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Abstract
It has been accepted that kidney function is connected with brain activity. In clinical studies, chronic kidney disease (CKD)
patients have been found to be prone to suffering cognitive decline and Alzheimer’s disease (AD). The cognitive function of
CKD patients may improve after kidney transplantation. All these indicators show a possible link between kidney function and
dementia. However, little is known about the mechanism behind the relation of CKD and AD. This review discusses the
associations between CKD and AD from the perspective of the pathophysiology of the kidney and complications and/or
concomitants of CKD that may lead to cognitive decline in the progression of CKD and AD. Potential preventive and therapeutic
strategies for AD are also presented. Further studies are warranted in order to confirm whether the setting of CKD is a possible
new determinant for cognitive impairment in AD.

Keywords Alzheimer’s disease . Chronic kidney disease . Cognitive impairment

Introduction

The kidneys and the brain are both exposed to a high volume
of blood flow. As life expectancy extends, the incidence of
chronic kidney disease (CKD) and Alzheimer’s disease (AD)
increases with age.

CKD is characterized by a reduced glomerular filtration
rate (GFR) and by various complications including renal hy-
pertension, renal anemia, and renal osteopathy. In China, the
overall prevalence of CKD is 10.8%; the absolute number of
patients with CKD is estimated to be about 119.5 million
(Zhang et al. 2012). Most of the CKD cases are caused by
lifestyle problems including hypertension, a high-salt diet,
obesity, smoking, diabetes, binge drinking, and so forth.
CKD is found to be associated with mental disorders (Zhang
et al. 2017) and impaired cognitive performance (Van
Sandwijk et al. 2015). The risk of cognitive damage is

obviously higher in CKD patients than in non-CKD patients,
as found in a systematic meta-analysis of 54,779 patients
(Etgen et al. 2012). Another study showed that executive dys-
function is present in 5% of patients with moderate CKD, in
23% of patients with advanced CKD, and in up to 37% pa-
tients with ESRD (Kurella et al. 2014). Cognitive deficits in
dialysis patients can be significantly improved or even re-
versed after successful kidney transplantation (Van Sandwijk
et al. 2015). The improvement of cognitive performance is
closely linked to graft function as well as to CKD stage.
Additionally, abnormal amyloid β 42 expression and in-
creased oxidative stress in plasma are found in CKD patients
with cognitive dysfunction (Vinothkumar et al. 2017).

Alzheimer’s disease (AD)—a neurodegenerative disorder
characterized by cognitive deterioration and memory loss—is
the most common form of dementia. Themorbidity of AD is so
high that 24 million people worldwide suffered dementia in
2006, and the amount was expected to be 42 million by 2020
(Ferri et al. 2005). Similar to CKD, multiple risk factors—
including hypertension, hypercholesterolemia, atherosclerosis,
and diabetes mellitus—are related to AD. Lifestyle problems
are participating in the disease process. A long-term high-gly-
cemic diet has been linked to cerebral amyloid accumulation
and cognitive deficits which may manifest before the onset of
overt obesity or metabolic dysfunction (Hawkins et al. 2018;
Taylor et al. 2017). Dysregulation in metabolic, inflammatory,
and vascular factors that impact hippocampal function and
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prefrontal-mesolimbic reward pathways are potential mecha-
nisms of the carbohydrate-cognition relationship. 24S-
hydroxycholesterol—an oxidized product of cholesterol main-
ly synthesized in the brain—is higher in AD patients than in
healthy control subjects (Lütjohann et al. 2000). Chronic con-
sumption of a high-fat diet may result in beta-amyloid deposi-
tion (Lethem and Orrell 1997). Microbiota-gut-brain axis un-
balance is part of a mechanistic link between the long-term
consumption of a high-fat diet and the cognitive impairment
of an individual (Proctor et al. 2017). Recently, Faraco et al.
(2019) reported that excessive salt intake leads to cognitive
impairment via a nitric oxide-tau phosphorylation pathway in
mice. The nitric oxide deficiency in cerebral endothelial cells
contributes to the hyperphosphorylation of tau by activating
cyclin-dependent kinase. Salt-induced cognitive dysfunction
can be retrieved after being treated with anti-tau antibodies. In
addition, a dietary pattern that benefits for normal kidney func-
tion was inversely associated with cognitive deterioration in the
elderly (Yin et al. 2019). These findings identify a causal link
between dietary habits and cognition decline in CKD and AD.
The avoidance of unbalanced dietary habits, and the mainte-
nance of vascular health, may help to protect against some
neurodegenerative pathologies in CKD and AD.

