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Brain consequences of acute kidney injury: Focusing on

the hippocampus
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The high mortality rates associated with acute kidney injury are mainly due to extra-renal complications that occur
following distant-organ involvement. Damage to these organs, which is commonly referred to as multiple organ
dysfunction syndrome, has more severe and persistent effects. The brain and its sub-structures, such as the
hippocampus, are vulnerable organs that can be adversely affected. Acute kidney injury may be associated with
numerous brain and hippocampal complications, as it may alter the permeability of the blood-brain barrier. Although
the pathogenesis of acute uremic encephalopathy is poorly understood, some of the underlying mechanisms that
may contribute to hippocampal involvement include the release of multiple inflammatory mediators that coincide
with hippocampus inflammation and cytotoxicity, neurotransmitter derangement, transcriptional dysregulation,
and changes in the expression of apoptotic genes. Impairment of brain function, especially of a structure that has
vital activity in learning and memory and is very sensitive to renal ischemic injury, can ultimately lead to cognitive
and functional complications in patients with acute kidney injury. The objective of this review was to assess these
complications in the brain following acute kidney injury, with a focus on the hippocampus as a critical region for

learning and memory.
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Introduction

Acute kidney injury (AKI), also known as acute renal
failure, with sudden loss of kidney function and retention
of nitrogenous waste products such as urea and creati-
nine is the most common complication associated with
remote organ dysfunction in critically ill patients [1]. The
incidence of AKI is 34%, with an in-hospital mortality
rate of around 62% [2]. Renal ischemia reperfusion is a
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common cause of AKI that can occur as a consequence of
renal surgeries and transplantation [3]. The more obvious
clinical outcomes of AKI include accumulation of waste
products and electrolyte and fluid imbalance, while
dysfunction of the immune system and of the cross-talk
between non-renal organs make up less obvious effects.
The high mortality rate associated with kidney diseases
in acute and chronic conditions is mainly due to extra-
renal complications and the involvement of other distant
organs rather than due to the renal failure itself [4—7].
The central nervous system (CNS) is vulnerable during
acute and chronic kidney diseases [8]. The pathophysi-
ology of brain disorders has not been completely clari-
fied. A number of known potential contributing factors
for brain involvement after AKI include: 1) retention of
nitrogenous end products (uremic toxins), 2) osmolality
disturbance, and 3) inflammation.

A decrease in renal clearance of waste nitrogenous
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products accompanied with their continuous genera-
tion leads to diverse uremic retention products such as
urea, creatinine, guanidine, and homocysteine. Many
of these toxins affect functioning of cells and organs,
resulting in endothelial vascular injury, neurotoxicity,
and cognitive dysfunction [9]. In this regard, some stud-
ies were conducted on different animal models of kidney
injury to distinguish the effects of uremia with (bilateral
renal ischemia-reperfusion) or without renal ischemia
(bilateral nephrectomy) on distant organs. While both
models had unique, high levels of urea, creatinine, and
organ injury and cytokine profiles with various patterns,
they also had different global gene expression profiling in
distant organs, which allowed them to be distinguished
from each other [10—13]. These results indicated that the
kidneys play an essential role in maintaining hemostasis
and remote organ function.

High serum sodium concentrations and increased plas-
ma osmolality in the brain promote the production of re-
active oxygen species, resulting in endothelial injury and
disruption of the blood-brain-barrier (BBB) and brain
transporters [14,15]. Furthermore, immune responses
after AKI lead to cytokine-induced disturbances in BBB
permeability that trigger inflammatory cascades and sub-
sequent damage in the brain with inflammation.

