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Abstract

Stroke is a leading cause of mortality and morbidity, with long-term debilitating effects. Accumulating evidence from
experimental studies as well as observational studies in patients suggests a cross talk between the brain and kidney after
stroke. Stroke may lead to kidney dysfunction which can adversely impact patient outcome. In this review article, we
discuss the epidemiology and mechanisms of brain—kidney interaction following ischemic stroke. Specifically, we discuss
the role of the central autonomic network, autoregulation, inflammatory and immune responses, the role of extracel-
lular vesicles and their cargo microRNA, in mediating brain—kidney interaction following stroke. Understanding the
bidirectional nature of interaction between the brain and kidney after cerebral injury would have clinical implications for

the treatment of stroke and overall patient outcome.
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Introduction

The brain and kidney act in concert to maintain normal
homeostasis of the extracellular fluid by controlling
sodium and water balance. Both organs exhibit several
common physiological characteristics: first, the kidney
and brain are highly perfused organs and are exposed
to a relatively large volume of blood flow during the
cardiac cycle; second, with variations in arterial blood
pressure, both the brain and kidney strive to maintain
constant perfusion via autoregulation; and third, there
is hemodynamic parallelism between the vascular beds
of the two organs. Chronic conditions such as diabetes
mellitus and hypertension are high risk factors for cere-
brovascular and cardiovascular disease, diabetic
nephropathy, and hypertensive nephropathy. While
these common physiological characteristics set the
stage for an exploration of how the brain and kidney
are inextricably linked under normal and disease states,
it is likely that the complex interactions between the
brain and kidney transcend these shared characteristics
and risk factors. Until now, the research focus on brain
and kidney cross talk has focused on the role of kidney
impairment in inducing brain dysfunction. However,
the effects of brain injury on kidney function remain

relatively unexplored. This article focuses on the mech-
anisms of stroke-induced kidney dysfunction, and
briefly discusses the impact of renal disease on stroke.

Cerebrovascular diseases can stimulate kidney dys-
function as kidney activity is regulated by the brain
through neural pathways. The term organ cross talk
can be defined as mutual effects on distant organs via
biological communication through central neural and
peripheral humoral pathways. The central pathway of
brain—kidney interaction may be via the central auto-
nomic network (CAN) and sympathetic nervous system
(Figure 1). The peripheral signaling pathways of organ
cross talk may be regulated by inflammatory responses,
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Figure |. Role of central autonomic network in mediating kidney dysfunction after ischemic stroke. Stroke-induced activation of
HPA axis, sympathetic nervous system, and the RAAS may alter hormone and neurotransmitter release, thereby inducing kidney

dysfunction.

HPA axis: hypothalamic—pituitary—adrenal axis; RAAS: renin—angiotensin—aldosterone system.

autoregulation, neuroendocrine system as well as by
extracellular vesicles (EVs) (Figure 2). While several
mechanistic links between brain—kidney interactions
are associative and experimental evidence is emerging,
in this review, we will discuss the CAN, neuroendocrine
system, inflammatory and immune responses, and
EVs that may contribute to brain—kidney interaction
after stroke.

Epidemiology: Brain and kidney
interaction

Chronic kidney disease and ischemic stroke

Chronic kidney disease (CKD) typically develops over
time and includes five stages of disease ranging from
mild damage to complete kidney failure. CKD
increases vascular dysfunction, vascular calcification,
and arterial stiffness which increases risk of stroke as
well as exacerbates pathogenesis of stroke.! CKD is
often diagnosed by measuring creatinine clearance,
proteinuria, cystatin C, albuminuria, estimated glomer-
ular filtration rate (¢GFR), urinalysis to evaluate for
leukocytes and red blood cells, serum electrolytes,

serum calcium, and parathyroid hormone levels.
Among these parameters, eGFR is the most commonly
used by clinicians to identify the stage of CKD. GFR is
usually indirectly assessed from serum levels of endog-
enous filtration markers, such as creatinine or cystatin
C. Measuring proteinuria is helpful in CKD diagnosis,
assessing prognosis, and is an independent predictor of
progression of renal disease.’

CKD may be a frequently encountered problem in
post ischemic stroke patients. In a large-scale multicen-
ter hospital-based study, approximately 35% of first
ever stroke patients exhibited symptoms of CKD
such as proteinuria or low eGFR, and multivariate
analyses after adjusting for confounding factors indi-
cated that patients with proteinuria had significantly
(p <0.001) increased risks of worse neurologic deficits
and in-hospital mortality.’ In a nationwide study of
Medicare aged (>65years) acute ischemic stroke
patients, low eGFR and dialysis status on admission
were independent and strong predictors of poor out-
comes with high risk of 30-day and I-year mortality
and rehospitalization.* Low admission eGFR
(<15mL/min/1.73 m?) increased the risk of short-term
(1 month) mortality by threefold and long-term (1 year)
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Figure 2. Inflammatory and immune responses mediate kidney dysfunction after stroke. Release of inflammatory mediators by
injured brain cells as well as stroke-induced gut dysbiosis can increase systemic inflammation. Systemic inflammation and immune
responses mediated by the spleen likely play a central role in promoting kidney dysfunction after brain injury.

mortality by fourfold compared to patients with eGFR
>90 mL/min/1.73 m? or on dialysis.’ Other studies have
reported that proteinuria, but not low eGFR, is an
independent predictor of high risk of neurological dete-
rioration, disability, and death.® In a group of post
ischemic stroke survivors (66.42% of 352 recruited
patients survived) in Poland, renal impairment indicat-
ed by decreased eGFR or increased urine albumin/cre-
atinine ratio was found at 4 months after stroke onset
in 40.38% of patients.” Post stroke albuminuria was
predicted by older age, comorbidity with diabetes,
and severe functional deficits, and increased albumin/
creatinine ratio was more frequently encountered

in women.” This study found a higher frequency of
renal dysfunction with increasing age and atheromatic
and lacunar stroke subtype.’ In patients with lacunar
infarctions, decreased eGFR and proteinuria have been
associated with white matter hyper-intensities, cerebral
microbleeds, and enlargement of perivascular spaces.®’
Kidney damage indicated by proteinuria and renal
insufficiency was found to be differentially dependent
on stroke subtype.'? Patients who suffered a stroke of
cardioembolic subtype displayed kidney damage and
renal insufficiency, while hemorrhagic stroke (subcorti-
cal and subarachnoid) patients primarily exhibited pro-
teinuria.'® Proteinuria after stroke was found to be an
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independent risk factor for worse neurologic deficits
and mortality.> In acute ischemic stroke patients of
large artery atherosclerotic subtype, approximately
41% patients had low eGFR which was associated
with increased stroke severity, increased 6-month mor-
tality rate, and worse neurological functional outcome.''
The incidence of albuminuria was found to be signifi-
cantly higher among ischemic stroke survivors com-
pared to the general population.” These studies
indicate that kidney dysfunction is an independent pre-
dictor of worse post stroke outcome. The TOAST (Trial
of Org 10172 in Acute Stroke Treatment) classification
categorizes ischemic stroke into the following subtypes:
(1) large-artery atherosclerosis, (2) cardioembolism,
(3) small-vessel occlusion, (4) stroke of other determined
etiology, and (5) stroke of undetermined etiology. The
different kidney abnormalities associated with various
stroke subtypes are summarized in Table 1.

