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Abstract

Acute kidney injury (AKI) causes multiple organ dysfunction. Here we identify a possible
mechanism that can drive brain vessel injury after AKI. We induced 30 min bilateral renal
ischemia-reperfusion injury in C57B1/6 mice and isolated brain micro- and macro- vessels 24 h or
1 week later to test their responses to vasoconstrictors and found that after AKI brain vessels were
sensitized to angiotensin Il (Ang I1). Upregulation of fibroblast growth factor 2 (FGF2) and FGF
binding protein 1 (FGFBP1) expression in both serum and kidney tissue after AKI suggested a
potential contribution to the vascular sensitization. Administration of FGF2 and FGFBP1 proteins
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to isolated healthy brain vessels mimicked the sensitization to Ang Il after AKI. Brain vessels

in Fgfbpl™~ AKI mice failed to induce Ang Il sensitization. Complementary to this, systemic
treatment with the clinically used FGF receptor kinase inhibitor BGJ398 (Infigratinib) reversed
the AKI-induced brain vascular sensitization to Ang I1. All these findings lead to the conclusion
that FGFBP1 is especially necessary for AKI-mediated brain vascular sensitization to Ang Il and
inhibitors of FGFR pathway may be beneficial in preventing AKI-induced brain vessel injury.
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Introduction

Acute kidney injury (AKI) is a common clinical syndrome characterized by a rapid
accumulation of end products of nitrogen metabolism such as urea and creatinine and/or
decreased urine output, caused by reduction of the kidney’s excretory capacity. The
incidence of AKI is increasing worldwide, 12 and poses a severe clinical challenge in
hospital patients.3-6 Despite considerable efforts,”8 an optimal therapy has not been found.
Importantly, therapeutic approaches focusing on kidney injury alone are not sufficient since
multiple distant organs including lung,®19 brain,!! heart,12 liver!3 and small intestine are
also damaged due to AKI and the damage to these organs further contribute to poor disease
outcome.14 Thus, it is crucial to identify mechanisms by which AKI can affect distant organ
function and develop therapies to prevent AKI-associated distant organ injury.
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Several studies have explored the crosstalk between kidney and brain after AKI,15 which
are mainly manifested as insufficient blood supply of brain and ischemic stroke. However,
the mechanisms of the interaction and the impairment of brain function, respectively, are
still poorly understood. The activation of renin-angiotensin system is important in the
development of AKI and the interaction of kidney and brain during AKI. Some studies
have shown that in the early stages of AKI, the activation of the renin-angiotensin system
produces more angiotensin Il (Ang Il), which causes arteriole constriction and changes in
hemodynamics.16:17 In addition, reactive oxygen species (ROS) and inflammation may also
participate in the kidney-brain crosstalk since AKI will induce a high oxidative stress state
and systemic inflammatory reactions.18-20 While excessive ROS can damage endothelial
cells and enhance the vascular sensitization to Ang 11,2! it can also promote the secretion

of fibroblast growth factor 2 (FGF2).22 Moreover, after AKI, leukocytes can be recruited to
infiltrate the ischemic tissue, that may further increase the secretion of cytokines and induce
inflammatory responses. Among them, interleukin 18 (IL-1f) and tumor necrosis factor a
(TNF-a) are closely related to the formation and damage of inflammation after ischemia,
while IL-1B can also drive the secretion of FGF2.23 In addition to this, administration

of antioxidant or anti-inflammatory therapy can significantly reduce kidney damage and
distant organ injury.2425 According to epidemiological studies, patients with AKI had a
significantly higher incidence for developing dementia than the controls,2® and the patients
who recovered from AKI had a higher incidence of developing incident stroke and mortality
than the patients without AKI.2” Due to the importance of maintenance of central nervous
system perfusion on treatment of dementia or stroke, we focus on brain vessels during AKI
and study the mechanism behind it.

Fibroblast growth factors (FGFs) are widely expressed in various tissues and cells

with diverse biological activities such as tissue repair and angiogenic activities.28 The

most abundant FGF protein FGF2 binds to and dimerizes FGF receptors, resulting in
phosphorylation receptor tyrosine residues. Phospholipase Cy1 (PLCy1), as the main
protein in the downstream of FGF pathway, hydrolyze 4,5-bisphosphatidylinositol to
produce inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 stimulates cytosolic
calcium release by binding to relevant receptors in the cell. In addition, DAG can activate

a series of intracellular signaling pathways such as protein kinase C (PKC) and increases
cytosolic calcium and calcium sensitivity.22 Some studies have shown that FGF2 can impact
vascular tone and blood pressure.30:31 and our previous study has shown that renal afferent
arterioles from Fg72 knockout mice fail to contract in response to Ang 11.32 In addition,
some other studies have shown that the expression of FGF2 is significantly increased after
AKI, and the increased expression of FGF2 can be used as an indicator of the degree of AKI
injury.33:34 Moreover, Ang |1 exerts vasoconstriction mainly through angiotensin 11 type 1
receptors (AT1R), which trigger the phosphorylation of PLCy1 and increase the expression
of IP3 and DAG.35 Thus the FGF2 signaling pathway and the Ang 11 signaling pathway
share the common downstream signaling molecule PLCvy1, suggesting a mechanism for
synergistic effect on vasoconstriction.