In addition to maintaining the acid-base and water-
electrolyte balance, the kidneys have essential roles in
cerebral homeostasis that include excreting toxins and
drugs and changing neurotransmitter and cytokine con-
centrations. Unfortunately, little attention has been paid
to the relationship between AKI and brain complications.
Uremic encephalopathy, which progresses more in acute
injury than in chronic kidney disease, is a condition that
occurs following kidney damage [16,17]. Uremic enceph-
alopathy is more prevalent, and with more complica-
tions, among patients with AKI than in those with chronic
kidney damage because there is less time to adapt to ure-
mia [18]. Neurologic complications following AKI are a
major cause of mortality. Nervous system complications
range in severity from fatigue to dementia, seizure, and
coma. There is a higher incidence of dementia in renal
failure patients than in other people [19]. A diverse range
of cognitive and memory problems have been observed
in patients with AKI who are undergoing hemodialysis.
The hippocampus is considered an important CNS site
for learning and memory consolidation. Hippocampal
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cellular inflammation due to the production of soluble
inflammatory proteins following AKI has been reported
[20]. Unfortunately, in spite of the importance brain in-
volvement following AKI, few studies have been carried
out on this subject, leaving its pathophysiology unclear.
This paper will review some important mechanisms of
disorders in the brain and its structures, especially the
hippocampus, in AKI.

Impaired blood-brain-barrier integrity

BBB is a unique anatomical and physiological shield
composed of tightly associated brain microvascular en-
dothelial cells, astroglial foot processes, and capillary
pericytes [21].

The restricted permeability of BBB is critical in main-
taining cerebral hemostasis and proper neuronal func-
tions as well as protecting the CNS against circulating
toxins and pro-inflammatory molecules by filtering
harmful compounds. Increased production of pro-
inflammatory mediators coinciding with their decreased
clearance causes the aggregation of pro-inflammatory
cytokines and reactive oxygen species, which initiate
systemic inflammatory responses following AKI. There
has been growing evidence that systemic inflammation
is associated with BBB disruption [22,23]. Unfortunately,
there is a relatively limited pool of existing research in-
vestigating the association between AKI and BBB integ-
rity. A link between microvascular permeability in a brain
with cerebral edema and AKI was confirmed through an
animal model of ischemia reperfusion injury [20]. In this
study, pro-inflammatory chemokines in the brain struc-
tures, including the hippocampus and cerebral cortex,
visualized by extravasation of Evans blue dye into the
brain, suggested BBB disruption as a cause of brain in-
flammation and disorder after AKI.

Hormonal disturbance
Renin-angiotensin-aldosterone axis

Activation of the renin-angiotensin-aldosterone system
in AKI leads to increased angiotensin II formation in pe-
ripheral circulation. Previous reports have confirmed the
modulation of BBB permeability, allowing angiotensin
II to cross into the brain [24,25]. Angiotensin II receptors
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(AT1, AT2, and AT4) or insulin-regulated membrane ami-
nopeptidase has been detected in brain regions involved
with cognitive processes, including the hippocampus
[26—28]. Angiotensin II, acting either directly through
related receptors or through modulatory effects on neu-
rotransmitters, has contradictory effects on cognitive
functions. Although the exact role of angiotensin II on
cognitive behaviors and memory remains obscure, it ap-
pears that stimulation of the AT1 receptor via increased
oxidative stress has deleterious effects on cerebellar
development and cognitive functions, while conversely
beneficial effects occur through AT2 receptor activation
[29]. Neuronal transmission of angiotensin II has been
related to mediatory effects on the excitability of presyn-
aptic glutamatergic and gamma-aminobutyric acid-ergic
neurons [30].

Cathecolamines

The proinflammatory cytokines released following AKI
have widely distributed receptors in the brain micro-
vasculature of the choroid plexus and subfornical and
circumventricular organs that lack the BBB. Sympathetic
effects of stimulating the subfornical organs [31] can
lead to hemodynamic responses such as a decrease in
cerebral blood flow and brain damage. Ischemic injury
and edema in the medulla and cerebellum is a result of
overactivity in the renal sympathetic nervous system, and
ultimately leads to posterior reversible encephalopathy
syndrome [31]. In addition, induction of prostaglandin
E2 production by cyclooxygenase-2 activity through cyto-
kine receptors [32] that can cross the BBB initiates brain
inflammation and injury.