Acute kidney injury and ischemic stroke

Acute kidney injury (AKI) is an abrupt onset of renal
dysfunction involving structural damage and functional
impairment that develops within few hours or days.'?
AKI can result from decreased renal perfusion, nephro-
toxicity, or damage to glomeruli, tubules, interstitium
or renal vasculature.'? AKI is commonly encountered
in patients with critical illness and identified by
decreased eGFR, albuminuria, acute rise in serum cre-
atinine, increased serum cystatin C, and oliguria, i.e.
low urine output.'? Serum creatinine levels do not accu-
rately reflect acute changes in kidney function and can
vary widely with age, gender, etc. making it difficult to
determine reference points.'> A meta-analysis of eight
studies indicated that AKI is a common complication of
acute ischemic stroke, with a pooled prevalence rate of
12.9% patients developing AKI, and AKI is associated
with increased mortality rate.!*> In a cohort of 40
Hispanic stroke patients (mean age 69.13 years, 90%
of patients had ischemic stroke), 62.5% patients

developed AKIL.'* In a 10-year follow-up study of a
large cohort of first-ever acute stroke patients, approxi-
mately 27% of patients were found to develop AKI and
had higher mortality rate than stroke patients without
AKI." In stroke patients treated with or without tPA,
AKI prevalence did not differ significantly (35.5% in
tPA treated vs 33.89% in non-tPA treated patients devel-
oped AKI), but patients who developed AKI had a sig-
nificantly higher in-hospital mortality rate (50.0%
mortality in patients with AKI vs 3.4% in patients with-
out AKI).'"® In a 7-year follow-up study, acute stroke
patients with reduced admission calculated creatinine
clearance, increased serum creatinine and urea concen-
trations, and increased ratio of urea to creatinine had
increased short-term and long-term mortality rates.!’
Symptoms of AKI such as decreased eGFR and elevated
serum levels of uric acid have been reported to present
within 72h of stroke.'*!® Largely, stroke patients with
severe neurological deficits, cardiac abnormalities such
as heart failure, atrial fibrillation and ischemic heart dis-
ease, hyperglycemia, hypertension, low eGFR, or
advanced age were more susceptible to developing
AKI.">'"" While the incidence of AKI after acute ische-
mic stroke varies widely based on AKI defining criteria
and coding definitions, an increased mortality risk has
been reported among patients who develop AKI after
stroke.'>'® Therefore, acute management of kidney dys-
function after stroke may be important to improve post
stroke outcome and decrease mortality rates.

Hemorrhagic stroke-induced renal dysfunction

A meta-analysis including 12 studies reported that AKI
is a common complication of both acute ischemic
stroke and intracerebral hemorrhage (ICH).'® In a pro-
spective cohort study including both ischemic stroke
(27/52 patients) and hemorrhagic stroke (25/52
patients), patients with hemorrhagic stroke had lower
admission eGFR compared to ischemic stroke patients,
and 64% patients in the hemorrhagic stroke subgroup

Table I. Summary of the different kidney abnormalities associated with various stroke subtypes.

Stroke subtype Kidney abnormalities Ref
Acute ischemic stroke ® Reduced creatinine clearance 13-17
® |ncreased serum creatinine, urea, uric acid concentrations
e Albuminuria
® Decreased eGFR
Lacunar stroke ® Decreased eGFR 8,9
® Proteinuria
® |ncreased urine albumin/creatinine ratio
Cardioembolic stroke ® Renal insufficiency 10
Hemorrhagic stroke (subcortical and subarachnoid) ® Proteinuria 10
[ )

Large artery atherosclerotic stroke

Low eGFR associated with stroke severity I

eGFR: estimated glomerular filtration rate.
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and 33.3% patients in the ischemic stroke subgroup
developed renal impairment.'® In this cohort, the
number of patients with hypertension (newly diagnosed
or uncontrolled) was significantly higher in hemorrhag-
ic stroke patients compared to ischemic stroke,
although the mean arterial pressure at admission in
patients who developed renal impairment from those
who did not was not statistically significant.'® In anoth-
er study, at the time of hospital admission, patients
with ischemic stroke subtype had a significantly
higher mean serum creatinine level compared to
patients with hemorrhagic stroke.'” Nearly 30% of
ICH patients have CKD, and CKD patients were
likely to be older, female, and present with comorbid-
ities such as diabetes.?’ In ICH patients, risk of AKI is
not significantly different between patients with normal
kidney function or CKD at admission; however, mor-
tality rates were significantly higher in ICH patients
with normal kidney function compared to ICH patients
with CKD at admission.?**! Maximum systolic blood
pressure reduction was dichotomized to 90 mmHg and
found to increase the AKI risk in ICH patients with
normal renal function.?! AKI in ICH patients has been
associated with hyperosmolality caused by administra-
tion of mannitol, an osmotic agent used to decrease
intracranial pressure.”> AKI with transient elevation
of urea and creatinine was more frequent and more
severe in ICH patients receiving higher mannitol infu-
sion rates (>1.34g/kg/day) than in ischemic stroke
patients.”” Additionally, risk of AKI in ICH patients
receiving mannitol increased with advancing age, hyper-
tension, and low GFR.?* In a large prospective study of
patients with aneurysmal subarachnoid hemorrhage,
decreases in creatinine clearance were associated with
significantly worse 3-month outcomes.” Renal impair-
ment after ICH was not dependent on the location or
size of hematoma.'® However, in ICH patients with
moderate to severe CKD, renal impairment was found
to be associated with larger lobar hematomas and poor
outcome.?* ICH significantly increases intracranial pres-
sure which may lead to kidney dysfunction via sympa-
thetic activation.”> Renal dysfunction after ICH is
usually transient and rarely requires renal replacement
therapy.'®?’ In this review article, we will focus on ische-
mic stroke-induced renal dysfunction.