Alternatively, researchers have put forward a novel
mechanism of renin-angiotensin system (RAS) disorders
that may play roles in AD. Collectively, these factors con-
tribute to the extracellular deposition of amyloid β (Aβ)
with plaque development and intracellular aggregation of
hyper-phosphorylated protein tau with tangle formation,
which are the hallmarks of AD.

The pathogenesis of AD and the role of CKD in the pro-
gression of AD are not clear to date. As effective treatment of
AD remains limited, studies aiming at prevention against sig-
nificant, modifiable risk factors will matter a lot.

This review explained the fact that CKD promotes the de-
velopment of cognitive decline and AD from the aspects of
accumulation of uremic toxin; elevation of blood pressure;
over-activation of RAS; lack of erythropoietin; disturbance
of 1,25-dihydroxyvitamin D (1,25(OH)2D) production; and
disordered expression of klotho gene. Last but not least, small
vessel disease is discussed, as micro-vasculature dysfunction
is a precipitating factor for both CKD and AD.

Mechanisms of cognitive impairment and AD
related to CKD

Uremic toxins and AD

CKD leads to the accumulation of uremic toxins

Uremic toxins accumulate in CKD patients as a result of de-
creased GFR. In 2012, the European Uremic Toxin Work

Group listed at least 88 uremic toxins (Duranton et al. 2012).
Low renal perfusion and severely decreased GFR are the most
common reasons for the accumulation of uremic toxins in
CKD patients. Even in conventional hemodialysis pa-
tients, some uremic toxins are still insufficient to be re-
moved due to their high protein-binding property, making
them unable to pass across the dialysis membranes. The
fierce competition among numerous toxins for the shared
excretion pathway makes some of them unable to be se-
creted. Additionally, some uremic toxins are secondary to
the impaired excretion and secretion function of the dis-
eased kidney; e.g., parathyroid hormone (PTH).

Uremic toxins act as risk factors of cognition impairment

Among the uremic compounds, uric acid, PTH, and indoxyl
sulfate (IS) are most likely to be involved in the cognitive
decline of CKD patients.

Recently, several studies have suggested that hyperurice-
mia may act as an independent risk factor for brain atrophy
and memory decline in CKD. High serum uric acid level was
associated with impaired cognition and memory loss in the
elderly population. Shao et al. (2016) demonstrated that high
uric acid increased gliosis in the hippocampus of rats via trig-
gering the expression of pro-inflammatory cytokines as well
as the activation of the Toll-like receptor 4 (TLR4)/nuclear
factor (NF)-κB pathway. Inhibition of the TLR4/NF-κB sig-
naling pathway significantly ameliorated the uric acid-
induced hippocampal inflammation and cognitive decline.

Given the ability of PTH to cross the blood brain barrier
(BBB), and given that PTH receptors are widely distributed in
the human brain, excess PTH is found to be associated with
cognitive deterioration and dementia. Parathyroidectomy in
CKD patients with secondary hyperparathyroidism can im-
prove cognition function (Lourida et al. 2015). Several mech-
anisms are proposed to explain the possible links among PTH,
cognitive decline, and dementia. First of all, PTH has a role in
regulating intra- and extracellular calcium levels. It may in-
duce cell apoptosis via calcium overloading. Vascular calcifi-
cations due to calcium deposition in the brain is related to
dementia (Bonelli and Cummings 2008). PTH and serum vi-
tamin D levels are linked through a feedback loop. A long-
term vitamin D deficiency in CKD patients may induce sec-
ondary hyperparathyroidism, which is also connected with an
increased risk of cognitive impairment and AD (Balion et al.
2012). Lastly, increased PTH concentration decreases local
cerebral blood flow (Cermik et al. 2007), which may acceler-
ate the process of AD.

Apart from uric acid and PTH, indoxyl sulfate (IS) may
play a role in cognitive dysfunction. IS is protein-bound and
not easily dialyzable. The plasma concentration of IS in he-
modialysis patients is 20 to 80 times higher than in health
controls. Due to a dysfunctional transport mechanism in
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CKD patients, IS is easily accumulated in the brain. IS con-
ducts neurotoxic effects, mainly doing so via endothelial
injury. IS stimulates vascular calcification and aging in
hypertensive rats, which is an effect that is potential det-
rimental to patients with dementia (Toshimitsu 2012). IS
induces inflammation by enhancing the interaction be-
tween leukocyte and endothelial cells (Ito et al. 2010),
which is notable in the development of AD.

Hypertension and AD

Hypertension and CKD are serious global public health
issues. They are closely associated with interrelated
causes and relationships. Blood pressure typically elevates
in patients with kidney function failure. In turn, a contin-
uous rise in blood pressure accelerates the progression of
kidney disease. Approximately 30% and 15% of adults
have hypertension and CKD, respectively, in the US
(Horowitz et al. 2015). In hemodialysis patients, the prev-
alence is much larger—over 70% patients have hyperten-
sion. Two types of renal hypertension—renoprival (excre-
tory failure) and renovascular hypertension— are two of
the most common complications of CKD.

