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Abstract Ischemic stroke is one of the leading causes of
death worldwide. In the post-stroke stage, cardiac dys-
function is common and is known as the brain—heart
interaction. Diabetes mellitus worsens the post-stroke
outcome. Stroke-induced systemic inflammation is the
major causative factor for the sequential complications, but
the mechanism underlying the brain—heart interaction in
diabetes has not been clarified. The NLRP3 (NLR pyrin
domain-containing 3) inflammasome, an important com-
ponent of the inflammation after stroke, is mainly activated
in M1-polarized macrophages. In this study, we found that
the cardiac dysfunction induced by ischemic stroke is more
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severe in a mouse model of type 2 diabetes. Meanwhile,
MI-polarized macrophage infiltration and NLRP3 inflam-
masome activation increased in the cardiac ventricle after
diabetic stroke. Importantly, the NLRP3 inflammasome
inhibitor CY-09 restored cardiac function, indicating that
the M1-polarized macrophage—-NLRP3 inflammasome acti-
vation is a pathway underlying the brain—heart interaction
after diabetic stroke.
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Introduction

Stroke is the leading cause of disability and death, affecting
nearly 30 million people worldwide each year, most of
which are ischemic strokes [1]. Stroke can not only cause
immediate death but also induce various complications
such as cardiac dysfunction, which is common and is
known as the brain-heart interaction [2]. The main
symptoms are myocardial injury and arrhythmias [3-5],
often accompanied by increased serum cardiac enzymes
such as N-terminal pro-brain natriuretic peptide (NT-
proBNP) [6, 7]. Importantly, patients without primary heart
disease may also develop cardiac dysfunctions, indicating
that stroke is the primary cause [8, 9].

Systemic inflammation is the major causative factor for
the sequential complications after stroke, especially for the
brain-heart interaction [2], but the underlying molecular
pathway has not been clarified. Many stroke patients have
diabetes, which is a major risk factor for a poor outcome
[10]. It is unclear whether and how diabetes affects the
brain-heart interaction. Animal studies have shown that
middle cerebral artery occlusion (MCAO) increases
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catecholamine levels [11] and impairs cardioprotective
signaling pathways [12], thus inducing cardiac dysfunction
and cardiomyocyte injury. Other studies have suggested
that ischemic stroke induces arrhythmia by impairing
calcium and other ionic currents in ventricular cardiomy-
ocytes [13—15]. Pro-inflammatory factors [16] and chronic
inflammation [17] might also be involved in the cardiac
dysfunction induced after ischemic stroke. An important
component of inflammation, the NLR family pyrin domain-
containing 3 (NLRP3) inflammasome, has been attested to
participate in many inflammatory diseases including type 2
diabetes mellitus, atherosclerosis, cardiovascular diseases,
and neurodegenerative diseases [18-22]. Our previous
study has shown that inhibition of the NLRP3 inflamma-
some ameliorates ischemic stroke injury in diabetic mice
[23]. However, the role of the NLRP3 inflammasome in the
brain—heart interaction and the corresponding mechanisms
have not been studied in diabetes.

NLRP3 inflammasomes are mainly activated in macro-
phages, especially in M 1-polarized macrophages [24]. M1-
polarized macrophages are classified as showing pro-
inflammatory status, while M2-polarized macrophages are
alternatively activated macrophages associated with anti-
inflammatory activity [25, 26]. We hypothesized that the
polarization status of macrophages may play a dominant
role in the brain—heart interaction in diabetes. To investi-
gate whether ischemic stroke induce cardiac dysfunction,
we used an ischemic stroke mouse model by applying the
MCAO procedure. Afterwards, we investigated whether
diabetic status aggravates cardiac dysfunction after stroke
using a type 2 diabetes mouse model. Furthermore, we
studied the role of NLRP3 and the polarized macrophages
responsible in the brain-heart interaction. The sequential
questions we have addressed provide a causative pathway
for the brain-heart interaction, and shed light on therapeu-
tic targets for diabetic patients after ischemic stroke.

Materials and Methods
Animals

This study was approved by the Medical Faculty Ethics
Committee of Southern Medical University. Male C57BL/
6 J mice (4-6 weeks old, 14-18 g) were purchased from
the Animal Experimental Center of Southern Medical
University. All experimental animals were maintained
under a 12-h light and 12-h dark cycle and were supplied
with adequate food and water before experiments.
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Type 2 Diabetes Mellitus Mouse Model

This followed the protocol of our previous study [23].
Briefly, to establish a diabetic mouse model, we initially
fed each mouse on a high-fat diet (Guangdong Medical
Laboratory Animal Center, Guangzhou, China) for
3 weeks, then gave an intraperitoneal injection of 0.1 g/
kg streptozotocin (STZ, Sigma, St. Louis, MO, USA).
After that, mice were fed with the high-fat diet for another
4 weeks. The blood glucose concentration was measured
after fasting for 8 h on days 1, 22, 36, and 50. The criterion
for a type 2 diabetes mellitus mouse was a fasting
glucose > 10.0 mmol. Non-diabetic mice were housed in
the same environment, fed with a normal diet, and given an
intraperitoneal injection of vehicle (saline).