Effects of renal dysfunction on ischemic stroke

There is a significant increase in risk of stroke and post-
stroke mortality in patients with CKD and with
end-stage renal disease.”® Proteinuria is associated
with severe neurological deficits and higher in-
hospital mortality after stroke.” Hemorrhagic stroke
is a leading cause of death in patients with CKD. The
risk of atherosclerotic cardiovascular diseases such as

myocardial infarction and stroke is 5-30 times higher
in CKD patients with greater risk associated with
patients on dialysis.?’ Patients with end-stage renal dis-
ease undergoing peritoneal dialysis or hemodialysis
have a high risk of stroke, with an increased risk of
hemorrhagic stroke among hemodialysis patients.” In
a large-scale study involving 4315 patients over an
average follow-up period of 3.36 years, the risk of de
novo stroke, stroke severity, and stroke-related mortal-
ity was found to be significantly elevated among AKI
patients who recovered following dialysis treatment
(regardless of subsequent progression to CKD) com-
pared to the non-AKI group.”® In patients with
kidney disease undergoing dialysis, the increased risk
of stroke may be attributed at least partially to
impaired cerebral perfusion resulting from the sudden
decrease in systemic blood pressure during dialysis.>
However, other mechanisms may also contribute to
renal dysfunction-induced cerebral injury. Severe ische-
mic AKI in mice increases proinflammatory chemokine
expression in the brain, increases neuronal pyknosis,
induces microgliosis and astrogliosis in the brain, dis-
rupts the blood brain barrier (BBB), and impairs
locomotor function compared to sham control mice.*
In CKD mice, comorbidity with ischemic stroke
significantly increases infarct volume, worsens neuro-
logical deficits, and significantly increases inflammato-
ry responses such as increased M1 microglia/
macrophage and inflammatory cytokine expression in
the ischemic brain.*' In addition to chronic inflamma-
tion, increased oxidative stress, decreased nitric oxide
production, endothelial dysfunction, platelet aggrega-
tion, and vascular injury may contribute to stroke in
CKD patients.”® The mechanisms underlying CKD
induced aggravated stroke pathogenesis, and worse
stroke outcomes have been recently reviewed.*
Comorbidities such as hypertension may account par-
tially for increased stroke risk in CKD patients.?’
Hypertension is known to increase the risk of stroke
and worsen stroke outcome.** Hypertension may be a
cause as well as a consequence of kidney dysfunction,
with kidney dysfunction increasing blood pressure and
sustained high blood pressure accelerating renal dys-
function. Hypertension can result from sympathetic
activation®* as well as increased activity of the rennin
angiotensin  aldosterone  system.*>  Hypertension
increases vascular shear stress, endothelial dysfunction,
and increases arterial stiffness which can affect cerebral
autoregulation and lead to stroke.** Animals subjected
to a renovascular model of chronic arterial hyperten-
sion not only developed spontaneous brain lesions but
also developed larger brain lesions when subject to
ischemia.*® Blood pressure management may be an
important therapeutic strategy for primary and second-
ary stroke prevention in CKD patients.
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Effects of age and sex in brain—kidney interaction
dafter stroke

In addition to comorbidities such as hypertension and
diabetes, age and sex may be factors affecting brain—
kidney interaction. The prevalence of CKD rises dra-
matically with age and while 38% of elderly (>65 years)
population have moderate or severe CKD, only 13% of
middle-aged adults (45-64 years) and 7% young adults
(1844 years) have CKD.*” While the kidneys are
affected by aging, the elderly with low eGFR usually
present with comorbidities such as arteriosclerosis and
hypertension while healthy aging adults have modest
decline in GFR.*® The rate of progression from CKD
to end-stage renal disease with patients needing dialysis
or kidney replacement increases with advancing age.*
CKD is more common in women (15%) compared to
men (12%), and the progression of CKD to end-stage
renal disease is faster in men than in women; however,
women with CKD are at a higher risk of fatal strokes
compared to men with CKD.?” AKI indicated by high
serum creatinine levels within 48 hours of admission
after stroke, is associated with increased mortality."”
At the time of hospital admission, while the mean
serum creatinine level did not differ between ischemic
and hemorrhagic stroke subtypes in men, the mean
serum creatinine level was significantly higher in
women with ischemic stroke compared to women
with hemorrhagic stroke.'” Interestingly, age but not
gender varied significantly between patients with ische-
mic or hemorrhagic subtype—with older patients
(mean age 72) presenting with ischemic stroke and
younger patients (mean age 65) presenting with hemor-
rhagic stroke.' The elderly population who develop
CKD are highly susceptible to AKI due to their
reduced renal function reserve.* Risk factors associat-
ed with AKI in the elderly include age-related structur-
al and functional changes in the kidney, presence of
comorbidities, and diagnostic (contrast agents) and
pharmacological interventions.*® Post stroke incidence
of AKI was significantly elevated in elderly patients
after acute ischemic stroke.'” However, the risk of
AKI after ischemic stroke did not differ between elder-
ly men and women.'® Further studies are warranted to
investigate effects of age and sex on brain—kidney inter-
action after stroke.

Mechanisms of kidney dysfunction
following stroke

CAN mediates kidney dysfunction after stroke

The CAN is an integral internal regulation system that
controls visceral motor and neuroendocrine responses.
Lesions of the brain parenchyma affecting CAN or