Generally, the progress of renal hypertension of the
two-kidney type is associated with three stages: (i)
Vasoconstrictor effect from the over-activation of
RAS;(ii)Excess volume load, attributable to impairment
of the kidney’s ability to handle sodium; and (iii)
Irreversible renal vascular stenosis and glomerular degen-
eration, resulting from structural deterioration of the kid-
ney. In addition, excessive activation of the renal sympa-
thetic nerve; hyperparathyroidism secondary to end-stage
renal disease (ESRD); decreased inactivation of
endothelium-derived contracting factors by injured kid-
ney; and correction of renal anemia with EPO in dialysis
patients have also been proven to induce the rise of blood
pressure in patients with CKD.

Hypertension acts as a risk factor of AD

Blood pressure may elevate in AD decades before the onset of
symptoms. Several long-term, population-based studies
(Skoog et al. 1996; Kivipelto et al. 2001; Debette et al.
2011; Launer et al. 2000) have proven that hypertension in-
creases the risk of AD (Table 1).

The mechanisms behind these associations are not explicit.
Hypertension leads to hypo-perfusion, hypoxia, and
ischemia—initiating vascular injuries via inflammation, endo-
thelial dysfunction, vascular stiffness and calcifications,
which may connect to the pathological process of AD.
Vascular stiffness is engaged in CKD progression, and is
closely associated with disturbances in cognitive functioning
(Oh et al. 2016).

Additionally, hypertension-clustering vascular risk fac-
tors of obesity, diabetes mellitus, and hypercholesterolemia
may induce cerebrovascular diseases leading to the
development of AD. Recently, Carnevale et al. (2016) have
identified that hypertension leads to Aβ accumulation and
learning impairment by increasing the expression of the
receptor of advanced glycated end products (RAGE). In
addition, hypertension induces impairment in networks,
or disequilibrium in AD brain connectivity (Son et al.
2015), thus suggesting a novel contribution of hyperten-
sion to the progression of AD.

Association between anti-hypertensive therapy and AD

As hypertension is a risk factor of AD, the practice of
anti-hypertensive therapy is more than just cardiovascular
protection. Experiments have shown that L-type voltage-
sensitive Ca2+ channel blocker of S-312-d has positive
effects on Aβ-induced cell death in the primary cultures
of rat cortical neurons (Yagami et al. 2004). Isradipine is a
potent calcium channel blocker targeting APP C-terminal
fragment neurotoxicity in MC65 cells (Anekonda et al.
2011). Ca2+ channel blockers can also preserve synaptic
deficits in the entorhinal-hippocampal network; this works
against Aβ toxicity (Gholami Pourbadie et al. 2016).
Additionally, some of the RAS inhibitors may also play
a role in neuroprotection via its anti-hypertensive effects
(which will be discussed latter in the part of the paper
addressing RAS and AD).

Apart from cell and animal experiments, some of the
randomized, placebo-controlled trials showed a reduced
prevalence of dementia in patients treated with antihyper-
tensive medications (Forette et al. 1998; Levi Marpillat
et al. 2013); while others draw negative conclusions
(Levi Marpillat et al. 2013). It is noteworthy that the sam-
ple size and the duration of observation may have signif-
icant impact on the results. Furthermore, some of the stud-
ies did not distinguish between vascular dementia and
AD, which might also influence the final results. In a
word, proper anti-hypertensive therapy may be beneficial
to relieving cognition damage and AD progression in
CKD.

RAS and AD

CKD acts as a key stimulator of the over-activation of RAS

RAS executes fundamental control over the water and so-
dium balance in the kidney. Renin, as a key rate-limiting
enzyme for catalyzing angiotensinogen to angiotensin I, is
secreted and released within the juxtaglomerular (JG) cells
of the renal afferent arteriole at the entrance of the glomer-
ular capillary network.
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Renin secretion is modulated via multiple mechanisms,
of which at least four regulatory pathways are undisputed:
the macula densa, the renal baroreceptor, the renal nerves,
and the effects of certain hormones and messengers.
These factors eventually lead to an increase of the second
messenger cyclic adenosine monophosphate(cAMP)in JG
cells. In normal physiological conditions, high sodium
chloride (NaCl) in the tubular fluid in the distal tubule
induces afferent arteriolar vasoconstriction; and low tubu-
lar NaCl results in renin release, modulated by the JG
apparatus. While in CKD, progressive tubular atrophy
and interstitial fibrosis both lead to ischemia and low-
perfusion pressure of the afferent arteriole, which contrib-
ute to a decreased concentration of NaCl in the tubular
fluid, sensed by the macula densa via a Na:2Cl:K
cotransporter mechanism, followed by the excessively re-
lease of renin. Sensed by the renal baroreceptor, decreased
renal perfusion pressure and shear stress contribute to va-
sodilation and upregulation of cAMP followed by in-
creased renin secretion.