FGF binding protein 1 (FGFBP1) is a secreted carrier protein that releases locally stored
FGFs from the extracellular heparin sulfate proteoglycans (HSPG) matrix to target cells
which express FGF receptors (FGFRs).36-38 A polymorphism in the human FGFBP1 locus
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is associated with familial hypertension which results in increased expression of FGFBP1
in kidney macrophages of hypertensive subjects,3% and conditional FGFBP1 expressing
transgenic mice have FGF2 and Ang Il dependent hypertension.32 In the present study we
show that FGFBP1 plays a significant role in AKI-mediated cerebral vascular sensitization
to Ang Il

Male C57B1/6 mice (22-30 g, SLAC laboratory animal company, Shanghai, China)

were fed standard food and allowed free access to tap water under standard conditions.
Generation and characterization of the FgfbpZ~~ mice was described recently.*? Animal
handling procedures and experiment protocols were reviewed and approved by Guangzhou
Medical University, Zhejiang University School of Medicine and Georgetown University’s
institutional animal care and use committee and conducted according to the NIH Guide for
the Care and Use of Laboratory Animals.

Renal I/R surgery

Normal mice were randomly divided into five groups: sham-operated mice, 1 day AKI
mice, 1 day AKI mice with intragastric administration of BGJ398 (10 mg/kg) 4 h before
euthanasia, 1 week AKI mice and 1 week AKI mice treated with intragastric administration
of BGJ398 (infigratinib) (10 mg/kg) at the 24 h, 48 h, 72 h and 96 h after surgery. For the
Foftp1™~ mice, only divided into sham-operated mice and 1 day AKI mice. Using ischemia/
reperfusion (I/R) to generate the AKI model was as described previously.4! In brief, mice
were anesthetized under inhalational anesthesia with 2% isoflurane and oxygen mixed with
room air in a vaporizer, then both renal pedicles were clamped with two non-traumatic
microvascular clamps for 30 min after visualizing both renal pedicles through a mid-line
abdominal incision. Thereafter, the clamps were released to start reperfusion. Mice were
kept on a heating pad (37+0.5 °C) during the surgery until they regained full consciousness.
All sham-operated mice and 1 day AKI mice were euthanized 24 h after surgery and brain
and kidney tissues were harvested for analyses. One week AKI mice were euthanized on
the seventh day after surgery. Sham-operated mice were subjected to the complete surgical
procedure without occlusion of the renal pedicles.

Determination of serum creatinine and BUN

Before euthanasia, blood was obtained from the eyes of mice in three groups (sham-operated
mice, 1 day AKI mice and 1 week AKI mice) under 2% isoflurane anesthesia. After
incubated the blood undisturbed at room temperature for 30 min, tubes were centrifuged it
at 3000 rpm at room temperature for 15 min to collect serum. The concentration of serum
creatinine and blood urea nitrogen (BUN) were determined by specific enzyme creatinine
aminohydrolase and urease respectively and were measured by an automatic biochemical
analyzer.
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Morphometric studies

Mice were anesthetized by 2% isoflurane. After perfusion via the heart with phosphate-
buffered saline (PBS), kidney tissue was fixed in 10% formalin and processed by
dehydration and embedded in paraffin. Five microns’ kidney tissue sections were stained
with hematoxylin-eosin (H&E), periodic acid Schiff reaction (PAS) and Masson’s trichrome
for histological assessment. Histological changes were observed at 40X and 200X
magnification. Renal injury was scored by grading the percentage of affected tubules per

10 randomly chosen nonoverlapping fields (200X magnification) according to the following
criteria: tubular dilation, loss of brush border, tubular necrosis, and cast formation using
PAS staining. The renal injury scoring was estimated on a scale from 0 to 5 as follows: 0,
none; 1, 0-10%; 2, 11-25%; 3, 26-45%; 4, 46-75%, and 5, 76-100%. The renal pathologist
quantitatively assessed tubular injury in a blinded fashion.

ELISA for FGF2, FGFBP1, BNP, S100B, TNF-a. and IL-1p

Mice were anesthetized by 2% isoflurane. After collection of the whole blood through mice
eyes, the blood was allowed to clot by leaving it undisturbed at room temperature. It took
about 10-20 min. The clots were removed by centrifuging at 2000-3000 rpm for 20 min to
get the serum for enzyme-linked immunosorbent assay (ELISA) assay of FGF2, FGFBP1,
brain natriuretic peptide (BNP) and S100 calcium binding protein B (S100B). Kidney and
brain tissue samples were cut, weighed, frozen in liquid nitrogen and stored at —80 °C.

The tissue samples were homogenized after adding PBS. The supernatants were collected
carefully after centrifuging at 2000-3000 rpm for 20 min. Aliquot the supernatant for ELISA
assay of FGF2, FGFBP1, TNF-a and IL-1p.

