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A B S T R A C T

The kidney-brain axis is a bidirectional communication network connecting the kidneys and the brain, potentially affected by inflammation, uremic toxin, vascular
injury, neuronal degeneration, and so on, leading to a range of diseases. Numerous studies emphasize the disruptions of the kidney-brain axis may contribute to the
high morbidity of neurological disorders, such as cognitive impairment (CI) in the natural course of chronic kidney disease (CKD). Although the pathophysiology of
the kidney-brain axis has not been fully elucidated, epidemiological data indicate that patients at all stages of CKD have a higher risk of developing CI compared with
the general population. In contrast to other reviews, we mentioned some commonly used medicines in CKD that may play a pivotal role in the pathogenesis of CI.
Revealing the pathophysiology interactions between kidney damage and brain function can reduce the potential risk of future CI. This review will deeply explore the
characteristics, indicators, and potential pathophysiological mechanisms of CKD-related CI. It will provide a theoretical basis for identifying CI that progresses during
CKD and ultimately prevents and treats CKD-related CI.

1. Introduction

The intricate connection between the kidneys and the nervous sys-
tem plays a crucial role in maintaining overall homeostasis within the
body. The kidneys participate in the processes that impact the systemic
acid-base balance, electrolyte concentrations, volume states, and toxin
levels, all of which have implications for the brain. At the same time, the
functions of the kidneys are regulated by the brain. However, once
various pathogenic factors disrupt the balance, it can lead to diseases
affecting both the nervous system and the kidneys (Fig. 1).

Chronic kidney disease (CKD) refers to kidney structure or function
abnormalities lasting at least three months, which have health impli-
cations and can result in end-stage renal disease (ESRD) (Kidney Dis-
ease: Improving Global Outcomes (KDIGO) CKD Work Group, 2024).
According to the Global Burden of Disease, Injuries, and Risk Factors
Study (GBD) project, there were approximately 697.5 million all-stage
CKD cases worldwide in 2017, with a global prevalence of 9.1% (GBD
Chronic Kidney Disease Collaboration，2020Global, Regional, and Na-
tional Burden of Chronic Kidney Disease, 1990-2017). A substantial
number of patients with CKD suffer from neurological disorders,
including cerebrovascular disease and cognitive impairment (CI). In a 6-
year follow-up study, the effect of CKD on the risk of CI and dementia
was ahead of genetic factors (Lipnicki et al., 2017). The research from
the Suita Study showed an association between mild to moderate

reductions in estimated glomerular filtration rate (eGFR, in ml/min/
1.73 m2) and CI (Arafa et al., 2024). Furthermore, results from the
National Health and Nutritional Examination Survey (NHANES) sug-
gested the risk of CI was higher in patients with CKD than non-CKD
patients, and CKD patients with worse kidney function were associ-
ated with lower global cognitive function (Chu et al., 2022; Li et al.,
2024; Zhou et al., 2024). Not only CKD, acute kidney injury (AKI) could
lead to uremic encephalopathy and is associated with the risk of stroke
and CI as well (Grams and Rabb, 2012; Husain-Syed et al., 2023; Tsai
et al., 2017). Additionally, autosomal dominant polycystic kidney dis-
ease (ADPKD) has numerous systemic manifestations and cardiovascular
complications, including aneurysmal subarachnoid hemorrhage, which
tends to result in cognitive deficits (Rinkel and Ruigrok, 2022).

A recent study also highlighted a significant bidirectional relation-
ship between previous strokes and the development of ESRD, empha-
sizing the interplay between brain and kidney injuries (Tollitt et al.,
2019). Brain injury can affect the kidneys by elevating sympathetic
activity, which modifies renal circulation, filtration in the glomeruli,
and vasopressin secretion, leading to altered sodium and fluid homeo-
stasis (Udy et al., 2017).As a predictor of impaired cognitive function
and stroke, silent brain infarction (SBI) also presents a predictive ability
of renal function progression in patients with CKD (Kobayashi et al.,
2010). The brain's effects on the kidney, not just on CKD, but on both
acute and chronic kidney diseases. In a study of 37,851 American
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patients who suffered from traumatic brain injury (TBI), severe AKI was
observed in 2.1% of cases, which was linked to increased mortality rates
in hospitals, higher instances of morbidity, and extended durations of
hospital stay (Luu et al., 2021).

The brain and kidneys are connected in various diseases. This review
will mainly focus on the current knowledge of the relationship between
CKD and CI. Understanding the communication mechanisms between
the nervous system and the kidneys is crucial for developing strategies to
ameliorate neurological conditions associated with kidney diseases and
designing clinical interventions.

2. Characteristics of CKD-related CI

CKD is categorized by cause, glomerular filtration rate (GFR) cate-
gory (G1-G5), and albuminuria category (A1-A3) (2). Research focusing
on CI predominantly uses the GFR classification. As mentioned above,
renal function is closely associated with CI. It is generally observed that
the incidence of CI is higher in patients with more severe renal
impairment (G4-G5) (Arafa et al., 2024; Chu et al., 2022; Foster et al.,
2016), and individuals with severe kidney disease (eGFR<30 ml/min/
1.73m2) exhibited more serious CI (Burns et al., 2018). Female partici-
pants with CKD ≥ G2 stage showed consistently worse on the longitu-
dinal cognitive and functional condition than those with a CKD of G1
stage (Iwata et al., 2018). Contrary to expectations, a study including
2306 participants (≥ 60 years) showed that early CKD stages (G1–2)
increased the risk of immediate memory impairment by 47.4% and CI by
122.4%, while CKD of G3-G5 stages were not associated with CI (Huang
et al., 2023). Moreover, cognitive performance contains multiple do-
mains, including memory, attention, information processing, executive
functioning, visuospatial skills, and language abilities, and certain
studies have concentrated on particular aspects. CKD patients showed a
higher risk of CI in the immediate learning ability, processing speed,
sustained attention, and working memory (Li et al., 2023). Severe CKD-
related CI was observed in most cognitive domains, including global
cognition, verbal memory, attention, naming, and executive function,
but not for verbal fluency (Elias et al., 2009; Yaffe et al., 2010). Mod-
erate CKD was linked to diminished learning and concentration abilities,
as well as visual attention impairments, but not reaction time (Hailpern

et al., 2007). In a study of 4887 older adults (73.9 ± 8.3 years), a decline
in eGFR was associated with a greater likelihood of error on the cogni-
tive tests such as Mini Mental State Examination (MMSE)/Frontal
Assessment Battery (FAB) and poorer overall performance on the
Repeatable Battery for Assessment of Neuropsychological Status
(RBANS). Additionally, eGFR <45 ml/min/1.73 m2 related to poorer
performance on all five RBANS domains, with the greatest effect sizes for
immediate memory, delayed memory, and attention (Dyer et al., 2022).
This study reliably assessed cognitive function in patients with kidney
injury using MMSE, one of the commonly used methods for assessing CI
in CKD patients, combined with methods for measuring domain-specific
cognitive function (Dyer et al., 2022).