Natriuretic peptides

Plasma B-type natriuretic peptide, a biomarker of the
congestive state, is elevated in AKI patients [33]. All types
of natriuretic peptide are expressed in the CNS, and their
receptors have been found in the brain. The function of
natriuretic peptides in the CNS is still controversial. The
binding of natriuretic peptides to related receptors lead
to the formation of cyclic guanosine monophosphate,
which has vasodilatory effects on blood vessels in the
brain, thus increasing blood flow [34]. On the other hand,
natriuretic peptides mediate nitric oxide (NO) produc-

tion via stimulation of NO synthase [35]. The effect of NO
on the brain varies depending on its cellular source of
generation. Overproduction of NO during inflammation
states such as AKI occurs through inducible or immuno-
logical NO synthase and neuronal NO synthase and has
toxic consequences leading to neurodegenerative dis-
eases and apoptosis [36].

Parathyroid hormone

Rapid mineral deregulation is an outcome of AKI. Some
studies have shown that the levels of both ionized and
total calcium decrease, as does the level of vitamin D,
while phosphate levels increase [37,38]. Dysregulation
of mineral metabolism, including that of calcium and
phosphorus, along with elevation of fibroblast growth
factor-23 levels as a key regulator of phosphorus excre-
tion is accompanied with elevated parathyroid hormone
(PTH) in patients with AKI [39]. PTH can cross the BBB,
and its receptors are distributed throughout the human
brain. Although there is a connection between AKI and
abnormal PTH levels, the functional impact of PTH on
cognition has not yet been conclusively determined [40].
Further studies are needed to determine the effects of
PTH, vitamin D, and related factors such as calcium and
phosphorus on cognitive function with AKI.

Neurotransmitter derangement and brain injury

Neurotransmitter balance in neuronal synaptic connec-
tions is essential for normal brain function. Disruption of
neurotransmitter balance can lead to cerebral disorders
ranging from motor activity difficulties to epilepsy and
coma. AKI leads to an imbalance of excitatory and in-
hibitory neurotransmitters due to deregulation of trans-
porters to across the BBB. Accumulation of guanidine
compounds, including creatinine, guanidine, guanidino-
succinic acid, and methyl-guanidine, in the cerebrospi-
nal fluid results in their efflux through the transporters
into the circulation, which then has a stimulatory effect
on N-methyl-D-aspartate (NMDA) glutamate recep-
tors (GluR) and an inhibitory effect on y-aminobutyric
acid receptors [41]. Almost all peripheral inflammatory
diseases are associated with wide-ranging behavioral
symptoms from mood alterations to fatigue to cognitive
impairments [42,43].
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Interestingly, it has been demonstrated that periph-
eral organ inflammation can influence hippocampal
synaptic transmission and enhance Schaffer collateral-
induced excitatory field potentials in the cornu ammonis
1 (CA1) of the hippocampus via postsynaptic effects [44].
It seems that a relative change in the sub-units of ami-
nomethylphosphonic acid and NMDA (GluR and NMDA
receptor subtype 2B) receptors is involved in this process.
Increased glutamate release and availability with down-
regulation of cannabinoid receptors [45] potentiates
transmitter release after systemic inflammation.

Systemic inflammation with proinflammatory cytokine
production can stimulate related receptors in the BBB
within circumventricular organs or on sensory afferents,
which triggers a mirror inflammatory response in the
brain.

In addition, disruption of NO synthesis through AKI-
induced asymmetrical dimethyl arginine accumulation
and reactive oxygen species can generate potent cytotox-
ic and proinflammatory byproducts such as proxynitrite,
which can increase cerebrovascular permeability [46].
Brain catecholamine concentrations often decrease in
AKI. Suppression of dopamine metabolism in the CNS is
associated with motor activity disruption in uremic con-
ditions [47].

Transcriptional dysregulation

Acute renal injury induces genomic expression in dif-
ferent areas of the brain, including the hippocampus.
Genomic alterations that occur at an early stage of acute
renal injury play an important role in initiating the path-
ological process of AKI.

