. Increase of BACE1, brain-renal risk factor, 

contributes to kidney damage in an Alzhei-
mer’s disease mouse model. J Alzheimers Dis. 
2020; 76(1): 237–48.

70 Chen TK, Knicely DH, Grams ME. Chronic 
kidney disease diagnosis and management:  a 
review. JAMA. 2019 Oct 1; 322(13): 1294–304.

71 Reza-Zaldivar EE, Sandoval-Avila S, Gutier-
rez-Mercado YK, Vazquez-Mendez E, Cana-
les-Aguirre AA, Esquivel-Solis H, et al. Hu-
man recombinant erythropoietin reduces 
sensorimotor dysfunction and cognitive im-
pairment in rat models of chronic kidney dis-
ease. Neurologia. 2020 Apr; 35(3): 147–54.

72 Vinothkumar G, Krishnakumar S, Sureshku-
mar, Shivashekar G, Sreedhar S, Preethikrish-
nan, et al. Therapeutic impact of rHuEPO on 
abnormal platelet APP, BACE 1, presenilin 1, 
ADAM 10 and Abeta expressions in chronic 
kidney disease patients with cognitive dysfunc-
tion like Alzheimer’s disease:  a pilot study. 
Biomed Pharmacother. 2018 Aug; 104: 211–22.

73 Chen N, Hao C, Liu BC, Lin H, Wang C, Xing 
C, et al. Roxadustat treatment for anemia in 
patients undergoing long-term dialysis. N 
Engl J Med. 2019 Sep 12; 381(11): 1011–22.

74 Del Vecchio L, Locatelli F. Roxadustat in the 
treatment of anaemia in chronic kidney dis-
ease. Expert Opin Investig Drugs. 2018 Jan; 

27(1): 125–33.
75 Li G, Zhao M, Cheng X, Zhao T, Feng Z, Zhao 

Y, et al. FG-4592 improves depressive-like be-
haviors through HIF-1-mediated neurogen-
esis and synapse plasticity in rats. Neurother-
apeutics. 2020 Apr; 17(2): 664–75.

76 Laffer CL, Elijovich F, Sahinoz M, Pitzer A, 
Kirabo A. New insights into the renin-angio-
tensin system in chronic kidney disease. Circ 
Res. 2020 Aug 14; 127(5): 607–9.

77 Sanidas E, Papadopoulos D, Chatzis M, Vel-
liou M, Barbetseas J. Renin angiotensin aldo-
sterone system inhibitors in chronic kidney 
disease:  a difficult equation. Am J Cardiovasc 
Drugs. 2021 Mar 23; 21(6): 619–27.

78 Nakagawa T, Hasegawa Y, Uekawa K, Kim-
Mitsuyama S. Chronic kidney disease acceler-
ates cognitive impairment in a mouse model 
of Alzheimer’s disease, through angiotensin 
II. Exp Gerontol. 2017 Jan; 87(Pt A): 108–12.

79 Haruyama N, Fujisaki K, Yamato M, Eriguchi 
M, Noguchi H, Torisu K, et al. Improvement 
in spatial memory dysfunction by telmisartan 
through reduction of brain angiotensin II and 
oxidative stress in experimental uremic mice. 
Life Sci. 2014 Sep 15; 113(1–2): 55–9.

80 Deng G, Vaziri ND, Jabbari B, Ni Z, Yan XX. 
Increased tyrosine nitration of the brain in 
chronic renal insufficiency:  reversal by anti-
oxidant therapy and angiotensin-converting 
enzyme inhibition. J Am Soc Nephrol. 2001 
Sep; 12(9): 1892–9.

81 Wang X, Sun G, Feng T, Zhang J, Huang X, 
Wang T, et al. Sodium oligomannate thera-
peutically remodels gut microbiota and sup-
presses gut bacterial amino acids-shaped neu-
roinflammation to inhibit Alzheimer’s dis-
ease progression. Cell Res. 2019 Oct; 29(10): 

787–803.