Microperfusion and myograph of brain vasculature

Microperfusion and myograph technology allow analysis of isolated vessels without the
confounding influences of the surrounding tissue and systemic cardiovascular regulation

in the intact animal. Mice were anesthetized by 2% isoflurane and the brain tissue was
gently lifted out of the skull. Brain medulla oblongata arterioles (BMas) ranging from

15-30 um in diameter of 100 um length located in the medulla oblongata were gently and
rapidly dissected from surrounding brain tissue at 4°C in Dulbecco's modified eagle medium
(DMEM) then transferred to an inverted microscope and mounted and perfused via two
holding pipettes. One of the holding pipettes contained an internal perfusion pipette with

an intraluminal flow (0.2 uL/min) and pressure (60 mmHg) was maintained as described
previously.*2 The holding and perfusion pipettes were tailored to the mouse brain medulla
arteriole size. The arterioles were perfused and studied in a temperature-controlled tissue
chamber and the bath solution was maintained at 37 °C during experiments. Experimental
success depended on efficient perfusion. The viability of each arteriole was firstly verified
by bath addition of KCI (100 mmol/L). A monochrome video camera attached to a side port
on the microscope was used to record the data. The photos were taken every 6 seconds. Each
concentration lasted 2 minutes, so 20 photos were taken at each concentration. Arteriolar
luminal diameter was calculated from the mean of seven photos for each concentration and
no arteriole was reused in each experimental set: (i) Bath addition of Ang Il (10712 to 1076
mol/L); (ii) Bath addition of norepinephrine (NE) (10712 to 10~* mol/L); (iii) Bath addition
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of endothelin-1 (ET-1) (10712 to 10~ mol/L); (iv) Preincubation with FGF2 (20 ng/mL,

15 min) followed by bath addition of Ang 11 (10712 to 1076 mol/L); (v) Preincubation

with FGFBP1 (20 ng/mL, 15 min) followed by bath addition of Ang 11 (10712 to 1076
mol/L); (vi) Preincubation with both FGF2 (20 ng/mL, 15 min) and FGFBP1 (20 ng/mL,
15 min) followed by bath addition of Ang 11 (10712 to 1078 mol/L); (vii) Preincubation
with BGJ398 (1000 nmol/L, 15 min) followed by bath addition of Ang 11 (10712 to 10-6
mol/L); (viii) Preincubation with BGJ398 (1000 nmol/L, 15 min) and then incubation with
both FGF2 (20 ng/mL, 15 min) and FGFBP1 (20 ng/mL, 15 min) followed by bath addition
of Ang Il (10712 to 1076 mol/L). Contractions of BMas were presented as relative values
of luminal diameters (percentage of the initial diameter). Brain basal arteries (BBASs) or
post-communication arterioles (PCoAs) were gently isolated and transferred to a small
volume culture dish with ice-cold (0 °C), combination gas-bubbled (95% O,, 5% COy)
artificial cerebrospinal fluid of the following composition (mmol/L): 125 NaCl, 3 KCl, 18
NaHCOs3, 1.25 NaHyPQy4, 1 MgCls, 2 CaCls,, 5 glucoses, PH 7.4 for further dissecting the
arterial rings (2 mm in length). The arterial rings were mounted on 25 um diameter stainless
steel wire in myograph chambers and equilibrated for 20 min at 37 °C before experiments.
After that, resting tension was set according to the manufacturer’s protocol (DMT Wire
Myograph Systems, ADInstruments Inc.) and vessel viability was assessed by the response
to 80 mmol/L KCI. After two washes, cumulative concentration response for vasoactive
agents was obtained. The protocols were as same as for BMas. Only one vessel of each
type (BMa/BBA/PCoA) per animal was used and only viable brain vessels with a strong
constriction in response to KCI were entered.

Calcium imaging

The BMas were perfused and loaded with calcium fluorescence indicator fluo 3, AM (solved
in DMSQO, 4 umol/L) in DMEM for 45 min. Using three washes with DMEM to remove the
free probes. The calcium fluorescence of BMas from both sham-operated mice and 1 day
AKI mice were measured using a Nikon confocal microscope. The 488 nm excitation and
526 nm emission were used to determine the cytosolic calcium concentration of BMas /n
vitro. The calcium changes were used to investigate the effect of vasoactive substances on
cytosolic calcium in five different experimental sets (one arteriole per set): (i) DMEM; (ii)
Ang 11 (1078 mol/L); (iii) Preincubation with both FGF2 (20 ng/mL, 15 min) and FGFBP1
(20 ng/mL, 15 min) followed by Ang 11 (10~® mol/L); (iv) Preincubation with BGJ398
(1000nmol/L, 15min); (v) Preincubation with BGJ398 (1000 nmol/L, 15 min) and then
incubation with both FGF2 (20 ng/mL, 15 min) and FGFBP1 (20 ng/mL, 15 min) followed
by bath addition of Ang 11 (10712 to 1076 mol/L).

Measurement of blood pressure

Blood pressure were monitored by implanted radio telemetry (Data Sciences International,
St. Paul, MN, USA).*3 Briefly, the mouse was anesthetized with 2% isoflurane. The
telemeter catheter was inserted to the left carotid artery at the aortic arch, with the telemeter
body placed in a subcutaneous pocket on the right flank. The telemetric signal was detected
using a model RPC-1 receiver, a 20-channel data-exchange matrix, APR-1 ambient pressure
monitor, and a Dataquest ART 2.3 acquisition system (Data Sciences International). The
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mean arterial pressure for every 5 min periods within 30 min measurement time was
measured from the recorded signals at 10 AM in each mouse.