Another typical manifestation of CKD is the chronic
over-activation of the sympathetic nervous system
(SNS), which derives from decreased NO bioavailability.
Increased systemic catecholamines act on ß1-adrenergic
receptors of the JG cells via the G protein-coupled trans-
membrane receptors—activating the adenylyl cyclase and
phospholipases, and altering ion channels to reduce intra-
cellular calcium with a cAMP-dependent signaling stimu-
lating the exocytosis of renin. Additionally, GPR91—a
recently classified succinate receptor, and one which is
highly expressed in diabetic nephropathy—is associated
with the activation of extracellular signal-regulated ki-
nases 1/2 (ERK1/2), cyclooxygenase-2 (COX-2), and the
synthesis of prostaglandin E2 (PGE2) to modulate the
function of JG cells leading to renin release. Recently,
calcium-calmodulin-mediated signals and synaptosome-
associated protein (SNAP) have been proven to be in-
volved in renin release.

In summary, multiple factors under the setting of CKD
contribute to the excessive release of renin, leading to the
over-activation of RAS (Fig. 1).

The role of RAS and RAS inhibitors in AD

RAS is a crucial regulator of blood pressure; however,
RAS plays a role in the progression of AD more than
contributing to the formation of hypertension. Abundant
studies have shown the relation between RAS activation
and Aβ deposition (Fig. 2). In 2001, Bayer et al. (2001)
reported that angiotensin-converting enzyme (ACE) had
the effect of retarding Aβ aggregation and deposition
in vitro by cleaving the Aβ sequence at the Asp7-Ser8
site. The effect was counteracted after the ACE inhibitor
lisinopril was added. Similar results were obtained by
Hemming and Selkoe (2005) via using cloned ACE from
human neuroblastoma cells—proving that ACE was able
to degrade Aβ plaques and that captopril suppressed it.

Additionally, angiotensin II might inhibit the release of
acetylcholine (Ach). Ach is an important neurotransmitter
participating in memory processing. Decreased Ach is
found in the brain of AD patients. Angiotensin II/
angiotensin receptor signal is able to induce amyloid pre-
cursor protein (APP) cleavage via G protein activation.
Angiotensin II receptor blockers (ARBs) telmisartan can
diminish this non-amyloidogenic pathway of APP pro-
cessing (Kanarek et al. 2017). These studies have given
new insight into the roles of RAS and RAS inhibitors in
the treatment of AD.

However, in other studies (Hemming et al. 2007; Wang
et al. 2007; Ferrington et al. 2011; Kurata et al. 2014), the
role of RAS inhibitors in AD was found to be diverse and
controversial in animal models (Table 2). Valsartan and
telmisartan were associated with reduced Aβ accumula-
tion and improved cognitive function in rodents (Wang
et al. 2007; Kurata et al. 2014). Based on previous stud-
ies, Yang et al. (2014) reported that valsartan prevented
aluminum trichloride- and d-galactose-induced cognitive
decline, partly through an upregulation of Ach and an
attenuation of oxidative stress. However, in ACE knock-
out mice (Eckman et al. 2006) and in APP transgenic
mice (Hemming et al. 2007) treated with perindopril and
captopril, respectively, the Aβ level altered little. Similar
results were obtained in a triple transgenic mouse model

Table 1 Observational studies evaluating the effects of hypertension in AD (Skoog et al. 1996; Launer et al. 2000; Kivipelto et al. 2001; Debette et al.
2011)

Source Members and study size Follow-up period Outcome

A PBS in Sweden (1996) Age > 70, n = 382 15 years Elevated diastolic pressure was risk for AD

HAAS (2000) Midlife (MA = 53),n = 3703 25 years Elevated BP was risk for AD.

A PBS in Finland(2001) Midlife(MA= 50),n = 1449 21 years Elevated systolic pressure was risk for AD.

PFOCS (2011) Midlife (MA = 54),n = 1352 30 years Midlife hypertension was risk for AD.

Abbreviations: AD=Alzheimer’s disease; BP=Blood pressure; HAAS = the Honolulu-Asia aging study; MA =mean age; PBS=Population Based
Study; PFOCS = the prospective Framingham Offspring Cohort Study
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of AD with ACE inhibitor (captopril) and ARBs
(eprosartan and valsartan) (Ferrington et al. 2011).