The impact of CKD on cognitive function may vary depending on the
etiology, unfortunately, research in this field is scarce. A limited number
of studies have investigated CI caused by diabetes mellitus (DM) and
lupus nephritis. The prevalence of CI in DM patients (80.6%) was
significantly higher than in non-DM patients (67.9%). Furthermore, they
had substantially lower visuospatial/executive function scores, naming,
language, delayed recall, and orientation (Huang et al., 2021). In
another study, the prevalence of CI was 17.7% in the DM group
compared to 14.9% in the non-DM group (Moon et al., 2019). These
outcomes are largely attributed to the more significant impact of dia-
betes on the vascular system compared to CKD alone. However, children
with lupus nephritis exhibit cognitive functions comparable to or better
than other children with CKD, which is reassuring considering the
multiorgan and lifelong complications associated with lupus (Knight
et al., 2017).

3. Indicators of CKD-related CI

A comprehensive understanding of the indicators associated with
CKD-related CI can enhance early screening efforts and timely inter-
vention (Table 1). Current evidence suggests that baseline renal insuf-
ficiency is a pivotal risk factor for CI. Several studies reported that eGFR
decline could be a possible predictor for CI (Arafa et al., 2024; Levassort
et al., 2024; Murray et al., 2016; Peng et al., 2021). Over a median
follow-up of 5.4 years, participants with a severe decline in eGFR (>20%
annually) had an increased risk of CI compared to those with stable

Fig. 1. The kidney-brain axis. The kidneys and brain communicate with each other in different diseases, mainly through a complex network including inflammation,
uremic toxin, vascular damage, neuron degeneration, BBB permeability, and so on. Abbreviations: AKI, acute kidney disease; BBB, blood brain barrier; CI, cognitive
impairment; CKD, chronic kidney disease; PKD, polycystic kidney disease; TBI, traumatic brain injury.
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eGFR (Chen et al., 2017). A study including CKD stages 3–4 patients over
five years revealed that diminished eGFR correlated with inferior
cognitive performance (Pépin et al., 2023b). However, another research
showed that lower eGFR was associated with poorer cognitive function
only among adults who manifested the gait phenotype (Koren et al.,
2021). Albuminuria, an additional indicator of abnormal kidney func-
tion, which is also connected with CI, can be a predictor of the Alz-
heimer's disease subtype (Kelly et al., 2024; Sacre et al., 2019; Santulli
et al., 2024). Notably, the utility of urinary albumin/creatinine ratio
(UACR, in mg/g) as a biomarker is underscored by its ability to more

Table 1
Indicators of CKD-related CI.

Indicators Inclusion of
population

Outcomes References

eGFR 6215 participants
(from Japan)

-Each increment of eGFR
by 10mL/min/1.73m2

was associated with 4.8%
lower odds of CI.

(Arafa et al.,
2024)

3003 participants
(from mainland
France)

-eGFR was associated
with changes in
orientation, attention and
calculation, language and
praxis domain scores.

(Levassort
et al., 2024)

554 participants
(from
Minneapolis)

-Baseline cognitive
performance was
significantly associated
with eGFR in all domains
except language.

(Murray
et al., 2016)

33,654
participants (from
China)

-Severe eGFR decline
could be a possible
predictor for cognitive
deterioration or death
among the elderly.

(Chen et al.,
2017)

Albuminuria 237 participants
(from Italian)

-Higher levels of albumin
in the urine were
associated with lower
cognitive performance.

(Santulli
et al., 2024)

4128 participants
(from Australia)

-An independent
association of
albuminuria with
memory performance at
12 years of follow-up.

(Sacre et al.,
2019)

18,650
participants (from
Australia and the
United States)

-Screening cognitive tests
for older persons with a
urine albumin-creatinine
ratio ≥ 3 mg/mmol could
identify those at elevated
risk of cognitive decline
and dementia.

(Murray
et al., 2022)

UACR 19,399
participants (from
the United States)

-UACR 30–299 and ≥

300 mg/g were
independently associated
with 31% and 57%
higher risk for CI,
respectively, relative to
individuals with UACR
<10 mg/g.

(Kurella
Tamura
et al., 2011)

β2M 100 participants
(from China)

-Urinary β2-MG levels in
older patients with CKD
and cognitive
dysfunction were
significantly increased.

(Wang et al.,
2023b)

SBP 3768 participants
(from the United
States)

-Among CKD, higher
baseline SBP was
associated with a higher
risk of incident CI
specifically in those
individuals with
eGFR>45 ml/min/
1.73m2.

(Babroudi
et al., 2023)

Orthostatic
blood
pressure

160 participants
(from China)

-Exaggerated orthostatic
blood pressure reduction
is a possible explanation
for ESRD-associated
memory deficits.

(Liu et al.,
2019)

PEW 364 participants
(from China)

-PEW was a possible
independent risk factor
for consciousness
dysfunction in MHD
patients.

(Yang et al.,
2023)

TNF-α 132 participants -Serum level of TNF-α is
associated with the
severity of cognitive
decline: higher serum
levels of TNF-α were
found in patients with
worse cognitive function.

(Guenzani
et al., 2019)

Table 1 (continued )

Indicators Inclusion of
population

Outcomes References

IGF-1 93 participants -IGF-1 can be considered
a novel biomarker for the
assessment of cognitive
functioning in CKD
patients.

(Prelevic
et al., 2018)

BLL 412 participants
(from the United
States)

-Environmental lead
exposure is associated
with neurocognitive
dysfunction in children
with CKD.