Collection of the cerebral arterioles by iron perfusion

The method was applied as described previously.*44> Mice from both sham-operated and 1
day AKI group were anesthetized with 2% isoflurane. The inferior vena cava was isolated
with a small incision cut. A catheter was then inserted into the left ventricle of the heart
through a incision. Thereafter, the vascular system was flushed with PBS and perfused with
1% iron oxide PBS solution. After removal of the skull, cerebral arterioles were visualized
via magnetized iron particles. The vascular structures filled with magnetized iron particles
were isolated from non-vascular tissue first by collagenase type IV digestion and then
collected by a high-performance magnet. The procedure resulted in isolated free cerebral
arterioles which were used for mMRNA measurement.

Quantitative RT-PCR analysis

Total RNA was extracted from cerebral arterioles and brain medulla oblongata tissue from
both sham-operated and 1 day AKI group following the manufacturer’s instruction in
AxyPrep multisource total RNA miniprep Kit from AXYGEN, and reverse transcribed
and subjected to PCR on the CFX96 System (Bio-Rad). SYBR green was used for

the fluorescent detection of DNA generated during PCR. Data were expression as

cycle threshold (Ct) and the fold difference in target gene expression between sham-
operated and 1 day AKI group was calculated according to the following formula: fold
difference=2-difference in dCt Gene expression was normalized to the expression of reduced
glyceraldehyde-phosphate dehydrogenase (GAPDH). Primers, which bridge at least one
intron, were designed for PCR amplification on the basis of published sequences for mice.
The primers used are shown in Table 1.

Western Blotting

After euthanasia, the brain medulla oblongata tissue was collected and stored at —80 °C.

The samples were loaded and separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred onto polyvinylidene fluoride membranes. The proteins on the
membranes were probed with corresponding primary antibodies for AT{R, AT,R, FGFR1-4
and B-actin and the second horseradish peroxidase-labeled 1gG anti-rabbit/mouse antibody.
The probed bands were visualized by enhanced chemiluminescent substrates (ECL, Thermo
Scientific) and analyzed by using Image J software (National Institutes of Health, Bethesda,
MD).

Detection of antioxidant capacity

Mice were anesthetized by 2% isoflurane and the tissue samples were harvested and used for
measurement of O,~, H,O,, superoxide dismutase (SOD) and catalase (CAT) activity. O,—
and H,05 content in both brain and kidney tissues were analyzed using standard assays
according to manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China and Beyotime Biotechnology, Shanghai, China).4® The supernatants from
brain and kidney tissues were collected for SOD and CAT activity according to the
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manufacturer’s instructions (Beyotime Biotechnology, Shanghai, China).” Enzymatic
activities of SOD and CAT in supernatants were determined based on its ability to form
H,0, and degradation of H,O, respectively.

Pharmacological reagents

Reagent sources were as follows: Mouse FGF2 ELISA Kit, Mouse IL-1p ELISA Kit

and Mouse TNF-a ELISA Kit from Wuhan ColorfulGene biological technology Co., Ltd
(China); Mouse FGFBP1 ELISA Kit, Mouse BNP ELISA Kit, Mouse S100B ELISA Kit
and Mouse Ang Il ELISA Kit from Wuhan Elabscience Biotechnology Co., Ltd (China);
DMEM with low glucose and no phenol red indicator and FGF2 from Gibco (USA);
Ang Il, NE, ET-1, collagenase type IV from Sigma-Aldrich (USA); FGFBP1 from R&D
Systems (USA); FGFR1/2/3 tyrosine kinase inhibitor BGJ398 from MedChem Express
(USA); Fluo 3, AM from Molecular Probes (USA); Kit for O,~ and H,0, from Nanjing
Jiancheng Bioengineering Institute, Nanjing (China); Kit for SOD and CAT activity from
Beyotime Biotechnology, Shanghai (China); PrimeScript RT Master Mix Kit and SYBR
Premix Ex Taq Il Kit from TaKaRa Clontech, Dalian (China); AxyPrep multisource total
RNA miniprep Kit from AXYGEN (USA); AT,R primary antibodies from Bioss, Beijing
(China) and the rest of the primary antibodies and the second antibodies from Affinity
(USA).

Statistical analyses

Data were presented as Mean + SEM values. Statistical analyses were mostly performed
with GraphPad Prism Software (6.01, La Jolla, CA, USA). One-way ANOVA or two-way
ANOVA with repeated measures followed by Sidak’s post hoc test or Turkey’s post hoc
test were performed when multiple groups were compared according to different conditions
and unpaired ¢test was performed when two groups were compared. £<0.05 was considered
statistically significant and all P value are two-sided.

Results

Successfully constructed AKI animal model

In the studies presented here, mice had a ninefold increase of serum creatinine
(Sham:16.33+0.61 pmol/L v.s. 1 day AKI:145.20+14.91 umol/L; N=6; A<0.001) and a
threefold increase of BUN (Sham: 13.93 + 0.78 mmol/L v.s. 1 day AKI:45.63 + 4.08
mmol/L; N=6; A<0.05) 24 h after renal I/R compared to sham-operated mice (Figure 1A)
and returned to normal values after one week (serum creatinine: 20.67 + 2.86 pmol/L;
BUN:24.50 + 4.90 mmol/L; N=6). The kidney in 1 day AKI group showed widespread
disruption of the tubular architecture such as tubular dilation, swelling and necrosis, luminal
congestion and inflammatory cell infiltration in the corticomedullary junction compared to
sham-operated mice and returned to normal values after one week (Figure 1B and Figure
1C).