These findings provide new evidence for the preven-
tion and treatment of AD. ACE inhibitors lead to both
beneficial and negative effects for the progression of AD
by reducing both ACE and angiotensin II. Such an expla-
nation also provides clues as to why the effects of ARBs
can be varied (Fig. 2). It is especially noteworthy that
some of these data were derived from animal experiments
that might be inapplicable to their human-equivalent dis-
eases. In a word, different ACE inhibitors and ARBs may

have different effects on AD progression. It is requisite to
conduct further studies focusing on these issues.

Erythropoietin and AD

Kidney injury acts as a major contributor to impaired
erythropoietin (EPO) secretion

EPO is a glycoprotein hormone primarily secreted by the
kidney in adults, acting to stimulate the proliferation and
differentiation of erythroid stem cells and to maintain

CKD
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Fig. 1 Mechanisms of the over-activation of RAS in CKD. Progressive
tubular atrophy and interstitial fibrosis lead to ischemia and low perfusion
pressure of the afferent arteriole, which together contribute to a decreased
concentration of NaCl in the tubular fluid, as sensed by the JG cells,
eventually leading to an increase of the second messenger cAMP and
inducing the release of renin. The chronic over-activation of SNS in
CKD—which acts on the ß1-adrenergic receptors of the JG cells with a
cAMP dependent-signaling—stimulates the exocytosis of renin.
Decreased renal perfusion pressure, via the renal baroreceptor mecha-
nism, contributes to decreased shear stress followed by vasodilation and
increased cAMP. Next, it increases renin secretion. GPR91 is associated

with the activation of ERK1/2, COX-2, and PGE2—modulating the func-
tion of JG cells that induce the release of renin. CCMS and SNAP are also
involved in renin production. Renin acts on Ang to release Ang I, and
stimulates the activation of RAS. Abbreviations: ACE =Angiotensin
converting enzyme; Ang = Angiotensin; cAMP=Cyclic adenosine
monophosphate; CCMS=Calcium-calmodulin-mediated signals;
CKD= Chronic kidney disease; COX =Cyclooxygenase-2; ERK1/2 =
Extracellular signal–regulated kinases 1/2 (ERK1/2); JG =
Juxtaglomerular; PGE2 = Prostaglandin E2; SNS=Sympathetic nervous
system
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normal hemoglobin concentrations. EPO secretion de-
pends on kidney oxygen tension (Dimke et al. 2015).
Tubular-interstitial fibrosis in CKD leads to the loss of
EPO secretion. Activation of transforming growth factor
β-Smad signaling—a major pathway leading to renal
fibrosis—is found to impair EPO synthesis (Lan 2011).
Unbalanced microenvironments in injured kidneys, such
as uremic toxins, suppress EPO secretion via a hypoxia-
inducible, transcription-factor-α-dependent channel
(Chiang et al. 2011) and NG-monomethyl-L-arginine (L-
NMMA)-GATA2 signaling (Tarumoto et al. 2000). In ad-
dition, lipid deposition and deranged fatty acid metabo-
lism may be involved in EPO gene regulation in kidneys
(Kang et al. 2015).

Collectively, these results elaborate the mechanisms of
the downregulated synthesis and release of EPO in an
injured kidney.

The role of EPO/EPO receptor in the progression of AD

EPO is widely used in ESRD patients targeting renal anemia.
EPO and EPO receptors (EPORs) have been proven to present
in the human brain and to play significant roles in the nervous
system. EPO/EPOR signaling is essential to normal brain de-
velopment; as well as being essential to rescuing neurons from
apoptosis, oxidative stress, glutamate excitotoxicity, and in-
flammation (Kawakami et al. 2001; Wu et al. 2007). EPO
binding to EPORs leads to the activation of Janus kinase 2-

Ang

ACE

Ang II

Ang II

Receptor

HTN

Aß

Ach

AD

APP

ARB

ACEI

aggregation

Ach 

NAPA

Fig. 2 Potential interactions between RAS and Aß metabolism. ACE has
retarding effects on Aβ aggregation and deposition and Ang II has
inhibitory effects on Ach release (see the dotted line). Ang II/Ang recep-
tor signal is able to induce APP cleavage and leads to NAPA processing
(see the dotted line). Therefore, ACEI—by reducing the level of ACE and
Ang II—generates both beneficial and negative effects for AD. ARB—by
increasing Ang II and reducing Ang II/Ang receptor signals and HTN—

also generates both beneficial and negative effects for AD. Abbreviations:
Aβ = Amyloid β; ACE = Angiotensin-converting enzyme; ACEI =
Angiotensin converting enzyme inhibitor; Ach =Acetylcholine; Ang =
Angiotensin; APP =Amyloid precursor protein; ARB=Angiotensin II
receptor blocker; HTN=Hypertension; NAPA = non-amyloidogenic path-
way of APP