(Ruebner
et al., 2019)

CKD stages 385 participants
(from Canadian)

-CKD of G4-G5 stages
scored lower in all
domains of cognition,
with the most
pronounced deficits
observed in recall,
attention, and visual/
executive function.

(Foster et al.,
2016)

Educational
level

232 participants
(from Ethiopia)

-Independent predictors
of CI among CKD patients
were proteinuria, age
>65 years, and
educational level of grade
8 or less.

(Gela et al.,
2021)

Sleep duration 3215 participants
(from the United
States)

-Longer sleep duration is
associated with worse
cognitive function only
among persons with CKD.

(Warsame
et al., 2023)

Alcohol
consumption

3005 participants
(from the United
States)

-Alcohol-heavy drinkers
were significantly
associated with a higher
risk of CI in patients with
hypertension and CKD
compared with light
drinkers.

(Yen et al.,
2022)

Depression or
anxiety

250 participants
(from the United
Kingdom)

-The prescription of
psychodynamic
medications and
depression or anxiety
were independent risk
factors for CI.

(Tollitt et al.,
2021)

Use of
smartphone

416 participants
(from China)

-Age, educational level,
occupational status, use
of smartphones, sleep
disorder, and hemoglobin
were independent
influencing factors of
MCI.

(Yang et al.,
2024)

Marriage,
history of
living alone

200 participants
(from China)

-The risk factors affecting
cognitive dysfunction are
age, education, marital
status, divorced or
widowed, payment
method, self-funded,
hypertension, and CKD.

(Wang et al.,
2024)

CKD: chronic kidney disease; CI: cognitive impairment; eGFR: estimated
glomerular filtration rate; β2M: beta-2 microglobulin; PEW: protein-energy
wasting; TNF-α: tumor necrosis factor-α; SBP: systolic blood pressure; ESRD:
end-stage renal disease; MHD: maintenance hemodialysis; CI: cognitive
impairment; MCI: mild cognitive impairment; UACR: urea albumin/creatinine
ratio; IGF-1: insulin growth factor 1; BLL: blood lead level.
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accurately reflect kidney disease's impact on the brain than eGFR,
particularly in the elderly (Santulli et al., 2024). This population is prone
to reduced muscle mass due to chronic illness, which can lead to an
overestimation of GFR when based on creatinine levels. A longitudinal
cohort study of older persons showed that baseline eGFR was not related
to performance on any cognitive tests. Still, baseline UACR ≥26.6 mg/g
was significantly associated with lower baseline scores and larger de-
clines in cognition (Murray et al., 2022). A 10% increase in UACR, not a
10% change in eGFR, was associated with lower cortical thickness in all
lobes except for the occipital lobe and lower hippocampal volume
(Vemuri et al., 2017). Elevated UACR and reduced eGFR levels were
significantly associated with total brain atrophy (Sink et al., 2015),
while only higher UACR levels were closely related to higher white
matter lesion volume (Maki et al., 2023). During an average 3.8 ± 1.5-
year follow-up, UACR ranges of 30–299 and ≥ 300 mg/g were inde-
pendently linked to 31% and 57% increased risks of CI, respectively,
compared to individuals with UACR <10 mg/g (Kurella Tamura et al.,
2011).

Additionally, markers such as cystatin C or β-2 microglobulin (β2M)
may be less affected by such non-GFR determinants of creatinine (Inker
et al., 2021; Stevens et al., 2008). Higher urinary β2M levels were
relevant to worse cognitive scores at baseline (Miller et al., 2021). When
combined with smoking and education data, it can effectively predict CI
in CKD patients, with a model sensitivity of 60% and specificity of 90%
(Wang et al., 2023b). Unlike creatinine, cystatin C is not modulated by
protein intake or muscle mass and serves as a more accurate biomarker
of eGFR in the older population, which is often the focus of CI studies
(Lau and Fisher, 2023). Studies utilizing cystatin C data have identified
an increased risk of CI at lower and higher levels of eGFR (Lau et al.,
2020a; Paterson et al., 2021; Scheppach et al., 2023; Yaffe et al., 2014),
especially in attention, executive function, and naming (Wang et al.,
2023b).

Blood pressure is a critical hemodynamic factor in the process of
CKD-related CI. In CKD patients with eGFR>45 ml/min/1.73m2, a
higher baseline systolic blood pressure (BP) was associated with an
increased risk of CI (Babroudi et al., 2023). A recent study also showed
that exaggerated orthostatic BP reduction has an influence on global
cognition and can elucidate memory deficits caused by ESRD (Liu et al.,
2019). Similarly, decreased maximum orthostatic systolic BP negatively
affects short recall memory in ESRD and dialysis patients (Liu et al.,
2019). The dietary factors might influence the CI in CKD patients as well.
Protein-energy wasting (PEW), one of the commonest severe compli-
cations of ESRD, might be a crucial independent indicator for CI in ESRD
and consciousness disturbance in maintenance hemodialysis patients
(Yang et al., 2023). In the higher protein intake (protein consumption in
>1.2g/(kg⋅d) group, CKD of G1 to G2 stages elevated the risk of im-
mediate memory impairment (Huang et al., 2023). Serum levels of
tumor necrosis factor-α (TNF-α) and insulin growth factor 1 (IGF-1) can
be considered novel biomarkers for assessing cognitive functioning in
CKD patients (Guenzani et al., 2019; Prelevic et al., 2018). Moreover,
disturbed purine nucleotide metabolism is another indicator of CI in
CKD (Mazumder et al., 2018), while, low-level lead exposure is associ-
ated with lower intelligence quotient (IQ) and more inattention in
children with CKD (Ruebner et al., 2019). Other risk factors include age,
educational level, BMI, social support, sex, urea level, anemia, sleep
duration, drinkers, family incomes, depression or anxiety, occupational
status, use of smartphones, sleep disorders, marriage, history of living
alone and comorbidity (Foster et al., 2016; Gela et al., 2021; Tollitt et al.,
2021; Viriyapak et al., 2022; Wang et al., 2024; Warsame et al., 2023;
Yaffe et al., 2013; Yang et al., 2024; Yen et al., 2022).

4. Mechanisms of CKD-related CI

Although an association between CKD and CI has been found, the
underlying mechanisms are still not fully understood. A single theory
cannot fully explain the potential link between the two diseases; we

summarize several widely recognized mechanisms that may be jointly
involved in developing CKD-related CI (Table 2). Notably, we highlight
the crucial role of medicines in the pathogenesis of the process (Fig. 2).