compression around the CAN after brain injury stim-
ulate the superior sympathetic center, the visceral
motor pathway, and finally the sympathetic nerve end-
ings which then release norepinephrine. The role of
CAN in mediating kidney dysfunction after stroke is
discussed below and summarized in Figure 1. CAN
consists of the insular cortex, medial prefrontal corti-
ces, hypothalamus, periaqueductal gray matter, amyg-
dala, ventrolateral medulla, nucleus of the tractus
solitaries, and part of primary motor cortex and the
rostromedial motor area. The primary and rostrome-
dial cortex are autonomic control centers of the kidney
and influence kidney functioning. Physiological experi-
ments in rodents have demonstrated that electrical
stimulation of primary motor cortex and contiguous
areas of premotor cortex leads to changes in viscero-
motor function including a reduction in renal blood
flow.*! Therefore, brain damage to primary and rostro-
medial motor area may affect renal function. Since
studies on the visceral motor pathways are mostly
based on the study of static and dead animals, there
is a lack of in vivo techniques for real-time observation
of the visceral motor pathway. Prospective and retro-
spective cohort studies of the changes in the renal func-
tion after frontal lobe injury are needed. The
hypothalamus is an important component of the
limbic system and innervates the sympathetic pregan-
glionic neurons which mainly dwell on the intermedio-
lateral column of the spinal cord and have synaptic
connections with renal postganglionic neurons.
Studies have shown that disinhibition of the paraven-
tricular nucleus of the hypothalamus decreases eGFR,
urinary sodium excretion, urine flow, and renal plasma
flow.** Therefore, injury to the brain disrupting these
thoracic segments and the fiber tracts projecting to the
hypothalamus may result in kidney dysfunction. The
insular, medial prefrontal, and other regions in the pre-
frontal cortex are high-order autonomic control cen-
ters. The insular lobe plays an important role in
regulating visceral function. Both insular infarction
and insular surgical resection cause heart disease (myo-
cardial necrosis, cardiac arrhythmias, and ECG abnor-
malities).** Following a model of insular cortical lesion
in normotensive rats, renal sympathetic nerve discharge
immediately increased at 10min after insular cortex
damage.** However, renal dysfunction following
damage to CAN components has not been
investigated.

Neuroendocrine system

Hypothalamic—pituitary axis and sympathetic pathway. The
hypothalamus—pituitary—adrenal axis regulates gluco-
corticoid release from the adrenal glands and can be
directly activated following injury to the brain such as
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stroke, thereby altering serum glucocorticoid levels.*’
Glucocorticoids affect renal function by influencing
glomerular and tubular function.*® Short-term admin-
istration of glucocorticoids leads to eGFR increase, but
chronic exposure of glucocorticoids may decrease
GFR.*® In patients with acute cerebral ischemia,
peripheral sympathetic nerve excitation stimulates
the adrenal glands to secrete catecholamines into the
bloodstream resulting in elevated plasma norepineph-
rine levels.*” Adrenergic receptors are expressed in
juxtaglomerular cells, renal tubules, and in the vascu-
lature. Norepinephrine and epinephrine released by the
sympathetic nerve innervating the kidney and in
plasma, can bind to these adrenergic receptors. High
intensity and long duration of sympathetic excitation
leads to the binding of catecholamine and angiotensin
IT to their receptors of the renal artery, and prompts
constriction and contraction of the renal artery leading
to renal ischemia.*® Angiotensin II participates in renal
fibrosis formation.* Furthermore, acute cerebral
injury is often involved with elevated serum catechol-
amines and visceral sympathetic nervous system activ-
ity which lead to hypertension.” Therefore, prolonged
elevation of catecholamines may lead to kidney disease.

Renin—angiotensin—aldosterone system. Angiotensin II is
involved in the pathogenesis of stroke, and is increased
in the plasma of patients with mild stroke.”' The renin—
angiotensin—aldosterone system may play an important
role in the pathogenesis of glomerular and interstitial
fibrosis in the kidney.*’ In vitro, several cell types
(mesangial and tubular cells) respond to angiotensin
II stimulation by increasing transforming growth
factor (TGF) expression and synthesis.>> Infusion of
angiotensin II into different biological species contrib-
utes to renal injury and progression to renal fibrosis.>
Angiotensin II promotes the secretion of vasopressin or
antidiuretic hormone (ADH), which regulates vasocon-
striction and water retention in the body. In response
to ischemic stress after stroke, sympathetic nervous
system activity increases, which also increases ADH
generation.>* In vivo experiments have suggested sev-
eral mechanisms of angiotensin Il-mediated kidney
dysfunction. For instance, direct stimulation of fibro-
blasts by angiotensin II may contribute to the patho-
genesis of renal interstitial fibrosis by inducing the
expression of TGF and angiotensinogen genes.”> Both
mouse and human studies suggest that angiotensin II
induces interleukin-6 (IL-6) production in the kidney,
and that increased IL-6 may play an important patho-
genic role in CKD by inducing fibrotic gene expression
and Endothelin-1 gene expression.>® Moreover, in vivo,
angiotensin II infusion increases glomerular TGF-p
production.’® Angiotensin II can directly activate glo-
merular expression of cytokines, inflammatory, and

fibrotic factors that alter renal hemodynamics.’® In
addition to direct actions on renal glomerular and
tubular cells, angiotensin II stimulates macrophage
accumulation in the glomerulus and tubule cells.’®
Aldosterone regulates kidney sodium and potassium
handling and blood pressure. High aldosterone level
has been associated with worse stroke outcome
in patients with and without hypertension.”’
Aldosterone stimulates the production of reactive
oxygen species (ROS), inflammation and fibrosis of
kidney.>® Therefore, the renin—angiotensin—aldosterone
system may be involved in molecular mechanisms of
stroke-induced kidney dysfunction.

ADH hormone. ADH is normally synthesized in the
supraoptic and paraventricular nuclei of hypothala-
mus, but can also be released in response to sympathet-
ic activation. Ischemic stroke, as a stressor, can
increase the activity of sympathetic nerves. The combi-
nation of ADH released into the blood and the V1
receptor and V2 receptor expressed in the kidney lead
to an increase of corresponding water channel proteins.
The V2 receptor activation leads to increased numbers
of aquaporin 2 channels in the apical membrane, and
aquaporin 2 channel syntheses causes increased water
reabsorption.*? Vla receptor activation increases the
renal water reabsorption and osmotic gradient. In
addition, activation of Vla receptors expressed in the
glomeruli causes reduced proximal tubular filtrate flow,
leading to increased renal tubular sodium reabsorption
and mesangial constriction with reduced glomerular
blood flow.”” Thus, stroke may affect kidney function
by interaction between ADH and V1 and V2 reception.