Increased expression in the brain of the apoptotic Bax
gene and decreased expression of the anti-apoptotic
gene, B-cell lymphoma 2 (Bcl-2), was observed after renal
ischemia reperfusion, indicating apoptosis of brain tissue
following AKI [48]. Brain inflammation was also deter-
mined from the expression of the nuclear factor kappa B
(NF-xB) pathway and cyclooxygenase-2/prostaglandin
E2 downstream activation after renal ischemia reperfu-
sion [48]. Under normal conditions, NF-xB is located in
the cytosol in inactive form; however, in some abnormal
situations, such as during oxidative stress after AKI, it
can be activated and transferred to the nucleus, where
it binds to the promoter and promotes the transcription
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and expression of cytokine genes.

Microarray analysis has demonstrated altered hip-
pocampal mRNA expression in acute renal injury [18].
Some of these dysregulations are listed with their related
outcomes in Table 1.

Altered gene expression and the resulting specific
biological effects in the hippocampal area can lead to
functional and cognitive disorders. Upregulation of Rho
GTPase signaling leads to increased permeability of the
BBB and inflammation through interaction with the actin
cytoskeleton and phospholipid lysophosphatidic acid.
Furthermore, the downregulation of claudin-1 and clau-
din-3 in tight junctions that occurs after AKI is associated
with increasing blood-brain endothelial permeability.
ATP-binding cassette transporters expressed in the BBB
are involved in the efflux of toxic compounds from and
influx of organic molecules into the CNS. Downregula-
tion of these vital transporters following AKI can destroy
the integrity of the BBB. Genes that are downregulated
in the hippocampus after AKI and lead to accompanying
hippocampal malfunction and neuronal injury include
activin A receptor type 1C, which functions in cell sur-
vival, copine V, the transcription factor forkhead box P2,

Table 1. Some hippocampal dysregulations after acute kidney
injury

Variable Outcome
Upregulation
Macrophage scavenger receptor 1 Inflammation
Cytotoxic T lymphocyte-associated Inflammation

protein 2 alpha & beta
Ras homolog gene family member J
Phospholipase A2 group Il

Signaling disorders

Stress response

Serum amyloid A3 Inflammation
Interleukin 12 receptor beta 1 Inflammation
Chemokine (C—C motif) ligand 17 Inflammation
B-cell leukemia/lymphoma 2 related Cell death

protein Ala

Downregulation

ABC1, member 8a

Activin A receptor type 1C

Copine V

Forkhead box P2

Crystallin alpha B

G protein-coupled receptor 34 and 124
ABC1, ATP-binding cassette, sub-family A.

Transporter dysfunction
Cell death

Signaling disorders
Transcription impairment
Chaperone dysfunctions
Signaling disorders
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and the chaperone crystallin alpha B.

Hippocampus inflammation

Brain edema and dysfunction of the water transport
system is a common complication of AKI. High levels of
reactive oxygen species, NO, and inflammatory media-
tors have been detected in the hippocampus after AKI.
The amount of pyknotic neurons and microglial cells or
brain macrophages in the hippocampal CA1l was found
to be increased after AKI. Increased levels of inflamma-
tory markers (keratinocyte-derived chemoattractant and
granulocyte-colony stimulating factor) and an increasing
trend of monocyte chemoattractant protein-1 have been
observed after AKI in both the hippocampus and cortex
[20].

The accumulation of microglia, which are key media-
tors of inflammatory cascades, in the hippocampus fol-
lowing AKI indicate increased inflammation in the hip-
pocampus.

The tight junction disruption induced by genomic
dysregulation and the release of cytokines following AKI

Neurotransmitter derangement
Transcriptional dysregulation
Hippocampus inflammation, cytotoxicity
and apoptosis

Cognitive impairment

BBB breakdown

_— ]

leads to microvascular leakage in the brain at both the
soluble and cellular levels, in addition to the influx of in-
flammatory mediators and cytokines in the brain (Fig. 1).

The hippocampus is metabolically selective and vulner-
able to brain edema, which ultimately leads to symptoms
of cognitive impairment with hippocampal inflamma-
tion.