4.1. Genetic factors

Distinctions are evident between pediatric and adult CKD pop-
ulations. In pediatric CKD, up to 30% of cases, such as those with steroid-
resistant nephrotic syndrome, are attributed to genetic factors (Landini
et al., 2020). In these patients, neurocognitive impairment may result
from a genomic disorder that causes both CKD and CI (Verbitsky et al.,
2017). Syndromes like Bardet–Biedl, Fabry disease, Joubert syndrome,
Schimke immuno-osseous dysplasia, tuberous sclerosis, and Lowe syn-
drome exemplify conditions that manifest both renal and cognitive im-
pairments (Bökenkamp and Ludwig, 2016; Brancati et al., 2010; Karam
et al., 2023; Liu et al., 2020a; Sánchez et al., 2023; Sigurdardottir et al.,
2000). Genome-wide association studies (GWAS) of one million adults
with CKD have pinpointed single-nucleotide polymorphisms (SNPs) in
147 loci related to kidney function. Notably, several of these SNPs are
located in genes also expressed in the brain, hinting at a shared genetic
basis for renal function and neurological conditions (Wuttke et al.,
2019). Pediatric CKD populations more readily display genetic risk
factors for CI, whereas adults may benefit from a comprehensive genetic
risk score assessment.

4.2. Impaired vascular function

The kidneys and brain have unique susceptibility to vascular injury,
and microvascular regulation in both organs is anatomically and func-
tionally similar: both are high flow and rely on local self-regulation
(Hachinski, 2012; Ito et al., 2009). When exposed to the low-
resistance end of high-volume blood flow (Lee et al., 2010), their
blood vessels are prone to damage, especially during dialysis; acute
cerebral ischemia increases the risk of acute cognitive dysfunction due
to hemodynamic changes (Stanciu et al., 2020). Harmke et al. employed
[15O] H2O PET-CT scans to demonstrate that cerebral blood flow de-
clines rapidly in elderly patients during hemodialysis treatment (Polin-
der-Bos et al., 2018). A similar situation was also found in peritoneal
dialysis patients (Cheng et al., 2019). Interestingly, the cognitive dete-
rioration caused by decreased kidney function was improved after the
kidney transplantation (Griva et al., 2006). At the same time, CI was also
improved due to hemodynamic changes resulting from hemodialysis
(Radić et al., 2011). On the other hand, endothelial dysfunction asso-
ciated with increased vascular permeability due to blood composition
changes induced by dialysis has become universal in dialysis patients
with CKD (Gennip et al., 2019; Zhao et al., 2023b). Endothelium greatly
influences the tension and structure of blood vessels. Vasodilatory sub-
stances produced by endothelial cells, such as nitric oxide, prostacyclin,
and hyperpolarized relaxation factors are affected, resulting in reduced
inhibition of platelet aggregation and smooth muscle cell proliferation,
and the vascular wall is vulnerable to atherosclerotic and thrombotic
events (Taddei et al., 2001). Notably, endothelial dysfunction is also
accompanied by increased blood brain barrier (BBB) permeability (Lau
et al., 2020b).

Vascular impairment plays a crucial part in the cognitive decline of
the general population and is a vital factor in mortality for CKD patients
(Ali et al., 2019). Small vessel injury was the earliest CKD-related lesion
identified in the nervous system, which can induce brainstem and deep
white matter of the central nervous system ischemic or hemorrhagic
stroke (Yao et al., 2021). Vascular arteries are exposed to high pressure
and maintain strong vascular tension, which is prone to endothelial
dysfunction and lipid hyaline degeneration (Viggiano et al., 2020).
Similar to renal arteriolar sclerosis, cerebrovascular lipid hyaline
degeneration impacts brain self-regulation, reduces local cerebral blood
flow, and leads to ischemic or hemorrhagic stroke (Bernbaum et al.,
2015). Cerebrovascular disease appears to co-occur with
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Table 2
Effects of medicines used in patients with CKD on CI.

Medicine
classification

Medicine name Underlying mechanism Experimental animal/
Inclusion of population

Outcomes References

Immunosuppressor CPA (1) Induces histopathological changes
(2) Reduces synaptic plasticity
(3) Influences the activity of AChE
(4) Induces oxidative damage

Male Wistar rats -CPA induces CI. (Morid et al.,
2023)

(1) Enhances oxidative damage
(2) Enhances secondary inflammatory
(3) Influences AChE activity
(4) Induces lipid peroxidation and
accumulation of free radicals

Male Wistar rats -CPA is neurotoxic. (Rabie et al.,
2023)

Tacrolimus (1) Leads to cerebrovascular events
(2) Impairs brain function
(3) Inhibits the cerebral immune system
(4) Impairs the cerebral energy metabolism

42 kidney transplant
patients

-Tacrolimus is associated with
neurological complications.

(Pflugrad
et al., 2020)

GCs DEX (1) Impairs spatial memory
(2) Influences the activity of AChE
(3) Induces neurochemical alterations
(4) Increases MAO activity

Female Swiss mice -DEX causes memory deficits. (Strelow et al.,
2023)

CORT (1) Bidirectionally modulates NSC
proliferation
(2) Bidirectionally modulates hippocampal
neurogenesis
(3) Affects hippocampal neurogenesis

Male C57BL/6 J mice -Glucocorticoids have a U-shaped
effect on hippocampal
neuroregulation.

(Liu et al.,
2024)

Antibiotics Ampicillin/
Bacitracin/
Meropenem/
Neomycin/
Vancomycin

(1) Impair novel object recognition memory
(2) Alter tight junction protein and cytokine
mRNA expression in the amygdala and
hippocampus
(3) Alter expression patterns of neural
signaling-related molecules in the brain
(4) Induce gut dysbiosis

Male C57BL/6 N mice -Antibiotics induce dysbiosis and
impair cognitive performance.

(Fröhlich
et al., 2016)

CKD: chronic kidney disease; CI: cognitive impairment; CPA: cyclophosphamide; GCs: Glucocorticoids; PRED: prednisone; MP: methylprednisolone; CORT: Corti-
costerone; AChE: acetylcholinesterase; DEX: dexamethasone; MAO: monoamine oxidase; NSC: neural stem cell.