Role of autoregulation in mediating kidney
dysfunction after brain injury

Autoregulation of blood flow is a mechanism that
maintains constant and continuous perfusion during
changes in blood pressure. Autoregulation is present
in both the cerebral and renal vasculature. The vascu-
lature of the kidney and brain are low resistance arte-
rial beds where autoregulation is maintained by
myogenic and metabolic mechanisms. Cerebral autor-
egulation can be modulated by sympathetic nervous
activity, the vascular renin—angiotensin system, and
other factors that alter cerebral blood flow (CBF).
Cerebral autoregulation is compromised following
acute ischemic stroke.®® In stroke patients with ische-
mia in the middle cerebral artery territory, dynamic
cerebral autoregulation and kidney function indicated
by eGFR were evaluated within 6 h of stroke onset, and
stroke outcome was measured using modified Rankin
Scale at 3months after stroke.®” This study found a
significant correlation between reduced eGFR values
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and reduced autoregulation in the brain.®® In addition,
both reduced eGFR and decreased cerebral autoregu-
lation were associated with increased white matter
lesion burden, and were predictors of poor stroke out-
come at 3months after stroke.®® Secondary complica-
tions such as hemorrhagic transformation and cerebral
edema are also associated with reduced eGFR and
worse cerebral autoregulation and may contribute to
worse stroke outcome.®® Many of the patients had dia-
betes (30%), dyslipidemia (59%), and hypertension
(61%); however, these vascular risk factors were not
related to cerebral autoregualtion.®

Role of inflammatory and immune responses in
mediating kidney dysfunction after brain injury

Inflammation and immune responses play an impor-
tant role in the pathological progression of stroke.
Injury to the brain increases the expression of inflam-
matory factors such as C-reactive protein (CRP), IL-6,
IL-1B, ROS, tumor necrosis factor-oo (TNF-a), matrix
metalloproteinase-9 (MMPY), and IL-33 in the brain
tissue and blood, as well as increases the infiltration
of immune cells, including adaptive immune cells and
innate immune cells into the brain. Inflammation and
immune system activation are vital factors in the devel-
opment of AKI and CKD. The innate immune
response is nonspecific and is often the first response
to invading pathogens. Macrophages express many
cytotoxic moieties, including proteolytic enzymes, and
pro-inflammatory cytokines and chemokines, and
ROS. Macrophage-derived inflammatory cytokines
such as ROS and interleukins (IL-1, IL-6, IL-23) play
a key role in mediating kidney impairment in experi-
mental models of kidney injury.® Following infiltra-
tion into the kidney, macrophages may promote
inflammatory injury and renal fibrosis or tissue repair
depending on their phenotype (M1 vs M2).°' In a
mouse model of renal ischemia—reperfusion injury, nat-
ural killer (NK) cells can promote apoptosis in tubular
epithelial cells, and depletion of NK cells protects
against ischemia—reperfusion injury.®> Recruitment of
neutrophils into the kidney is hallmark in AKI patho-
genesis and is observed in ischemia—reperfusion injury
as well as sepsis-induced AKI models in mice.®
Neutrophil degranulation leads to the release of
oxygen free radicals, proteases, myeloperoxidase and
several cytokines, which amplify renal tissue injury.®*
Systemic inflammation and immune responses mediat-
ed by the spleen likely play a central role in promoting
kidney dysfunction after brain injury, and is discussed
below and summarized in Figure 2.

C-reactive protein. CRP is a protein synthesized and
secreted primarily by the liver hepatocytes into the

bloodstream in response to inflammatory signals
released by the macrophages and adipocytes.> CRP
can also be synthesized by smooth muscle cells, macro-
phages, endothelial cells, lymphocytes, and adipo-
cytes.®> Plasma CRP levels are increased after
ischemic stroke, CKD, and kidney failure and serve
as a biomarker of disease.®*®” Compared to healthy
controls, ischemic stroke patients have elevated blood
CRP levels in the acute phase of stroke as well as at
their 3-month follow-up.®® Experimental studies have
shown that injection of CRP increases infarct volume
after stroke in rats,®® and high levels of CRP increase
paracellular permeability and can pass the BBB in
mice.®” Upon entering the ischemic brain, CRP bind
to ligands exposed in damaged brain tissue and aggra-
vates inflammation by activating the complement path-
way.®® High CRP levels after stroke decrease renal
filtration particularly in patients with high body mass;
as high body fat-induced early inflammatory processes
may predispose these patients to glomerular hyperfil-
tration related renal functional loss.”® Significantly ele-
vated CRP plasma levels are found in patients with
chronic renal failure.®’ Elevated levels of CRP contrib-
ute to aggravated macrophage and T-cell infiltration
and macrophage polarization to M1 macrophage phe-
notype, and is associated with increased expression of
adhesion molecules (intercellular adhesion molecule 1),
proinflammatory cytokines (IL-1p and TNF-o), and
chemokines (monocyte chemoattractant protein-1).”!
Elevated CRP levels also promote renal fibrosis includ-
ing myofibroblast accumulation and collagen I and 111
production and deposition, which are likely to be asso-
ciated with increased TGF-B/SMAD signaling.”? In
rats subject to ischemic stroke, TGF-B1 and SMAD3
were both significantly upregulated in ischemic brain
tissue.”® It is noteworthy that TGF-p1/SMAD3 may
exert neuroprotective effects against ischemia-induced
neuronal apoptosis.”® Increased TGF-B signaling pro-
motes renal fibrosis through its downstream SMAD
signaling.”* In addition, CRP induces IL-6 mRNA
expression and protein release from HK-2 cells.””
TGF-1 is highly expressed in HK-2 cells, which sug-
gests that CRP plays a critical role in renal fibrosis.””
Therefore, CRP is a likely mediator of brain injury-
induced kidney dysfunction.

Interleukin-6. In the CNS, many cells can secrete 1L-6
including neurons, astrocytes, microglia, and endothe-
lial cells, and IL-6 can pass the BBB into the blood
stream. Ischemic stroke is known to increase plasma
levels of 1L-6, a multifunctional proinflammatory cyto-
kine, compared to healthy control subjects.”® The
kidney takes part in the elimination of IL-6 from the
systemic circulation.”” Plasma IL-6 is also increased in
patients with creatinine clearance rate <20 mL/min,
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chronic renal failure, or CKD.”® In both humans and
mice, elevated IL-6 has been shown to directly induce
fibrotic gene expression and facilitate progression of
renal fibrosis.>®> A number of in vitro studies have dem-
onstrated that elevated 1L-6 may give rise to epithelial
cell apoptosis and damage, mesangial cell proliferation,
and proliferation and infiltration of leukocytes which
are associated with the pathophysiology of kidney dis-
ease.”” IL-6 also promotes the upregulation of multiple
fibrotic genes including o2-procollagen, TGF-B, and
plasminogen activator inhibitor-1 in the mouse kidney
which are associated with kidney fibrosis.”” IL-6 induces
CRP synthesis by the liver. Therefore, IL-6 is also a
suitable candidate to mediate stroke-induced kidney
dysfunction. However, whether elevated plasma IL-6
post stroke can penetrate the endothelial and epithelial
cell layers into the mesangial region and tubular inter-
stitial area, respectively, is unclear.