Table 2 Effects of ACEI and
ARB on animal serum Aβ level
(Hemming et al. 2007;Wang et al.
2007; Ferrington et al. 2011;
Kurata et al. 2014)

Animal models Tested drugs Results

3xTg (3 months) Cap (2 g/l) ACEI not affect Aß level

Tg2576 (7–12 months) Val (10 mg/kg/d, 40 mg/kg/d) ARB reduced brain Aß level

3xTg (3–4 months) Val (0.17 g/l), Epr (0.8 g/l), Cap (5 g/l) ACEI and ARB not affect Aß level

Wistar rats(302 months) Tel (302 mg/kg/day) ARB reduced brain Aß level

Abbreviations: Aβ =Amyloid β; ACEI = Angiotensin-converting enzyme inhibitor; ARB =Angiotensin II re-
ceptor blocker; Cap = Captopril; Epr = Eprosartan; Tel = Telmisartan; Val = valsartan
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phosphatidylinositol 3-phosphate signaling (Ruscher et al.
2002), and phosphoinositide 3-kinase-protein kinase B
(PI3K-PKB)-dependent mechanism in the hippocampal neu-
rons (Sirén et al. 2001), both of which mediate neuroprotec-
tion against neuronal death. EPO decreased the mRNA level
of tumor necrosis factor ɑ, Fas and Fas ligand, as well as the
activities of caspase-3, 8, and 9 (Lee et al. 2006). EPO had a
protective effect of reducing oxidative stress and Tau phos-
phorylation induced by Aβ and improving memory function
by diminishing endothelial dysfunction on cellular level (Lee
et al. 2012). EPO prevented Aβ accumulation-induced learn-
ing deficits by alleviating lipid peroxidation in the hippocam-
pus in animal experiments (Maurice et al. 2013). EPO has also
been proven to decrease the cerebral excitatory neurotransmit-
ter release and to protect synaptic plasticity from toxic levels
of glutamate in the hippocampus (Maurice et al. 2013). EPO
exerted anti-inflammatory effects via mechanisms associating
with microglial activation, phosphatidylserine exposure, and
PKB activity or by suppressing several pro-inflammatory cy-
tokines including interleukin-6, tumor necrosis factor and
monocyte chemoattractant protein-1 (Chong et al. 2004). In
addition, EPO can reduce levels of RAGE which participates
in Aβ production and deposition in the brain and in synaptic
dysfunction; it helps to decrease the accumulation of Aβ (Lee
et al. 2012). All these evidence suggest that EPO may be
neuroprotective in AD.

EPO supplement improves cognition in AD

As EPO is important in neuroprotection, EPO supplement in
CKD may be beneficial for cognition improvement and for
decreasing the incidence of AD. The systemic administration
of EPO has proven to be capable of crossing the BBB; and it
takes effect in the cerebrospinal fluid of rodents and humans
(Statler et al. 2007). The experimental injection of EPO can
improve the long-term memory of mice (Adamcio et al.
2008). Weekly EPO therapy improves cognitive functions
and slows down the progressive atrophy of brain in schizo-
phrenia for as little as 3 months (Wüstenberg et al. 2011). The
systematic administration of EPO biweekly for 6 weeks re-
sulted in a significant improvement of cognition as detected
by the electro-neurophysiological method in 15 anemic
predialysis and 15 anemic dialysis patients (Singh et al.
2006). Recombinant human EPO therapy has an effective
neuroprotective impact on platelet GSK3β, p-Tau 181, amy-
loid precursor protein, and neuropsychological assessment
scores in CKD patients with cognitive dysfunction
(Vinothkumar et al. 2019; Vinothkumar et al. 2018).

EPO presents neuroprotection via multiple mechanisms in
AD. EPO treatment can upregulate the level of dopamine
receptors 1 and 2, which play roles in synaptic plasticity via
modulating the calcium/calmodulin-dependent protein kinase
II (CaMKII) in striatum (Armand-Ugón et al. 2014). EPO

administration enhanced the Janus kinase 2-phosphorylated
signal transducers and activators of transcription 5 (STAT5),
followed by the increase of the downstream gene products
Bcl-xL and the X-linked inhibitor of apoptosis protein, initi-
ating a pro-survival signaling cascade (Zhang et al. 2007). In
addition, it was reported that EPO was a local messenger
which was against ischemia secreted by the astrocytes
(Ruscher et al. 2002).