Fig. 2. The mechanisms involved in the crosstalk between chronic kidney disease (CKD) and cognitive impairment (CI). Genetic factor: In pediatric CKD, neuro-
cognitive impairment may result from a genomic disorder that causes both CKD and CI. Unlike pediatric CKD, genetic factors of adult CKD may be related to single
nucleotide polymorphisms. Impaired vascular function: During hemodialysis in patients with CKD, changes in hemodynamics and blood composition lead to
increased vascular permeability, endothelial dysfunction, and ultimately brain disease and CI. Inflammation and Oxidative Stress: CKD patients are in a state of
persistent low-grade inflammation. Inflammatory mediators such as interleukins-6 (IL-6), tumor necrosis factor-α (TNF-α), and uremic toxins such as indoxyl sulfate
(IS) can cross the blood-brain barrier (BBB) and lead to a severe excess of reactive oxygen species (ROS) in brain. Brain structure and metabolic disorders: CKD
patients may have brain atrophy, lipid and nucleotide metabolism disorders, neuroinflammation, and cholinergic deficiency, all of which may lead to CI. Impact of
therapy: Drugs commonly used in CKD patients, such as glucocorticoids and immunosuppressants, can cross the BBB and affect the central nervous system, resulting
in CI.
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neurodegenerative mechanisms partially promoted by uremic toxins,
homocysteine, cystatin C, and creatinine levels (Bugnicourt et al., 2013).
Some of these factors are proven to accelerate systemic vascular arte-
riosclerosis and calcification in CKD patients (Nemcsik et al., 2012). The
degree of renal insufficiency is related to the grade of carotid athero-
sclerosis, which is not only a predictor for future cardiovascular disease
but also a direct source of cerebral thrombosis (Hojs Fabjan and Hojs,
2014; Toyoda and Ninomiya, 2014).

4.3. Inflammation and oxidative stress

Persistent low-grade inflammation presents at all stages of CKD,
which accounts for cardiovascular and all-cause mortality to some
extent (Yan and Shao, 2024), and the inflammation promotes neuro-
inflammation of brain tissue, leading to CI (Chen et al., 2023). According
to mounting data, inflammatory processes impair neurodegenerative
cascades, and various mediators related to inflammation can modulate
brain function and track the disease's severity and progression (Zhou
et al., 2023). In the early stages of CKD, levels of various mediators such
as pro-inflammatory cytokines, interleukins-6 (IL-6), and TNF-α in the
blood are elevated (Amdur et al., 2016). As the disease progresses, these
mediators become favorable predictors of clinical adverse outcomes and
death (Alves et al., 2018). At the same time, they can also cross the BBB,
causing neuropsychiatric alterations (Miranda et al., 2017). However,
some uremic toxins with neuroprotective effects do not cross the BBB
under basic situations, and they are unlikely to directly contact neurons
to protect the nerve (Viggiano et al., 2020). Uremic toxins have dual
effects on neurons: neuroprotective and neurotoxic effects. For instance,
uremic toxin can promote the phenotyping of macrophages into harmful
pro-inflammatory M1 and activate microglia to facilitate brain injury
after stroke, as well as oxidative stress and endothelial dysfunction in
CKD patients (Assem et al., 2018; Yu et al., 2011).

Indoxyl sulfate (IS), one of the uremic toxins, plays a significant role
in inducing renal-cerebral dysfunction (Li et al., 2021b) and is associ-
ated with the pathogenesis of neurological diseases in CKD patients
(Karbowska et al., 2020). For example, IS can directly disrupt central
nervous system homeostasis and neuronal damage by increasing
oxidative stress (OS) and inflammation in glial cells (Adesso et al.,
2017). IS not only accelerates the progression of CKD but may lead to
vascular disease by inducing OS; it is also involved in endothelial
dysfunction via inducing endothelial cell senescence (Yu et al., 2011).
OS, a key inducer of vascular dysfunction, refers to a state of stress in
which the body has a serious excess of reactive oxygen species (ROS) and
active nitrogen substances (RNS) and a lack of antioxidants (Wang et al.,
2023a). Kiichiro et al. established a stable mouse model of uremic CKD
and demonstrated that antioxidant drugs could alleviate CI in CKD mice,
thus proving that OS is related to CI in CKD (Fujisaki et al., 2014). In
addition to the accumulation of neurotoxic metabolites, hormonal dis-
turbances, and imbalances in excitatory and inhibitory neurotransmit-
ters (Brouns and De Deyn, 2004; De Deyn et al., 2001), reactive oxygen
species production is considered the main contributor to uremic en-
cephalopathy (Deng et al., 2001). It may be explained by the damaging
effects of ROS on the cerebrovascular system through enhancing vaso-
dilation, modifying vascular reactivity, and disrupting the BBB (Yu
et al., 2018). Similar to IS, ROS intensifies the number of inflammatory
mediators in neurodegenerative disease patients, contributing to neu-
roinflammation and eventually promoting neuronal degeneration
(Bishir et al., 2020; Guo et al., 2002).

4.4. Brain structure and metabolic disorders

CI is associated with abnormalities in brain structure, and the
structure of the cerebral cortex, especially cortical thickness, is consid-
ered a neuroimaging biomarker for predicting cognitive decline (Chen
et al., 2021; Yin et al., 2018). The conceivable cause of CI in CKD is that
multiple cortical regions and subcortical regulatory neurons are

damaged, resulting in dysregulation of some brain functional domains
(Kim et al., 2022). Passer et al., who first depicted structural alterations
in the cerebral cortex of CKD patients in 1977, reported a high preva-
lence of brain atrophy in end-stage uremia using computed tomography
(Passer, 1977). The existence of the kidney-brain axis and the hypothesis
that brain structure is affected by the progression of CKD are further
supported. Large-scale Mendelian randomization was used by Chen
et al. to prove that CKD, eGFR, and albuminuria may affect the cerebral
cortex, indicating a pathophysiological role between kidney injury and
brain function (Chen et al., 2021). Frontal and occipital lobes were the
most relevant thinning regions of the cerebral cortex affected by pro-
teinuria, which Cho et al. found through the retrospective study of 1215
normal elderly individuals (Cho et al., 2016). The results of the appeal
experiments seem to imply that albuminuria may have neuronal
toxicity, causing structural changes in the brain. However, other views
suggest that damaged white matter integrity appears to be the major
reason for CI in CKD patients, which plays a crucial role in harmonizing
interactions between different brain regions and normal brain function
(Liu et al., 2020b; Tuladhar et al., 2015). Unfortunately, no consensus
exists on the location and extent of white matter integrity degradation,
and studies hold diverse views (Jiang et al., 2021). An observational
cohort study comparing magnetic resonance imaging images pre- and
post-renal transplant suggests that nerve bundles associated with
memory and executive function, such as the corpus callosum and
cingulate gyrus may be related to white matter integrity (Gupta et al.,
2016).