Reactive oxygen species. Increased ROS promote tissue
destruction and cell death in patients with stroke.®
In the acute phase after stroke, there is a rapid increase
in ROS production which impairs antioxidant defense
mechanisms and causes additional tissue damage via
promoting autophagy, apoptosis, and necrosis in the
ischemic brain region.® ROS have also been implicated
in ischemia reperfusion injury, during which rapid res-
toration of CBF increases tissue oxygenation levels and
triggers a second burst of ROS.*® BBB disruption fol-
lowing brain injury enables entry of ROS into the
bloodstream.®! In the kidney, ROS increases endothe-
lial cell permeability, which facilitates entry of
high-molecular-weight ~ compounds, inflammatory
mediators, immune cells, and immune complexes into
the endothelium of glomerular filtration membrane.®?
ROS degrade the glomerular basement membrane and
impair glomerular and tubular cell functions.®> ROS
molecules may have key roles in facilitating TGF-
B-induced SMAD2/3 activation which has an impor-
tant role in renal fibrosis.®

Interleukin-1 beta. 1L-1B is produced and secreted by
activated microglia and infiltrating macrophages after
stroke.®* IL-1B is generated as an acute inflammatory
response after injury to the brain, and plays a vital
pathogenic role in several chronic diseases.®®> For
instance, mice lacking IL-lo and IL-1B have signifi-
cantly decreased ischemic infarct volume and edema
compared to wild-type mice subjected to a model of
stroke,®® and a selective IL-1p antibody treatment
decreased ischemic injury.®” Serum levels of inflamma-
tory cytokines IL-1B were markedly increased in the
acute period after ischemic stroke in patients.”® In
pigs subjected to a model of brain death, 6h after
brain death, there was significantly elevated expression

of plasma cytokines including IL-6, IL-1B, and TNF-
o.%® Interestingly, IL-6 and IL-1B were also significant-
ly increased in peripheral organs such as kidney, heart,
and lungs.®® IL-1p also plays a key role in kidney injury
and fibrosis. Pro-inflammatory M1 macrophages
induce kidney fibrosis by secreting IL-1B.%¥
Furthermore, there is a twofold increase in IL-1B
levels following acute tubular necrosis induction, and
an increase in neutrophil recruitment.”® Following
AKI, IL-1p deficient mice show markedly less infiltra-
tion of inflammatory cells compared with controls.”!
IL-1P increases the expression of ICAM-1 (CD54) on
endothelial cells, which interacts with integrin mole-
cules of neutrophils and monocytes to promote endo-
thelial adherence.”” Treatment with monoclonal
antibodies directed against ICAM-1 reduced kidney
damage in ischemic acute tubular necrosis model.”>
Therefore, increased circulating inflammatory factors
such as IL-1P in response to stroke may contribute to
kidney dysfunction.

Tumor necrosis factor-o.. In preclinical stroke models,
expression of the pro-inflammatory cytokine TNF-o
was significantly increased in ischemic neurons and
facilitated inflammatory cell infiltration into brain,
thereby exacerbating brain tissue damage in the acute
phase after stroke.”® In addition, brain parenchymal
cells such as astrocytes, microglia, and endothelial
cells also produce TNF-o.* In the acute phase after
ischemic stroke in mice, activated spleen cells secrete
significantly increased levels of TNF-o which may
explain elevated TNF-a expression in the peripheral
circulation.” On the other hand, TNF-a can exert pro-
tective and regenerative effects after ischemic
stroke.”®”” TNF knockout mice or transgenic mice
lacking TNF or the TNF receptor that are subjected
to ischemic injury have increased ischemic infarct
volume compared to corresponding wild-type control
mice, indicating a protective role of TNF-o.”*?” The
neuroprotective and neurotoxic roles of inflammatory
cytokines such as TNF-a, IL-1pB, and IL-6 have previ-
ously been discussed in detail.”® TNF-a is normally
absent in the kidney, but under a disease state, TNF-
o expression in kidney increases with infiltration of
activated monocytes and macrophages and may con-
tribute to progression of AKI to CKD.?” Recent stud-
ies have found that the expression level of TNF-a in
serum and kidney in AKI correlated with the severity
of kidney injury,'” and inhibition of the TNF-a pro-
tects against cisplatin-induced AKI.'®" Therefore,
whether increase in circulating TNF-o following
stroke may contribute to kidney dysfunction warrants
further investigation.
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Interleukin-33. TL-33 is a pro-inflammatory cytokine and
a member of the IL-1 family that is expressed by numer-
ous cell types, including dendritic cells, macrophages,
and endothelial cells. Serum IL-33 is significantly elevat-
ed in patients with acute ischemic stroke compared to
healthy controls.'® Serum IL-33 is also elevated in
cisplatin-induced AKI, and IL-33 promotes develop-
ment of AKI through CD4+ T cell-mediated produc-
tion of CXCL1.'” Therefore, it is likely that IL-33
contributes to the acute renal injury following stroke.

Matrix metalloproteinase-9. MMP9 is expressed in the
hippocampus, cerebellum, and cortex in the brain,
with limited expression in astrocytes and microglia
and predominant expression in neurons. Ischemic
stroke significantly increases plasma and brain
MMP9 expression and mediates neuronal damage
and apoptosis, inflammatory cascade and BBB disrup-
tion.'” In the adult kidney tissue, MMP9 is mainly
expressed in collecting duct cells and podocytes.'®
MMPs are a family of endopeptidases that degrade
all components of the extracellular matrix, and under
pathological conditions regulate remodeling of renal
tissues.!*® Elevated circulating MMP9 is associated
with resistant albuminuria and CKD progression in
patients.'®” Therefore, it is possible that MMP9 also
contributes to CKD following brain injury.