Enhanced cerebral vascular sensitivity to Ang Il after AKI

Functional investigation of BMas, BBAs and PCoAs showed enhanced Ang Il responses in
AKI group compared to sham-operated mice for at least one week (£<0.001, Figure 2 and

Hypertension. Author manuscript; available in PMC 2022 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhao et al. Page 9

Figure S1), thus at a time the BUN and creatinine have already returned to normal values
(Figure 1A). The response to NE or ET-1 was not altered in the AKI group compared to
sham-operated mice (Figure 2 and Figure S1).

Enhanced serum cerebral biomarkers after AKI

To test for cerebral injury after AKI, we analyzed BNP and S100B, which are used as
biomarkers for the diagnosis of ischemic stroke.#8 Serum concentration of S100B was
significantly increased after 1 day AKI. BGJ398 treatment reversed this increase, whilst
BNP was not changed significantly in either group (Figure S2).

Brain FGF2 and FGFBP1 expression were increased after AKIl and can promote
cerebrovascular contractile to Ang Il and calcium release

Protein expression of FGF2 and FGFBPL1 in both serum and kidney tissue was significantly
increased in 1 day AKI mice compared to sham-operated mice (Figure 3A) suggesting that
the increased FGF2 and FGFBP1 in serum could be derived from the damaged kidney tissue
and transported throughout the body. In sham-operated mice, only combined application of
FGF2 and FGFBP1 enhanced the response to Ang Il in all three types of cerebral vessels
compared to non-treated animals. Treatment with FGF2 and FGFBP1 together further
enhanced the Ang Il responses in AKI animals (Figure 3B and Figure S3). The calcium
transients in BMas reflect the observations made in the contraction experiments. Ang |1 did
not increase cytosolic calcium measurably in sham-operated mice, but did it after addition of
FGF2 and FGFBPL1. In 1 day AKI group, Ang Il application went along with increases in the
cytosolic calcium, which were further enhanced by treatment with FGF2 and FGFBP1, and
were effectively blocked by BGJ398. Only treated with BGJ398 did not block the cytosolic
calcium release (Figure 3C). The baseline cytosolic calcium was stronger in 1 day AKI
group than in the sham-operated group, which may be due to the increased expression of
FGF2 and FGFBP1 after AKI.

Inhibition of the FGFR tyrosine kinase reversed AKI-induced increase in cerebrovascular
contractile response to Ang Il

The FGFR1-3 tyrosine kinase inhibitor BGJ398 has been introduced into human studies and
recently shown promising efficacy and manageable side effects in a Phase Il trial in cancer
patients.*® Thus, we used BGJ398 to evaluate whether FGFR kinase inhibition can impact
the AKI-induced vasoconstriction to Ang Il. In the /n vitro sets, addition of the inhibitor
BGJ398 decreased the vasoconstrictive effect of Ang Il in BMas from sham-operated mice
with both FGF2 plus FGFBP1 treatment or AKI mice (no additions) (Figure 4A). In the /n
vivo studies, BMas from both sham-operated mice and AKI mice with BGJ398 treatment
showed no significant contraction to Ang Il (Figure 4B and Figure 4C). The Ang Il response
in BBAs and PCoAs from AKI mice with BGJ398 treatment both /n vitro and in vivo was
significantly reduced compared to vessels from the untreated group (Figure S4).

Blood pressure was not changed after AKI

There was no significant difference in blood pressure between sham-operated mice and 1
day AKI mice. (Figure S5).
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No AKI-mediated increase in cerebrovascular contractile response to Ang Il in Fgfbp1l
knockout mice

The BMas from the Fgfbpl~~ sham-operated mice did not respond to Ang I1. Thus, they
behaved similar to the BMas from wild type sham-operated mice. However, the Ang Il
response after 1 day AKI in the Fgfp2™~ mice was almost completely abolished compared
to the wild type 1 day AKI mice, suggesting an important role of this protein for the
enhanced Ang Il response on AKI. Application of FGF2 and FGFBP1 in Fgfpl™~ mice
with AKI enhanced the response, supporting the idea that FGF2 and FGFPB1 are necessary
for the enhanced Ang Il response during AKI (Figure 5).

Increased expression of PLCy1 as indicators of FGFR and Ang Il pathway activation after

AKI

We probed small arterioles of the brain for the expression of PLCy1 by iron perfusion and
used brain tissue for analysis of the expression of Ang Il- and FGF-receptors. Notably, the
receptor mRNA and protein for AT1R, AT,R were not changed significantly in brain tissue
after 1 day AKI (Figure 6). The FGFR2 mRNA expression was reduced by about 50% and
FGFR3 mRNA expression was increased by about 250% in brain tissue after 1 day AKI
(Figure 6A), but there was no change at the protein level (Figure 6B). PLC-y1 is the common
key downstream signaling molecule of both FGF2 and Ang Il signaling, which can influence
calcium release and vasoconstriction. In the cerebral arterioles, the MRNA expression of
PLC+y1 was significantly increased after AKI (Figure 6A). These findings matched with the
activation of the FGF2 and Ang Il pathway after AKI.