Diabetes mellitus, the main cause of CKD (Zhao et al., 2023c), can
lead to cognitive decline, a process that is associated with brain meta-
bolism disorders (Zheng et al., 2017). Compared to the control group,
type 1 diabetes mice with cognitive decline (T1DCD) showed higher
levels of lipid peroxidation and nucleotide metabolism disorders in the
brain, higher levels of oxidative stress and neuroinflammation in the
frontal cortex, and decreased energy metabolism (Xiong et al., 2023).
Nucleotides and lipids are important components in maintaining cell
homeostasis. Their metabolism disorders in the brain can lead to
neuronal damage and, eventually, CI. Similarly, disturbances in brain
energy metabolism can also cause CI in neurodegenerative diseases (Liu
et al., 2021). At the same time, disruption of neurotransmitter meta-
bolism was also observed in the brain of T1DCD mice. One of the most
significant neurotransmitters in the central cholinergic system, acetyl-
choline functions in learning and memory and is vital in maintaining
consciousness (Lai et al., 2022). The behavior and motor function of the
nervous system are influenced by the cholinergic system and its
neurotransmitter acetylcholine (ACh), and cholinergic deficiency can
cause cognitive decline (Mazumder et al., 2019; Smogorzewski and
Massry, 2008). Muhammed reported a general change in acetylcholin-
esterase (AChE) activity in CKD mice's brain, according to estimations
from brain tissue homogenate and histoenzymological study (Mazumder
et al., 2019). Moreover, Catalase activity alteration, mitochondrial
dysfunction, and calcium dysregulation were found in the brain tissue of
CKD mice (Mazumder et al., 2019). Other studies have further discov-
ered that AChE activity change in the hypothalamus, cerebral cortex,
and hippocampus may be the mechanism of CI in patients with CKD
(Bohnen et al., 2005; Smogorzewski and Massry, 2008). Neuropeptide Y
(NPY), regulating metabolism, is produced by certain neurons in the
brain and nerve endings in the periphery, and can easily cross the BBB
(Baker et al., 2013; Kastin and Akerstrom, 1999). Once the BBB is
destroyed, inflammatory infiltration happens, and the production of
NPY is affected; finally, a chain of neurometabolic dysfunction occurs (Li
et al., 2021a). A recent study applied Mendelian randomization showed
that elevated plasma NPY levels are a risk factor for the progression of
CKD, supporting the hypothesis that NPY is implicated in kidney pro-
gression (Spoto et al., 2024). Coincidentally, NPY mRNA-expressing
cells' quantity and silver grain density was increased in the brain,
which was observed in some neurodegenerative diseases (Tanaka et al.,
2021), and the increased signaling of NPY may contribute to the CI
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(Rokot et al., 2021). Therefore, NPY is suspected to be a possible
participant in expedited cognitive decline in patients with CKD (Zoccali
et al., 2021). However, the effects of elevated NPY in CKD patients on CI
and the specific mechanisms are unknown, and further research is
needed.

4.5. Impact of drug therapy

Due to the prevalence of substantial comorbidities, CKD patients
have a greater burden of polypharmacy and experience extensive
adverse drug reactions (ADRs) (Pépin et al., 2023a). Among these ADRs,
cognitive adverse reactions are common in CKD patients and may be
modifiable by different classes of factors associated with CI (Pépin et al.,
2023a). After these drugs enter the body, they are digested into small
molecules, some of which can cross the BBB and affect the central ner-
vous system, altering cognitive function (Hafez et al., 2023). Several
drugs often included in therapeutic schedules for CKD patients are
associated with CI, such as immunosuppressors, glucocorticoids, and
antibiotics (Table 2).

4.5.1. Immunosuppressor
An important cause of CKD is immune-mediated glomerular disease,

in which the inflammatory immune mechanism plays an important role.
Immunosuppressants have become the main treatments for most chronic
glomerular diseases but can cause plenty and continual neurological
complications (Ponticelli and Campise, 2005). Immunosuppressants can
affect the central nervous system through direct or indirect neurotox-
icity (Piotrowski et al., 2017). The commonly used drugs for CKD,
tacrolimus (TAC) and cyclophosphamide are immunosuppressants
highly correlated with neurological complications (Jurgensen et al.,
2020). Normally, these drugs do not cross the BBB easily, but CKD can
affect the BBB permeability, thereby making immunosuppressants more
prone to poison the nervous system (Stolp et al., 2005). Cyclophospha-
mide affects the structure and function of synapses, a process linked to CI
(Morid et al., 2023). According to the report, the rats injected with
cyclophosphamide showed histopathological changes in the hippocam-
pus and prefrontal cortex, manifesting as neuron phagocytosis,
apoptosis, neuronal disorders, and degeneration, ultimately leading to
memory decline in rats (Morid et al., 2023). On the other hand, cyclo-
phosphamide affects the production of ACh (Morid et al., 2023; Rabie
et al., 2023), whose deficiency can cause cognitive decline. As early as
15 years ago, a study found that organ transplant patients developed CI
after treatment with tacrolimus (Aridon et al., 2009). Ten years later,
this conclusion was confirmed again in 42 patients who received kidney
transplants and took tacrolimus (Pflugrad et al., 2020). Researchers
found that these patients showed structural and metabolic changes in
the brain after taking tacrolimus, suggesting that tacrolimus may cause
neurodegenerative changes by suppressing the brain's immune system
(Pflugrad et al., 2020).