1,25(OH)2D and AD

1,25(OH)2D insufficiency is common in CKD

1,25(OH)2D is an active form of vitamin D. It is predom-
inantly produced by the kidneys. Parenchymal damage
and mass loss of the kidneys decrease the secretion of
1,25(OH)2D. CKD leads to down-regulation of 1ɑ-hy-
droxylase, which limits the ability of the kidneys to pro-
duce 1,25(OH)2D. Loss of vitamin D binding protein in
urine contributes to an impairment in the accumulation of
vitamin D in the body. Uremic toxins may interfere with
the generation and activation of vitamin D through inter-
fering with the vitamin D receptor (as indicated by
in vitro study). Moreover, phosphate retention may inhibit
the activation of 1ɑ-hydroxylase. Accumulation of fibro-
blast growth factor 23 (FGF23) in CKD has also been
shown to be involved in decreasing the production of
calcitriol. These observations indicate that CKD is a pre-
dominant risk factor for reduced 1,25(OH)2D production.

Lack of 1,25(OH)2D is a risk factor for AD

Low serum 1,25(OH)2D concentration is associated with
cognitive impairment. A previous study reported impaired
acquisition of the spatial navigation task in a water maze
test in 1,25(OH)2D-insufficient rats (Mohamed et al.
2014). Decreased serum 25(OH)D concentrations were
found in 20 mild dementia cases as compared with 40
normal controls (Kipen et al. 1995), and in 100 AD cases
as compared with 100 controls (Sato et al. 2005), respec-
tively. Studies indicated a positive association between
serum 25(OH)D and cognitive levels in a population-
based study with 1766 participants (Llewellyn et al.
2009). Similarly, it was found that higher levels of active
vitamin D were associated with better cognitive perfor-
mance in AD pat ients (Oudshoorn et al . 2008;
Annweiler et al. 2012). Dietary intake of vitamin D could
delay the onset of dementia in elderly women, as indicat-
ed by a 7-year follow-up study (Annweiler et al. 2012).
Recently, the data have been explicit that 1,25(OH)2D
receptors exist in the cortex and hippocampus (Mccann
and Ames 2008). A significant reduction of nuclear vita-
min D receptors was found during the development of
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AD. These f indings sugges t the impor tance of
1,25(OH)2D in cognition among people with AD.

Some relatively small studies reported no associations be-
tween 1,25(OH)2D level and cognition impairment or demen-
tia (Jorde et al. 2006; Mcgrath et al. 2007). However, none of
these studies had been population-based or had been adjusted
for confounding factors; and standardized neurocognitive
screening tests had not been applied.

Taking these results together, it seems that having a
deficiency of 1,25(OH)2D somewhat contributes to the
process of dementia.

1,25(OH)2D supplementation is neuroprotective in AD

As a lack of 1,25(OH)2D is detrimental for AD, 1,25(OH)2D
supplementation may be neuroprotective. Mohamed et al.
(2014) found that in rats with AD, the prophylactic use of
1,25(OH)2D was associated with better performance in the
water maze test, decreased Aß deposition, and a significant
increase of brain-derived neurotrophic factors (BDNF) and
antioxidants in the hippocampus. Similarly, Yu et al. (2011)
reported a correlation between vitamin D supplement and de-
creased Aß deposition and inflammation in AβPP transgenic
mice. Additionally, long-term administration of active vitamin
D in rats delayed the degenerative processes in the hippocam-
pus during aging (Kalueff et al. 2004).

Serum 1,25(OH)2D may play important roles in anti-oxi-
dation, anti-inflammation, neurotrophin production, and the
elimination of Aß out of the brain. Vitamin D helps reduce
reactive oxygen and nitrogen species in various models of
brain oxidative stress. 1,25(OH)2D has the effect of up-
regulating the activity and expression of brain γ-glutamyl
transpeptidase in order to increase the level of brain glutathi-
one, an important antioxidant (Garcion et al. 2002). Calcitriol,
one of the active metabolites of 1,25(OH)2D, can increase the
level of glutathione via inhibiting the production of nitric ox-
ide synthase and reducing cellular calcium (Ibi et al. 2001).
The imbalance of oxidation and the anti-oxidation system
caused by the 1,25(OH)2D shortage is considered as being a
trigger in mitochondrial dysfunction and apoptosis in neuro-
degeneration as well as in AD. In addition, vitamin D could
control the pro-inflammatory state and increase the activity of
the Aß degrading enzyme (in rats) with regard to age-related
cognitive decline (Briones and Darwish 2012). Furthermore,
vitamin D could modulate the function of the immune system
by stimulating phagocytosis and clearance of Aß against cell
apoptosis (Masoumi et al. 2009). In vitro, calcitriol is found to
regulate the synthesis of neurotrophic factors including nerve
growth factor, neurotrophin, and nerve growth factor as well
as neurotrophin receptor in brain neurons, glial cells, and
schwann cells (Kalueff et al. 2004). It was shown that
1,25(OH)2D could help enhance the clearance of intracephalic
Aß out of the BBB in mice (Ito et al. 2011). Vitamin D was

proven to down-regulate the expression of inducible nitric
oxide synthase (iNOS), which played a role in Aß deposition
in AD (Garcion et al. 1997).