T cells. As a part of adaptive immune response to ische-
mic stroke in patients, peripheral blood T cells are acti-
vated, particularly, circulating T cells specific for
central nervous system antigens are activated.'” The
release of inflammatory mediators by activated T cells
can infiltrate the kidney and cause renal dysfunction.
T cells play a key role in the development of glomerular
nephritis and CKD.'” CD8+ T cells can be activated
by specific renal autoantigens which cause kidney
damage and contribute to renal disease and inflamma-
tion."!® In this setting, activated CD8+ T cells can
release other renal-specific autoantigens that cause fur-
ther activation of CD8+ cells and greater renal
damage."'® CD4+Th cells are mainly activated by
inflammatory cytokines and antigen presenting cells.
CD4+Th cells can be further classified into different
subsets such as Thl and Thl7 cells. Thl cells take
part in tissue injury by the releasing inflammatory cyto-
kines such as interferon-y, IL-2, and TNF-o.''" The
Thl subset promotes the activation of macrophages
and CD8+ T cells which lead to tissue injury.''" In
experimental models of AKI, activation of pro-
inflammatory Thl and Th17, the phenotype of effecter
memory CD4+T cell, directly contributes to kidney
tissue damage via the action of released cytokines and
chemokines.''> Th17 cytokines can drive renal inflam-
mation partly by increasing TNF-a expression and

upregulating chemokines which cause the infiltration
of immune cells into the renal tissue.''?

Immune complexes. In general, immune complexes medi-
ate the pathogenesis of kidney disease by two ways: (1)
deposition of soluble antigen antibody complex from
blood circulation and other tissue in the glomeruli and
(2) via the formation of in situ immune complexes.
A recent study demonstrated that anti-brush border
antibodies present in inflammatory bowel disease
patients cross-react with renal proximal tubular brush-
border membrane antigens.!'* Other studies suggest an
antigenic association between the human colon, human
kidney, and the common antigen of entero-bacteria-
ceae.!" It is unknown whether the brain and kidney
also have common antigens. Elevated levels of circulat-
ing neurofilament antibodies were found at 1, 3, and
6months after stroke in patients.''® Therefore, injured
brain cells release brain antigens to the extracellular
milieu and the circulation which can then reach the
kidney and cross-react with renal antigens and cause
kidney disease. The antigens remaining in the glomeru-
lar filtration membrane and the corresponding antibody
from the brain and circulation can react with the anti-
gens to form immune complexes. Such formation of in
situ immune complexes and their subsequent deposition
in the glomeruli can activate inflammatory mediators. In
stroke patients, serum concentration of immune com-
plexes is significantly elevated.''” Immune complexes
promote the synthesis of collagen fibers and enhance
infiltration of monocytes and lymphocytes.''® If
immune complexes released into blood remain in the
glomerular filtration barrier, they may function similarly
to in situ immune complexes and cause renal lesions.'"”

Extracellular vesicles and microRNAs mediate
brain—kidney interaction

EVs are cell-derived membrane particles ranging from
30 to 5000 nm in size and include exosomes, micropar-
ticles, and apoptotic bodies. EVs mediate cell-cell com-
munication and affect recipient cell function by
carrying and delivering complex cargos of biomolecules
(nucleic acids such as DNAs, ribosomal RNAs, circular
RNAs, long noncoding RNAs and microRNAs
(miRs), proteins, and lipids). MiRs are a class of
small noncoding RNAs which regulate gene expression
by degrading or blocking translation of mRNA targets
at the post-transcriptional level. Over the past few
years, the important role of miRs in human diseases
is being unraveled. Upon injury to the brain, EVs
released by endothelial cells, neurons, astrocytes,
microglia, and other cells can mediate a “Yin-Yang”
effect such as injury and repair mechanisms in the brain
as well as be transported to distal organs. In our
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previous review article, we summarized evidence of sys-
temic organ interaction in modulating neurological
outcome after stroke and discussed the effects of
stroke on other organs such as the heart, gut, spleen,
and lungs in addition to kidney.'?*'?! Treating second-
ary injury to peripheral organs after stroke may be an
important means to promote overall recovery, and
future studies are warranted to elucidate the communi-
cation axes among the various organs.'?’

Role of EVs in mediating kidney dysfunction after injury to the
brain. EVs participate in kidney development and
normal physiology and in the pathogenesis of AKI,
CKD, diabetic nephropathy, renal fibrosis, glomerular
diseases, and end-stage renal disease.'”? EVs transfer
functional receptors and promote kinin-associated
inflammation, as well as promote thrombosis, inflam-
mation, and immune-mediated disease and regulate
kidney dysfunction.'”® Compared with normal control
mice, AKI and CKD mice secrete high levels of EVs
from kidneys and in urine, which contain elevated
levels of inflammatory cytokine mRNA, particularly
the chemokines chemokine (C-C motif) ligand 2
(CCL2).'"** EV-mediated transfer of CCL2 mRNA
from tubular epithelial cells to macrophages plays a
critical role in albumin-induced tubule-interstitial
inflammation.'** Inflammatory responses in the brain
activate a systemic acute-phase response, which is
dependent on the release of EVs into the circulation.
A clinical study reported that levels of endothelial/
platelet microparticles are increased in anti-
coagulated atrial fibrillation patients, and endothelial/
platelet microparticles levels are correlated with
CKD identified by eGFR and serum creatinine.'*
Circulating microparticles provide a pro-coagulant
aminophospholipid surface and promote thrombosis
and coagulation.'?® Acute ischemic stroke increases cir-
culating platelet EVs which are significantly correlated
with stroke severity, and these platelet EVs increase
thrombin generation.'?” Systemic coagulation leads to
small thrombi which can cause vascular obstruction,
renal ischemia, and kidney dysfunction.

Role of miRs in mediating kidney dysfunction after injury to the
brain. MiRs may play key roles in mediating inter-
organ cross talk and peripheral organ injury after
damage to the brain.'?® It has recently been reported
that cardiac dysfunction after ischemic stroke in mice
may be induced by decreased expression of miR-126,
an miR known to maintain vascular integrity and reg-
ulate angiogenesis.'*® Similarly, stroke-induced altera-
tions in miR expression levels may be directed to adjust
cytokines, chemokines, and adhesion molecules to con-
trol the occurrence and development of renal dis-
ease.'” MiR expression is chronically affected after