4.5.2. Glucocorticoids
One of the most popular glomerular diseases all over the world is

immunoglobulin A nephropathy (IgAN), a vital reason for CKD (Yan
et al., 2024), which is often treated with glucocorticoids (GCs) (Zhao
et al., 2023a). Due to their powerful anti-inflammatory and immuno-
suppressive effects, GCs have been widely used for treating kidney dis-
eases in recent years and have become one of the basic drugs for
improving renal function. GCs are steroid hormones secreted by the
adrenal cortex and also play roles in nervous tissue, involved in the
pathophysiological processes of neurodevelopment, cognition, and
neurodegenerative disorders (Tsimpolis et al., 2024). Studies have
shown that aberrant swings of GCs may induce serious CI (Cao et al.,
2023) and even affect brain structure, leading to brain atrophy (De
Alcubierre et al., 2023). For instance, patients who received high doses
of GCs in the short term experienced brain atrophy (Rao et al., 2002),
and some patients recovered their brain structure after stopping GCs

treatment (Bentson et al., 1978). Meanwhile, research found that GCs
influence the activity of AChE in the prefrontal lobe of Swiss mice, which
may be a factor that affects CI (Strelow et al., 2023). However, other
studies suggest that GCs may alleviate CI, enhance synaptic function,
and protect neurons (De Alcubierre et al., 2023). The differing views of
these studies may be due to differences in the dose and type of GCs used
on laboratory animals, as well as the timing of administration (De
Alcubierre et al., 2023). Liu et al. discovered that GCs can facilitate
neural stem cell (NSC) proliferation and adult hippocampal neuro-
genesis at a physiological level; however, the stress level of GCs has the
opposite effect and may even result in NSC apoptosis (Liu et al., 2024).
In conclusion, more research is needed to elucidate the effects of GCs on
CI and the pathophysiological mechanisms involved.

4.5.3. Antibiotics
Patients with CKD are susceptible to infection because of malnutri-

tion, low immunity, and frequent use of GCs and immunosuppressants,
so the possibility of using antibiotics is high (Wang and Liu, 2022).
People usually notice the common side effects of antibiotics on the
digestive and cardiovascular systems, such as vomiting, diarrhea, and
arrhythmia; in fact, these substances seriously affect the peripheral and
central nervous systems (Bhattacharyya et al., 2014). Because of the
reduced renal excretion function in patients with CKD, antibiotics are
more likely to cause antibiotic-associated encephalopathy (AAE)
through direct neurotoxicity or interaction with other drugs (Wang and
Liu, 2022). The mechanism by which antibiotics are toxic to the nervous
system includes affecting the delivery of neurotransmitters (Hafez et al.,
2023). Mice that developed cognitive deficits after antibiotic use had
changes in specific brain regions associated with the expression of
cognition-relevant signaling molecules, especially brain-derived neuro-
trophic factor and the NPY system (Fröhlich et al., 2016). It is worth
mentioning that antibiotics can cause intestinal flora imbalance, affect
microbial metabolism, and change intestinal microbiota-brain commu-
nication, which leads to significant alterations in molecular expression
related to brain function (Fröhlich et al., 2016). At present, few studies
have been conducted on CI caused by antibiotic use in patients with
CKD, but studies about the effect of antibiotics on cognition are often
reported. Therefore, we have reason to suspect that antibiotics are
involved in the development of CI in CKD patients.

4.5.4. Other potential drugs
Drug therapy is one of the main treatments for patients with CKD. In

addition to the three types mentioned above, drugs commonly used to
treat patients with CKD include sodium-glucose co-transporter 2 in-
hibitors (SGLT2i), antidiabetic agents, angiotensin-converting enzyme
inhibitors (ACEIs), and angiotensin II receptor blockers (ARBs). It is
worth mentioning that SGLT2i, a novel drug for treating CKD, has un-
derlying cardiorenal protection effects and has become an effective
means to treat CKD (Terzo et al., 2024). The Kidney Disease: Improving
Global Outcomes (KDIGO) 2024 Clinical Practice Guideline for Evalu-
ation and Management of Chronic Kidney Disease offers a 1 A recom-
mendation for adult patients with CKD (2). Recently, researchers have
found that SGLT2i has neuroprotective effects, including decreasing
neuroinflammation, improving synaptic plasticity, and promoting
neuron survival (Mancinetti et al., 2023). The multiple mechanisms of
action of antidiabetic agents, ACEIs, and ARBs also suggest that some
may have neuroprotective effects in addition to their renoprotection
(Cohen et al., 2022; Müller et al., 2023; Tian et al., 2023). The treatment
of CKD is a long and comprehensive treatment process. Most drugs are
completely or partially metabolized and cleared by the kidneys, and the
reduction of GFR in CKD patients can cause changes in their pharma-
cokinetics and pharmacodynamics. Therefore, more studies need to
confirm the specific role of these drugs in CKD-related CI.
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5. The influence of CI on kidney function

As we mentioned above, CKD and CI share many common risk fac-
tors; therefore, patients with CKD have a high probability of developing
CI. Similarly, damage to the brain appears to affect kidney function and
promote the development of kidney disease. In developing certain dis-
eases, bidirectional communication between the brain and kidneys may
exist (Xie et al., 2022). The nervous system communicates with the
kidneys in the physiological state to maintain the homeostasis of the
internal environment. When the balance is disrupted, the nervous sys-
tem can directly or indirectly influence the process of CKD through
neuroimmunomodulation (Tanaka and Okusa, 2020). Possible causes
include the renal vascular system and tubular epithelial cells directly
affected by neurotransmitters released from sympathetic nerve endings
(Tanaka and Okusa, 2020). As mentioned earlier, the kidneys and the
brain have similar hemodynamic properties. When a patient develops
small blood vessel disease in the brain, such as a silent cerebral infarc-
tion (SCI), small blood vessel damage may also be present in the kidneys
(Uzu et al., 2010). In addition, cerebral microvascular disease can pre-
dict the occurrence and progression of kidney disease in diabetic pa-
tients (Bouchi et al., 2010). In a study of 608 patients with type 2
diabetes, Takashi et al. found that patients who also suffer from SCI had
an increased risk of developing ESRD or elevated serum creatinine
concentrations (Uzu et al., 2010). Japanese researchers further
demonstrated that diabetic patients with SCI have a higher risk of kidney
disease development and progression than those with diabetes alone
through 366 type 2 diabetes patients (Bouchi et al., 2010). Similarly, it
has been suggested that impaired cognitive function can identify pa-
tients with systemic microvascular disease who are at risk of progressing
to CKD (Kurella Tamura et al., 2016). Particularly, experts assume
impairment of executive function is associated with vascular risk factors,
so it is more strongly linked with CKD progression than in other
cognitive areas (Hachinski et al., 2006; Kurella Tamura et al., 2016).
One advantage of the vascular connection between the two organs is
that microvascular disease in the kidneys needs to be evaluated by bi-
opsy, while microvascular disease in the brain can be detected by non-
invasive imaging to minimize patient harm (Kurella Tamura et al.,
2016). Although the current number of studies on CI causing kidney
damage is small, this potential link has attracted the attention of re-
searchers, hoping that more studies will clarify the underlying
mechanisms.