Considering these results, the dietary supplementation
of 1,25(OH)2D or its analogues for AD prevention and
therapy is possible.

Klotho gene and AD

The disordered expression of klotho caused by CKD

Klotho is a novel anti-aging gene predominantly expressed in
the kidneys. The loss of renal mass in CKD decreases klotho
expression. Studies have suggested that klotho expression was
significantly inhibited in renal ischemia-reperfusion injury
and angiotensin II-induced renal damage (Sugiura et al.
2012). In turn, the downregulation of klotho mRNA and pro-
tein, in a cultured cell line, may accelerate renal damage
resulting from increased oxidative stress (Yamamoto et al.
2005), which may further aggravate the impaired expression
of klotho in the kidneys. Additionally, the increased tumor
necrosis factor and interferon-γ in CKD can reduce renal
klotho expression. It is known that having low levels of
calcitriol, due to the loss of 1ɑ-hydroxylase in CKD, increases
renal renin production. Activation of the RAS, in turn, reduces
the renal expression of klotho followed by high levels of FGF-
23 or FGF-23 resistance. A high level of FGF-23 also leads to
the reduced secretion of 1,25(OH)2-vitaminD, which creates a
vicious circle (Fig. 3).

Klotho plays a significant role in AD

As aging is the greatest risk factor for AD, klotho—a putative
aging-suppressor gene—may act as a neuroprotective factor
by anti-senescence and modulating oxidative stress in the pro-
cess of AD. The extracellular domain of klotho is secreted into
the blood and cerebrospinal fluid and potentially acts as an
age-defying factor. Klotho mutation causes impaired cogni-
tion, systemic aging, lessened longevity in mice (Shiozaki
et al. 2008), and senile changes in the white matter of rhesus
monkeys (Duce et al. 2008). The downregulation of klotho
mRNA levels and protein expression was correlated with
brain senility, AD-associated Aß production, neuron loss,
and memory decline in elderly SAMP8 mice (Kuang et al.
2014). Recently, klotho has been reported to conduct neuro-
protective effects via the induction of oxidative stress toler-
ance against cognitive damage in AD (Adeli et al. 2017). Prior
to the onset of cognitive impairment, oxidative DNA damage
and lipid peroxidation increased in the hippocampus in klotho
mutant mice (Nagai et al. 2003). Other anti-aging effects of
klotho includes suppression of growth factor signaling; the
regulation of several ion channels and transporters.
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Other factors

Small vessel disease in CKD and AD

The kidney and brain are similar anatomically and function-
ally in terms of the regulation of the micro-vasculatures. Both
of the two organs share unique susceptibilities to small vessel
injury, because both of them have short, small strain vessels
directly arising from high-pressure arteries. Severe hyperten-
sion damage can occur in such vessels.

In adults with CKD, retinal microvascular abnormality is
associated with poor performance in several cognitive do-
mains, including executive function and attention (Yaffe
et al. 2013). Pirici et al. (2017) utilized 80 hypertensive-
stroke-prone rats at various ages (12 to 44 weeks); and they
quantified tubulointerstitial renal damage, the prevalence of
cerebral microhemorrhages, and Aβ accumulations. Finally,
they found an association between vascular pathology and Aβ
deposition in CKD. Chronic kidney disease affects cognitive
damage and AD, partly through the high prevalence of small
vessel diseases in the brain.

Concluding remarks

At present, the data available support the idea that there is a high
possibility of cognitive impairment or AD-like dementia in
CKD patients. The settings of CKD (which is mainly charac-
terized by the accumulation of uremic toxins, renal

hypertension, excessively activated RAS, renal anemia, renal
osteopathy, and the impaired expression of klotho) caused by
renal dysfunction are reasonable mechanisms of CKD promo-
tion of the progression of AD. Additionally, small vessel injury
may play a non-negligible role in contributing to cognition
impairment in both CKD and AD. These discoveries highlight
a novel point of view for the diagnosis and potential treatment
of CKD and AD. If we focus on changes in the kidneys and the
brain in further studies, we may find more significant results in
the prevention and treatment for both CKD and AD.
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