stroke, and dysregulated miRs have been detected
in blood samples collected from stroke patients at
6-18 months after ischemia onset.'*” In the peripheral
blood of young stroke patients, 138 miRs were found
to be upregulated while 19 miRs were downregu-
lated."*® Among these differentially regulated miRs,
miR-21, miR-29¢, and miR-200b/c can potentially pro-
voke kidney dysfunction. MiR-21 is a TGF-B1-induced
miR that has been shown to promote renal fibrosis by
positively regulating the expression of extracellular
matrix and a-smooth muscle actin in tubular epithelial
cells and fibrotic kidneys."*! In response to TGF-B,
miR-21 is upregulated in tubular epithelial cells,
which is mediated by SMAD3 signaling and results in
increased renal fibrosis."*! In-vitro, human tubular epi-
thelial cells cultured with TGF- to induce fibrosis and
treated with quercetin significantly attenuated fibrosis
via suppressing the miR-21 expression and increasing
the expression of its target genes such as phosphatase
and tensin homolog and tissue inhibitor of metallopro-
teinases-3.'% In another study, by employing astraga-
loside IV treatment in diabetic mice, inhibition of miR-
21 decreased podocyte dedifferentiation and mesangial
cell activation thereby improving renal function and
attenuating renal fibrosis.'*® Elevated miR-29¢ pro-
motes cell apoptosis and increases extracellular
matrix protein accumulation in mice with diabetic
nephropathy."** In addition, knockdown of miR-29¢
in diabetic mice using a specific antisense oligonucleo-
tide significantly attenuated renal impairment indicated
by decreased albuminuria and kidney mesangial matrix
accumulation.'* MiR-200b/c expression was signifi-
cantly increased in glomeruli of type 1 and type 2 dia-
betic mice as well as in vitro in mouse mesangial cells
treated with TGF-B1."*> Upregulation of miR-200b/c
increases collagen type I alpha2 and collagen type IV
alpha 1 expressions which are the main constituents
of the extracellular matrix of kidney.'*> MiR-181a
appears to be a robust and stable biomarker, being
significantly decreased by approximately 200-fold in
exosomes of CKD patients compared to healthy con-
trols.'*® Overexpression of miR-181a activates TLR/
NF-«B signaling thereby attenuating CKD symptoms
such as glomerulosclerosis and renal tubular epithelial
cell apoptosis.’*” Overall, miRs may contribute to renal
dysfunction after stroke, and further studies are war-
ranted to investigate their use as novel biomarkers as
well as therapeutic targets.

Future directions

Role of spleen

Leukocytes of spleen include various subsets of T cells,
B cells, dendritic cells, and macrophages. There is



Zhao et al.

257

mobilization of splenocytes after stroke, and the spleen
releases immune cells such as T cells, macrophages and
neutrophils and chemokines into the circulation follow-
ing stroke.'*® It has been shown that following stroke,
immune cells migrate to heart tissue and induce cardiac
dysfunction."® A similar mechanism may also contrib-
ute to kidney dysfunction after stroke and requires
investigation.

Role of gut microbiome

Emerging evidence indicates that the gut microbiota
interact with the immune system, CNS, and kidney
under normal as well as disease conditions. Systemic
inflammation and immune responses are altered in
response to stroke, kidney diseases, and by the gut
microbiome.'*” Stroke alters gut permeability which
enables recognition of antigens of microbiota by the
immune cells."*" Activated immune cells can then
attack common antigens of colon and kidney leading
to kidney injury. T cells are known to increase kidney
disease'** and may mediate interaction of gut, brain,
and kidney. Stroke also induces gut dysbiosis, which
alters immune homeostasis, including reduced IL-17-
producing T cells which accumulate in the meninges
and take part in brain injury.'*® Both experimental
and clinical evidence have shown that IL-17-
producing T cells contribute to renal diseases.'**
Whether decreased IL-17-producing T cells in gut
induced by stroke participate in kidney disease remains
to be studied.

Role of imaging contrast agents

Early vascular imaging using computed tomographic
angiography (CTA) and conventional angiography
aids the diagnosis and management of acute stroke
patients; however, there may be an associated risk of
iodinated contrast dyes inducing AKI. A retrospective
study comparing CTA and noncontrasted head com-
puted tomography (NCHCT) in patients with acute
ischemic stroke was conducted to evaluate the renal
safety of using contrast agents as well as timeliness of
tPA treatment.'* The study included 289 patients
admitted to the University of Virginia Medical Center
Emergency Department among which 54.8% were
women, mean age of patients was 68.8 years, and 157
had CTA imaging and 132 had NCHCT only. The
change in serum creatinine levels from presentation to
24-48 h later was used to assess AKI. Overall, 6.3% of
ischemic stroke patients developed AKI, and there was
no significant difference in the number of patients
developing AKI between the patient groups subjected
to CTA and NCHCT.'* Also, there was no significant
difference in the time from admission to tPA

administration between the two patient groups.'®

Similarly, a large population-based stroke incidence
study and a systematic review and meta-analysis eval-
uating AKI incidence in acute ischemic stroke patients
undergoing CT imaging, also reported that the risk of
developing AKI or worsening of existing renal disease
after contrast dye was relatively small.'**'*" A retro-
spective study conducted in China studied the correla-
tion between proteinuria and contrast-induced AKI in
stroke patients undergoing cerebral angiography (total
2015 patients with mean age of 52years and 49.4%
women).'*® AKI was defined as >25% increase in base-
line serum creatinine at 48 h after exposure to contrast
agent. Contrast-induced AKI was observed in 4.2% of
patients (82 out of 2015 patients), and proteinuria
increased the risk of developing contrast-induced
AKI by fivefold as well as increased 1-year mortality
rate.'*® Among the patients who developed contrast
agent-induced AKI, there was a trend of advanced
age, greater neurological severity, lower eGFR, and
higher prevalence of proteinuria and anemia compared
to patients who did not develop AKI.'*® In the clinic,
for patients presenting with ischemic stroke, the risk of
contrast agent-induced AKI must be weighed against
the diagnostic and interventional benefits of rapid and
early assessment of vascular anatomical structures
using imaging. It may be important to detect potential
risks of renal dysfunction (proteinuria, serum creati-
nine, eGFR, etc.) to identify risk of contrast agent-
induced AKI in stroke patients and device management
plans.

Conclusions

Based on the cross talk between organs and related
epidemiological data, this review summarizes mecha-
nisms that may underlie stroke-induced renal dysfunc-
tion. Importantly, whether stimulation to the nerve
center is sufficient to cause kidney disease remains to
be confirmed by experimental preclinical studies. There
is limited evidence of the mechanisms underlying direct
brain—kidney interaction and kidney dysfunction after
injury to the brain. The current evidence is largely asso-
ciative, and further experiments investigating renal dys-
function after stroke are required to verify the
pathological changes and to identify molecular mecha-
nisms which may enable development of novel thera-
peutic interventions.
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