The inflammatory response increased and the antioxidant capacity decreased after AKI

TNF-a and IL-1p levels were markedly increased after 30 min ischemia and 24 h
reperfusion, while there was no significant change of these inflammatory cytokines in

the brain tissue suggesting that the kidney was the major important source of these
inflammatory signals (Figure 7A). The analysis of components of ROS metabolism (such as
0,7, Hy0O5, SOD and CAT) showed patterns related to oxidative stress in the kidney but not
in the brain (Figure 7B).

Discussion

The present study reveals an increased reactivity of cerebral arterial vessels to Ang Il after
AKI. The data indicate an important contribution of both FGF2 and FGFBP1 for this effect.
The increased Ang Il reactivity may result in disturbed brain blood flow and thus contributes
the impairment of the brain function after AKI.

The role of the FGF2 pathway in AKI has not been well explored. Several studies have
described a protective function of FGF2 in AKI,%9:51 although renal accumulation of FGF2
was also associated with tubular proliferation and fibrogenic lesions.52 On the one side,
systemic administrations of FGF2 lowered blood pressure and restored nitric oxide synthase
activity in spontaneously hypertensive rats.>3:>4 Chronic as well as acute intravenous
infusion of recombinant FGF2 in normotensive animals induced a significant reduction in
blood pressure.>3:55 On the other side, it was surprising that £g72 knockout mice had a lower
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blood pressure and their portal veins showed reduced response to vasoconstrictors due to
decreased smooth muscle contractility.39 The convergence of Ang Il and FGF2 signaling in
rat aortic smooth muscle cells through the extracellular regulated kinases (ERK) pathway
towards the stimulation of calcium release and enhanced contraction has already known.*!
We have recently described the crosstalk of FGF2 and Ang Il signaling in cultured cells, in
isolated renal afferent arterioles in vitro and in vessels in intact animals 77 vivo.32

The current finding of increased Ang Il responses in brain vessels differs from that seen

in renal afferent arterioles from AKI mice, which responded less compared to sham
animals.58 Thus, the increased cerebrovascular response to Ang Il after AKI may show
organ specificity. Remarkably, NE and ET-1 responses did not differ between AKI and
sham-operated animals (Figure 2B). The observed increase in serum concentrations of
S100B one day after I/R of the kidney indicates an irritation of the brain tissue, which,
however, was not severe, because serum BNP concentration and IL-1f and TNF-a levels

in the brain tissue did not change significantly (Figure 7 and Figure S4). At the same time,
there was no significant change in blood pressure after AKI, excluding a role of systemic
cardiovascular reaction in the AKI model (Figure S5). In support of a contribution of the
FGF2 pathway to the sensitization to Ang I, the pretreatment of isolated vessels from
sham-operated mice with exogenously added FGF2 plus FGFBP1 mimics this sensitization
to Ang I1. It is noteworthy that neither FGF2 nor FGFBP1 alone can enhance the Ang

Il induced vasoconstriction effect because FGF2 alone is bound by extracellular HSPGs

but can be made available to the receptors by the FGFBP1 chaperone protein and thus
induce FGF2 signaling (Figure 3B).38 Synergism between FGF2 and Ang Il pathways had
been reported earlier in Ang Il-induced cardiomyopathy and cardiac hypertrophy as well

as FGFBP1 induced hypertension which utilized c-Jun N-terminal kinase (JNK) and p38
mitogen-activated protein kinase (MAPK) pathways.32°7 Here we describe that the crosstalk
between FGF2 and Ang 1l signaling can also lead to an increase in cytosolic calcium
release that mediates brain vessel contraction (Figure 3C). A differential Ang Il receptor
expression seem not to be a reason for the enhanced Ang Il response of cerebral vessels
after AKI, because it did not differ compared to sham-operated animals. However, we found
strong increase of PLCy1 mRNA concentration in the cerebral arterioles (Figure 6). PLCy1
contributes to both the FGF2 and Ang Il pathway. However, if this enzyme is an important
factor in the FGF2 effect remains questionable, since NE and ET-1, of which pathways
include the PLC, do not induce stronger responses in AKI animals. One possible explanation
is that the function of NE and ET-1 are more dependent on different subtypes of PLC.

It will be critical to develop targeted therapies to improve the outcomes in AKI. Our studies
implicate the activation of the FGF2 pathway via upregulation of FGFBP1 as an important
step in the sensitization of brain vessels to Ang Il (Figure 5). With the FGFR1-3 kinase
inhibitor, we have a clinically used drug (BGJ398, infigratinib) at our disposal to test
whether inhibition of FGF2 pathway could impact Ang |1 sensitization of brain vessels after
AKI. But which type of FGF receptor subtypes plays the most important role during AKI
requires further research. We opt for treatment model rather than prevention model: BGJ398
treatment was initiated after AKI which had been allowed to progress for several hours.

We found that treatment of mice with BGJ398 after initiation of AKI indeed reversed the
sensitization of brain vessels to Ang I1. Thus, we speculate that an appropriate treatment for
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AKI may be FGFR inhibition. Given that BGJ398 is approved for clinical use,>8 this may be
a potential candidate for a clinical trial.