https://www.karger.com/Article/FullText/524475?ref=42#ref42
https://www.karger.com/Article/FullText/524475?ref=42#ref42
https://www.karger.com/Article/FullText/524475?ref=43#ref43
https://www.karger.com/Article/FullText/524475?ref=44#ref44
https://www.karger.com/Article/FullText/524475?ref=45#ref45
https://www.karger.com/Article/FullText/524475?ref=46#ref46
https://www.karger.com/Article/FullText/524475?ref=47#ref47
https://www.karger.com/Article/FullText/524475?ref=48#ref48
https://www.karger.com/Article/FullText/524475?ref=49#ref49
https://www.karger.com/Article/FullText/524475?ref=50#ref50
https://www.karger.com/Article/FullText/524475?ref=51#ref51
https://www.karger.com/Article/FullText/524475?ref=52#ref52
https://www.karger.com/Article/FullText/524475?ref=53#ref53
https://www.karger.com/Article/FullText/524475?ref=54#ref54
https://www.karger.com/Article/FullText/524475?ref=55#ref55
https://www.karger.com/Article/FullText/524475?ref=55#ref55
https://www.karger.com/Article/FullText/524475?ref=56#ref56
https://www.karger.com/Article/FullText/524475?ref=57#ref57
https://www.karger.com/Article/FullText/524475?ref=58#ref58
https://www.karger.com/Article/FullText/524475?ref=59#ref59
https://www.karger.com/Article/FullText/524475?ref=60#ref60
https://www.karger.com/Article/FullText/524475?ref=61#ref61
https://www.karger.com/Article/FullText/524475?ref=62#ref62
https://www.karger.com/Article/FullText/524475?ref=63#ref63
https://www.karger.com/Article/FullText/524475?ref=63#ref63
https://www.karger.com/Article/FullText/524475?ref=64#ref64
https://www.karger.com/Article/FullText/524475?ref=65#ref65
https://www.karger.com/Article/FullText/524475?ref=65#ref65
https://www.karger.com/Article/FullText/524475?ref=66#ref66
https://www.karger.com/Article/FullText/524475?ref=67#ref67
https://www.karger.com/Article/FullText/524475?ref=67#ref67
https://www.karger.com/Article/FullText/524475?ref=68#ref68
https://www.karger.com/Article/FullText/524475?ref=68#ref68
https://www.karger.com/Article/FullText/524475?ref=69#ref69
https://www.karger.com/Article/FullText/524475?ref=70#ref70
https://www.karger.com/Article/FullText/524475?ref=71#ref71
https://www.karger.com/Article/FullText/524475?ref=72#ref72
https://www.karger.com/Article/FullText/524475?ref=73#ref73
https://www.karger.com/Article/FullText/524475?ref=73#ref73
https://www.karger.com/Article/FullText/524475?ref=74#ref74
https://www.karger.com/Article/FullText/524475?ref=75#ref75
https://www.karger.com/Article/FullText/524475?ref=75#ref75
https://www.karger.com/Article/FullText/524475?ref=76#ref76
https://www.karger.com/Article/FullText/524475?ref=76#ref76
https://www.karger.com/Article/FullText/524475?ref=77#ref77
https://www.karger.com/Article/FullText/524475?ref=77#ref77
https://www.karger.com/Article/FullText/524475?ref=78#ref78
https://www.karger.com/Article/FullText/524475?ref=79#ref79
https://www.karger.com/Article/FullText/524475?ref=80#ref80
https://www.karger.com/Article/FullText/524475?ref=81#ref81


Kidney-Brain Axis in Chronic Kidney 
Disease-Induced Cognitive Impairment

285Kidney Dis 2022;8:275–285
DOI: 10.1159/000524475

82 Gong W, Mao S, Yu J, Song J, Jia Z, Huang S, 
et al. NLRP3 deletion protects against renal 
fibrosis and attenuates mitochondrial abnor-
mality in mouse with 5/6 nephrectomy. Am J 
Physiol Renal Physiol. 2016 May 15; 310(10): 

F1081–8.
83 Yin W, Zhou QL, OuYang SX, Chen Y, Gong 

YT, Liang YM. Uric acid regulates NLRP3/IL-
1beta signaling pathway and further induces 
vascular endothelial cells injury in early CKD 
through ROS activation and K(+) efflux. 
BMC Nephrol. 2019 Aug 14; 20(1): 319.

84 Gorriz JL, Soler MJ, Navarro-Gonzalez JF, 
Garcia-Carro C, Puchades MJ, D’Marco L, et 
al. GLP-1 receptor agonists and diabetic kid-
ney disease:  a call of attention to nephrolo-
gists. J Clin Med. 2020 Mar 30; 9(4): 947.