6. Treatment strategies and preventive measures

At present, the effectiveness of treating or improving CI symptoms in
CKD patients is limited (Viggiano et al., 2020). The core strategy to
combat CKD-related CI lies in prevention (Drew et al., 2019). Therefore,
blocking the common pathophysiological mechanism of the occurrence
and development of CKD and CI may be the key to prevention (Drew
et al., 2019), mainly including treatment of CKD and its complications,
prevention of vascular risk factors, and lifestyle modification (Pépin
et al., 2023a). At the same time, we need to identify and screen high-risk
patients who may develop CI in CKD as early as possible, such as elderly
patients with CKD, especially those who start dialysis treatment and
those with cerebrovascular diseases and diabetes (Drew et al., 2019;
Drew et al., 2017). In addition, given that the medicines used by CKD
patients have different effects on CI, reevaluating medicine prescribing
in CKD patients may be an important step in preventing or improving
CKD-related CI (Hafez et al., 2023). The literature recommends CKD
patients to use drugs that may impede CI progression in addition to
treating kidney diseases, such as ACEIs/ARBs, SGLT2i, antidiabetic
agents, and antihypertensive agents (Drew et al., 2019); reduce or avoid
the use of medicines that may promote the progression of CI, such as
antibiotics, immunosuppressants, anticholinergics, and opioids (Hafez
et al., 2023). Finally, extending dialysis time, lowering the dialysate
temperature, taking melatonin, and regular exercise were all considered

protective factors for CI (Tsuruya and Yoshida, 2024). Given the bidi-
rectional communication between the brain and the kidneys, renal
function monitoring in patients with CI may be necessary (Pépin et al.,
2023a).

7. Discussion

CKD and CI are closely related, but there are still many unsolved
problems, including the crosstalk mechanism, the early identification of
the diseases, and the specific treatment and prevention measures. In
addition, we did not find relevant studies comparing the risk of CI in
different pathological types or at all stages of CKD. In the future, more
studies should focus on the specific pathological and stage classification
of CKD patients, exploring the relationship between these two and the
risk of CI. The connection between the kidneys and the brain is complex,
multifaceted, and bidirectional, and clinicians need to understand the
potential links better to enable early diagnosis and treatment. Especially
in this accelerating aging society, the phenomenon of CKD causing CI is
becoming more and more common, and early prevention is particularly
important. In addition to the oft-mentioned mechanisms between CKD
and CI, we also summarize the possible effects of drugs commonly used
in CKD patients on the development of CI, hoping to assist clinicians
when prescribing drugs. We are the first to note and summarize the
possible effects of generally used medicines on the pathogenesis of CI in
the treatment of CKD. Although there are few reports about CI directly
caused by drug use in CKD patients, given the frequency of prescription
in CKD patients and the exact effects of drugs on CI, it is reasonable to
infer that some common drugs for CKD patients can cause CI, and play a
certain role in the crosstalk process of CKD and CI. Due to the problems
of polypharmacy, pharmacokinetic changes, and BBB damage in pa-
tients with CKD, it is crucial to use drugs carefully and monitor adverse
reactions. Early detection of drug-induced CI and discontinuation of risk
drugs are essential, which may improve patient outcomes and signifi-
cantly reduce patient mortality. Certainly, we can not only focus on the
unilateral impact of the kidneys on the brain; CI patients should also
undergo a comprehensive assessment of renal function, especially in
elderly patients. Finally, we call on clinicians to pay more attention to
the crosstalk relationship between organs, especially brain-body
communication, which may bring unexpected benefits to the treat-
ment process of diseases.
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Pflugrad, H., Nösel, P., Ding, X., Schmitz, B., Lanfermann, H., Barg-Hock, H.,
Klempnauer, J., Schiffer, M., Weissenborn, K., 2020. Brain function and metabolism
in patients with long-term tacrolimus therapy after kidney transplantation in
comparison to patients after liver transplantation. PLoS ONE 15, e0229759. https://
doi.org/10.1371/journal.pone.0229759.

Piotrowski, P.C., Lutkowska, A., Tsibulski, A., Karczewski, M., Jagodziński, P.P., 2017.
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Mägi, R., Magnusson, P.K.E., Mahajan, A., Martin, N.G., Martins, J., März, W.,
Mascalzoni, D., Matsuda, K., Meisinger, C., Meitinger, T., Melander, O., Metspalu, A.,
Mikaelsdottir, E.K., Milaneschi, Y., Miliku, K., Mishra, P.P., Mohlke, K.L.,
Mononen, N., Montgomery, G.W., Mook-Kanamori, D.O., Mychaleckyj, J.C.,
Nadkarni, G.N., Nalls, M.A., Nauck, M., Nikus, K., Ning, B., Nolte, I.M., Noordam, R.,
O’connell, J., O’donoghue, M.L., Olafsson, I., Oldehinkel, A.J., Orho-Melander, M.,
Ouwehand, W.H., Padmanabhan, S., Palmer, N.D., Palsson, R., Penninx, B., Perls, T.,
Perola, M., Pirastu, M., Pirastu, N., Pistis, G., Podgornaia, A.I., Polasek, O., Ponte, B.,
Porteous, D.J., Poulain, T., Pramstaller, P.P., Preuss, M.H., Prins, B.P., Province, M.
A., Rabelink, T.J., Raffield, L.M., Raitakari, O.T., Reilly, D.F., Rettig, R.,
Rheinberger, M., Rice, K.M., Ridker, P.M., Rivadeneira, F., Rizzi, F., Roberts, D.J.,
Robino, A., Rossing, P., Rudan, I., Rueedi, R., Ruggiero, D., Ryan, K.A., Saba, Y.,
Sabanayagam, C., Salomaa, V., Salvi, E., Saum, K.U., Schmidt, H., Schmidt, R.,
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