From studies on the mechanisms of regulation of FGF2 and FGFBP1 we know that these
genes are stress response gene controlled by a defined set of transcriptional activators that
are turned on by different stressors including ROS and inflammation,59-63 One study showed
that the inflammation were found dysregulated in the kidney while they were not changed in
the brain which were consistent with our study. In this study, animals showed neurological
deficits along with increased numbers of pyknotic neurons and activated microglia cell.

The data suggest that the impairment of brain function does not require inflammation

or oxidative stress in the brain itself.54 Rather, activation of these systems in the kidney
induces the generation of factors such as FGF2 and FGFBP1, which in turn interact with the
angiotensin system in brain vessels and may impair brain perfusion. A very recent study in
AKI showed that kidney-resident macrophages are reprogrammed towards a developmental
state after AKI.55 It is noteworthy that FGFBP1 is upregulated in macrophages in patients
with familial hypertension due to a genetic polymorphism as discussed in the introduction,3°
and that embryonic kidneys show upregulated FGFBP1 relative to adults.56 Further work
will be needed to explore the role of the macrophage FGFBP1 system on the sensitive
cerebrovascular responses reported here.

Perspectives

In conclusion, our studies indicate that activation of the FGF2 signaling pathway by
induction of the FGFBP1 chaperone protein can drive kidney-brain crosstalk during AKI

as summarized in Figure 8. Most importantly, in our opinion, blockade of FGFR tyrosine
kinase activation with a clinically used FGFR kinase inhibitor BGJ398 might reset the brain
vascular reactivity during AKI and thereby prevent brain vessel injury, but this still require
careful clinical trial.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What is New?

Fibroblast growth factor 2 (FGF2) signaling pathway and angiotensin 11 (Ang I1)
signaling pathway share the common downstream signaling molecule phospholipase
Cvy1 (PLCy1) and we found that after acute kidney injury (AKI) brain vessels were
sensitized to Ang Il and not to other vasoconstrictors. Upregulation of FGF2 and FGF
binding protein 1 (FGFBP1) expression after AKI suggested a possible contribution to
the vascular sensitization.

What is Relevant?

We demonstrated that treatment with the clinically used FGF receptor kinase inhibitor
BGJ398 prevented the AKI-induced brain vascular sensitization to Ang Il, which may be
beneficial in preventing AKI-induced brain function injury.

Summary

FGF2 pathway activation by induction of the FGFBP1 chaperone protein can drive the
kidney-brain crosstalk during AKI. Most importantly, in our opinion, blockade of FGFR
tyrosine kinase activation with a clinically used FGF receptor kinase inhibitor BGJ398
may be able to reset the brain vascular reactivity during AKI and may prevent brain
vessel injury.
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Figure 1.
Short-term effects of acute kidney injury (AKI) on renal function and structure. A, Serum

creatinine (umol/L) and blood urea nitrogen (BUN) (mmol/L) in sham-operated mice and
AKI mice (Mean + SEM values; N=6). *, A<0.05; ***, £<0.001 by two-way ANOVA.

B, Hematoxylin-eosin (H&E) (above), periodic acid Schiff reaction (PAS) (middle) and
Masson’s trichrome (below) of renal cortical medullary junction area in sham-operated mice
and AKI mice. (Scale bar = 100 um in the enlarged images and Scale bar = 500 pm in

the original images). C, Tubular scores based on PAS-stained sections were assessed by

a semiquantitative histomorphological scoring system from 0 to 5 (Mean £ SEM values;
N=6).**, P<0.01; *** P<0.001 by Kruskal-Wallis test.
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Figure 2.

Increased response of brain medulla oblongata arterioles (BMas) to angiotensin Il (Ang

I1) after acute kidney injury (AKI). A, BMa at baseline and after KCI (100 mmol/L).

Scale bar=50 pm; The red double sided arrow shows the inner diameter of the arteriole.

B, Effect of Ang Il, norepinephrine (NE) or endothelin 1 (ET-1) on arterioles isolated
from sham-operated and AKI mice (Mean + SEM values; N=6). *** P<0.001 by two-way
ANOVA.
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Figure 3.
Expression of fibroblast growth factor 2 (FGF2) and fibroblast growth factor binding protein

1 (FGFBP1), vasoconstriction of brain medulla oblongata arterioles (BMas) to angiotensin
I1 (Ang I1) and calcium release of BMas. A, FGF2 and FGFBP1 concentration in serum
and kidney and brain tissues from sham-operated mice and 1 day acute kidney injury
(AKI) mice (Mean + SEM values; N=7). *, /<0.05; **, /<0.01 by two-way ANOVA. B,
Isolation and microperfusion of a single BMa from sham-operated mice at baseline and
after preincubation with FGF2 plus FGFBP1 followed by 1078 mol/L Ang 11 (Scale bar=50
um; The red double sided arrow shows the inner diameter of the arteriole) and the effect

of FGF2 and FGFBP1 in BMs from sham-operated mice, 1 day AKI and 1 week AKI
mice. For sham+FGF2+FGFBP1 vs. sham or AKI+FGF2+FGFBP1 vs. AKI (Mean £ SEM
values; N=6) *** £<0.001 by two-way ANOVA. C, Relative cytosolic calcium fluorescence
intensity in BMas from sham-operated mice and 1 day AKI mice (Mean + SEM values;
N=6-10). **, A<0.01 by one-way ANOVA.
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Effect of fibroblast growth factor receptor (FGFR) tyrosine kinase inhibitor BGJ398 /n vitro
A or /n vivo C. Brain medulla oblongata arterioles (BMas) from sham-operated mice, 1

day and 1 week acute kidney injury (AKI) mice were subjected to angiotensin 1l (Ang