85 Piperidou A, Loutradis C, Sarafidis P. SGLT-2 
inhibitors and nephroprotection:  current evi-
dence and future perspectives. J Hum Hyper-
tens. 2021 Jan; 35(1): 12–25.

86 Wicinski M, Wodkiewicz E, Gorski K, Walc-
zak M, Malinowski B. Perspective of SGLT2 
inhibition in treatment of conditions con-
nected to neuronal loss:  focus on Alzheimer’s 
disease and ischemia-related brain injury. 
Pharmaceuticals. 2020 Nov 11; 13(11): 379.

87 Coppolino G, Leporini C, Rivoli L, Ursini F, 
di Paola ED, Cernaro V, et al. Exploring the 
effects of DPP-4 inhibitors on the kidney 
from the bench to clinical trials. Pharmacol 
Res. 2018 Mar; 129: 274–94.

88 Lo C, Toyama T, Wang Y, Lin J, Hirakawa Y, 
Jun M, et al. Insulin and glucose-lowering 
agents for treating people with diabetes and 
chronic kidney disease. Cochrane Database 
Syst Rev. 2018 Sep 24; 9: CD011798.

89 Tsan MF. Heat shock proteins and high mo-
bility group box 1 protein lack cytokine func-
tion. J Leukoc Biol. 2011 Jun; 89(6): 847–53.

90 Bruchfeld A, Qureshi AR, Lindholm B, Bara-
ny P, Yang L, Stenvinkel P, et al. High mobil-
ity group box protein-1 correlates with renal 
function in chronic kidney disease (CKD). 
Mol Med. 2008 Mar–Apr; 14(3–4): 109–15.

91 Jin X, Rong S, Yuan W, Gu L, Jia J, Wang L, et 
al. High mobility group box 1 promotes aortic 
calcification in chronic kidney disease via the 
Wnt/beta-catenin pathway. Front Physiol. 
2018; 9: 665.

92 Paudel YN, Angelopoulou E, Piperi C, Oth-
man I, Aamir K, Shaikh MF. Impact of 
HMGB1, RAGE, and TLR4 in Alzheimer’s 
disease (AD):  from risk factors to therapeutic 
targeting. Cells. 2020 Feb 7; 9(2): 383.

93 Degaspari S, Tzanno-Martins CB, Fujihara 
CK, Zatz R, Branco-Martins JP, Viel TA, et al. 
Altered KLOTHO and NF-kappaB-TNF-al-
pha signaling are correlated with nephrecto-
my-induced cognitive impairment in rats. 
PLoS One. 2015; 10(5): e0125271.

94 Fujisaki K, Tsuruya K, Yamato M, Toyonaga 
J, Noguchi H, Nakano T, et al. Cerebral oxida-
tive stress induces spatial working memory 
dysfunction in uremic mice:  neuroprotective 
effect of tempol. Nephrol Dial Transplant. 
2014 Mar; 29(3): 529–38.

95 Taubes A, Nova P, Zalocusky KA, Kosti I, Bi-
cak M, Zilberter MY, et al. Experimental and 
real-world evidence supporting the computa-
tional repurposing of bumetanide for APOE4-
related Alzheimer’s disease. Nat Aging. 2021 
Oct; 1(10): 932–47.

https://www.karger.com/Article/FullText/524475?ref=82#ref82
https://www.karger.com/Article/FullText/524475?ref=82#ref82
https://www.karger.com/Article/FullText/524475?ref=83#ref83
https://www.karger.com/Article/FullText/524475?ref=84#ref84
https://www.karger.com/Article/FullText/524475?ref=85#ref85
https://www.karger.com/Article/FullText/524475?ref=85#ref85
https://www.karger.com/Article/FullText/524475?ref=86#ref86
https://www.karger.com/Article/FullText/524475?ref=87#ref87
https://www.karger.com/Article/FullText/524475?ref=87#ref87
https://www.karger.com/Article/FullText/524475?ref=88#ref88
https://www.karger.com/Article/FullText/524475?ref=88#ref88
https://www.karger.com/Article/FullText/524475?ref=89#ref89
https://www.karger.com/Article/FullText/524475?ref=90#ref90
https://www.karger.com/Article/FullText/524475?ref=91#ref91
https://www.karger.com/Article/FullText/524475?ref=92#ref92
https://www.karger.com/Article/FullText/524475?ref=93#ref93
https://www.karger.com/Article/FullText/524475?ref=94#ref94
https://www.karger.com/Article/FullText/524475?ref=95#ref95