Hippocampus cytotoxicity and apoptosis

An imbalance between free radicals and antioxidant
enzymes following the accumulation of oxidants after
renal injury results in structural impairment and dam-
age to the brain. High levels of reactive oxygen species,
cytokines, and NO in the brain following AKI have been
shown to correlate with neuronal cytotoxicity and apop-
tosis [18,20,48].

The hippocampus is one of the most sensitive regions
of the brain to oxidative stress. The accumulation of free
radicals in the peripheral system with impairment of BBB
integrity leads to accumulation of free radicals in differ-
ent parts of the brain, including the hippocampus.

'\

Release of inflammatory
mediators and retention
of uremic toxins

Brain transporters
disruption

Hormonal
disturbance

T ]

=

)

/

Figure 1. The hippocampus and brain
complications following acute kidney
injury (AKI).

BBB, blood-brain barrier.
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The presence of pyknotic neurons and pyknosis in the
hippocampus following AKI demonstrates an irreversible
condensation of chromatin in the hippocampal nucleus
that is associated with necrosis or apoptosis [20]. Dysreg-
ulation of the Bcl-2/Bax apoptosis proteins, as described
earlier, is another cause of apoptosis in the brain and
related sub-structures (such as the hippocampus) [48].
Although Karimi et al [49] showed that 45 minutes of re-
nal ischemia followed by 24 hours of reperfusion cannot
induce neuronal loss and synaptic plasticity impairment
in the CA1l, excitability of the Schaffer collateral CA1 syn-
apse through postsynaptic receptors indicated the role of
increased plasma creatinine levels in this state.

Reduction of locomotor activity is another symptom of
hippocampal cytotoxicity that has been shown 24 hours
and 1 week after renal reperfusion of bilateral ischemia
[50]. It seems that destruction of CAl neurons following
AKl is involved in animals’ hypo-activity [20].

Cognitive impairment in AKI

While, most studies have focused on the correlation be-
tween chronic kidney disease and dementia, it is known
that there is a connection between mild kidney disease
and reduced cognitive activity. Moreover, there a direct
relationship has been established between glomerular
filtration rate (GFR) level and cognitive function [51]. The
severity of AKI and progression of cognitive decline go
hand in hand with GFR < 60 mL/min/1.73 m® in patients.
During the 12-year follow-up of a cohort study, patients
with AKI exhibited a higher incidence of global cognitive
impairment and dementia [52]. Sickness behavior is con-
sidered to be behavioral manifestations associated with
peripheral inflammation [44], including inflammation
associated with AKI, that indicate CNS involvement.

It seems that cognitive impairment following acute kid-
ney damage is a sign of functional or structural changes
in the hippocampus. Albuminuria, an index of endo-
thelial pathology, which occurs with the progression of
disease with impaired glomerular endothelial function
increases the risk of reduced cognitive function [53].
Unfortunately, there are few studies in this area that can
suggest mechanisms detailing the association between
acute renal damage and cognitive functions. In this re-
gard, Tahamtan et al [54] prospectively assessed the cog-
nitive outcomes of bilateral renal ischemia followed by
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reperfusion for 24 hours and 1 week. They observed that
AKI model rats have impaired passive avoidance learning
and memory capabilities only at 24 hours after reperfu-
sion because there is less time to recover from renal dys-
function.

In addition to the direct neuronal toxicity of the uremic
state, there is a significantly higher incidence of brain
ischemia with prevalence of cognitive impairment and
dementia in patients with kidney disease [55]. All the
potential microvascular and endothelial injury factors,
such as uremia, oxidative stress, and inflammatory pro-
cesses after AKI, can explain the risk of cerebrovascular
dysfunction and cognition deterioration following renal
disease.

Conclusions

The development of remote-organ involvement dur-
ing AKI increases patient morbidity and mortality while
increasing length of stay in the intensive care unit, and
hence consumes considerable healthcare resources. In
these situations, the treatment of the kidney alone with-
out considering distant organs cannot be efficacious.

Certainly, elucidating the mechanisms of cross-talk
between organs in AKI, especially the brain and its sub-
structures like the hippocampus, which is more vulner-
able to damage and peripheral changes, is a great help in
treating AKI patients with brain involvement.
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