I1) stimulation and fibroblast growth factor 2 (FGF2) plus fibroblast growth factor binding
protein 1 (FGFBP1) were only added to BMas from sham-operated mice /n vitro. (Mean %
SEM values; N=6). **, £<0.01; ***, A<0.001 by two-way ANOVA. Panel B depicts the time
points of BGJ398 treatment in the sham-operated mice, 1 day and 1 week AKI mice.
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Figure 5.
Contribution of endogenous fibroblast growth factor binding protein 1 (Fgfbpl) to

angiotensin Il (Ang I1) mediated contractility of brain medulla oblongata arterioles (BMas).
Response of BMas to Ang 1 from wide type mice (left) or FgfbpI~~ mice (right) after

1 day acute kidney injury (AKI) versus sham-operated mice; (Mean £ SEM values; N=6).
Fibroblast growth factor 2 (FGF2) and FGFBP1 (both at 20 ng/mL, 15 min). ***, £<0.001
by two-way ANOVA.
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Figure 6.
Relative mRNA and protein expression of candidate signaling molecules. A, Relative mRNA

expression of Ang Il receptor type 1 and type 2 receptor (AT1R, AT,R) and fibroblast
growth factor receptors (FGFRs) in brain medulla oblongata tissue and expression of
phospholipase C -y1 (PLC-y1) in cerebral arterioles. B, Relative protein expression of AT4R,
AT,R and FGFRs in brain medulla oblongata tissue. (Mean £ SEM values; N=5 for mRNA
and N=3 for protein). **, A<0.01; ***, A<0.001 by two-way ANOVA or unpaired test.

Hypertension. Author manuscript; available in PMC 2022 May 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Zhao et al. Page 25

e x Eeo
= 1 Q il
601 0 307 o
LY a L) 5 * L] L
—~ = 560 [ —
L I I S o "=
5 — z
g . mt ;[ = oo "n" £ o % 5]
e ® 5
@ [l ® ° L A J u
= 201 = £ 101 = @, o
= 2t un ° 8 Ham 5?0 L
s = ® o
Q [
o =
7 . e ~ 0 T T c O T T
Kidney tissue Brain tissue % Kidney tissue Brain tissue < Kidney tissue Brain tissue
= o * %
300+ € 150+ 'S 200+ —
2 2 °
. ¢® <] k¥ <]
2 200 * o = [— & 1501
£ 4 10041 @
2 = i%!i' 5 ‘gg S _;—F
= L ] n = L J = 1004
3 o, TN > = > o =
L 100 ® = S 501 u S m
- i3] T 501 ﬁ'
® @© @ [} .¥
[ a Hmn
) — .+ S - R : wos
Kidney tissue Brain tissue Kidney tissue  Brain tissue Kidney tissue Brain tissue

| ® Sham = AKI|

Figure 7.
Concentration of tumor necrosis factor-a (TNF-a) and interleukin-1p (IL-1B) (A) and the

antioxidant ability (B) in tissues of kidney and brain after 1 day acute kidney injury (AKI).
(Mean + SEM values; N=6). *, £<0.05, **, £<0.01 by two-way ANOVA.
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Figure 8.
The increased expression of fibroblast growth factor 2 (FGF2) and fibroblast growth factor

binding protein 1 (FGFBP1) induced by acute kidney injury (AKI) lead to increased cerebral
vasoconstriction to angiotensin Il (Ang I1).
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Primer sequence:

Table 1.

Gene 5'-3
GAPDH  Forward primer  AGGTCGGTGTGAACGGATTTG
Reverse primer  TGTAGACCATGTAGTTGAGGTCA
FGFR1 Forward primer AGGCTACAAGGTTCGCTATG
Reverse primer  GTGGTTGATGCTCCCATACT
FGFR2 Forward primer CAGCCTCTCGAACAGTATTCTC
Reverse primer  GAGGCAGACAGGGTTCATAAG
FGFR3 Forward primer GTGGTCATGGCAGAAGCTATT
Reverse primer CCTTGTCAGTCGCATCATCTT
FGFR4 Forward primer CCTGAGGCCAGATACACAGATA
Reverse primer  GGATGACTTGCCGATGATACAC
PLCy1 Forward primer GAGACGCGCCAGATCACAT
Reverse primer  AAAGTCCCGAGAAGTCTTCCC
ATR Forward primer CAACTGCCTGAACCCTCTGT
Reverse primer  TATCTGAGGGGCGGTAGGAG
AT,R Forward primer CCTGGCAAGCATCTTATGTAGTTC

Reverse primer

CCGGAAATAAAATGTTGGCAAT

Page 27

GAPDH, reduced glyceraldehyde-phosphate dehydrogenase; FGFR, fibroblast growth factor receptor; PLCy1, phospholipase C y1; AT1R, Ang Il
receptor type 1; AT2R, Ang |1 receptor type 1.
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