Focal Cerebral Ischemia Mouse Model

The ischemic stroke mouse model was generated by
MCADO following the protocol of our previous study [23].
In brief, mice were anesthetized with 2% isoflurane (RWD
Life Science Co., Ltd, Shenzhen, China). After a midline
neck incision, a 4-0 nylon monofilament (Yushun Bio
Technology Co. Ltd., Pingdingshan, China) was inserted
into the right MCA to block the blood flow. The
monofilament was withdrawn after blocking the flow for
60 min. Sham-operated mice underwent the same proce-
dure without inserting the monofilament. A heating pad
was used to keep the rectal temperature at 37 £ 0.5 °C
during the whole procedure. Cerebral blood flow (CBF)
was evaluated using the 2-dimensional laser speckle
imaging system and laser Doppler flowmetry (Fig. 1B).
Mice were considered to be ischemic stroke models when
the blood flow in the ischemic core decreased by > 70%,
and were included in further analyses.

Cardiac Function Measurements

Echocardiography was used to evaluate cardiac function
before stroke and 4 weeks later. The procedure followed
that described by Ay et al. [9]. In brief, the thoracic hair
was shaved and ultrasound transmission gel applied. Serial
cardiac ultrasound analyses used the Vevo 2100 ultrasound
imaging system (VisualSonics Inc., Toronto, Canada) with
a 30-MHz probe. Ejection fraction (EF) and fractional
shortening (FS) were calculated from 2-dimensionally
targeted M-mode tracings. All primary measurement data
were processed and analyzed using the Vevo 2100 analysis
system and repeated three times.



H.-B. Lin et al.: Brain—Heart Interaction Relies on Macrophage—-NLRP3

1037

Neurological Scoring

The neurological deficit, based on the motor behavior and
level of consciousness of each mouse [23], was scored on
days 1, 7, 14, 21, and 28 after MCAO. Scoring was done by
a researcher who was blinded to the
experimental grouping.

Survival Analysis

The vital signs of each mouse were checked every 24 h
after MCAO. Times of death were recorded, and data from
survivors were collected for 28 days.

Histological and Immunohistochemical Assessment

The whole brain was removed immediately after euthana-
sia by isoflurane overdose on day 28 after MCAO. The
right hemispheric atrophy volume (right hemispheric
volume/left hemispheric volume) after stroke was assessed
using ImageJ (version 1.49, National Institutes of Health,
Bethesda, MD, USA), then sectioned for staining in 2%
2,3,5-triphenyltetrazolium chloride (TTC). The heart was
isolated and weighed after expressing the blood, then fixed
in 4% paraformaldehyde before being embedded in paraf-
fin and coronal sections of the ventricle were cut at 6 pm.
PicroSirius Red staining was used to assess the interstitial
collagen fraction. For immunostaining, the following
primary antibodies were used: mouse anti-IBA1 (1:1000,
Thermo Fisher, Waltham, MA, USA), rabbit anti-NLRP3
(1:1000, Thermo Fisher, Waltham, MA, USA), mouse anti-
caspase-1 (1:250; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), and rabbit anti-a-smooth muscle actin (1:1000;
Cell Signaling Technology, Danvers, MA, USA). All heart
sections for analysis were processed at the same time in a
single round of the immunohistochemical experiment.

Real-Time Quantitative RT-PCR

RT-PCR was used to measure mRNA expression (primer
sequences are listed in Table 1). RNA was extracted from
the apex myocardial tissue using the RNAiso Plus kit
(9109, Takara Bio Inc., Shiga, Japan). cDNA was gener-
ated using the Veriti PCR System (Applied Biosystems
Inc., Beverly, MA, USA). RT-PCR was applied using the
SYBR Green kit (RR820A, Takara Bio Inc.) using 10 pL.
cDNA. The mRNA expression was normalized to the
housekeeping gene B-actin.

Western Blot Assay

Apex myocardial tissue from each heart was ground with a
Tissue grinder (JXFSTPRP-32, Shanghai Jingxin, Co,. Ltd,

China) and total protein was isolated. The primary
antibodies were: anti-NLRP3 (1:3000; 15101, Cell Signal-
ing Technology), anti-caspase-1 (1:3000; sc-56036, Santa
Cruz Biotechnology), and anti-a-tubulin (1:10000;
RM2007, Beijing Ray Antibody Biotech, China).

ELISA for NT-proBNP Analysis

Blood plasma was collected on day 28 after MCAO or
sham operation. Samples were analyzed for the concentra-
tions of NT-proBNP using an ELISA kit according to the
manufacturer’s protocol (E-EL-MO0834c, Elabscience
Biotechnology Co. Ltd., Wuhan, China).

Statistical Analysis

All data are expressed as the mean & SD. Differences
between groups were compared using Student’s ¢ test for
single comparisons or one-way variance (ANOVA) for
continuous variables with a normal distribution. The means
across groups with repeated measurements over time were
analyzed using repeated-measures ANOVA. Survival com-
parisons were analyzed using Prism7 software (GraphPad7,
San Diego, CA, USA). Statistical significance was defined
as P < 0.05.

Results

Ischemic Stroke Induces Cardiac Dysfunction
in the MCAO Mouse Model

To study the brain—heart interaction after ischemic stroke,
we used the MCAO mouse model [23] and tested cardiac
functions before and afterwards. MCAO for 60 min
induced ischemic stroke by blocking the major cerebral
blood flow (Fig. 1A, B); this was further confirmed by the
decreased right hemispheric volume on day 28 after
surgery (Fig. 1C). Compared to the sham-operated mice,
although there was no difference in the echocardiography
before MCAO (Fig. S1A), it showed reduced EF and FS on
day 28 in the MCAO mice (Fig. 1D), demonstrating
impaired cardiac function after ischemic stroke. We also
found that the plasma level of NT-proBNP (a major
biomarker of cardiac dysfunction) was significantly ele-
vated in MCAO (Fig. 1G). When checking the morpho-
logical changes in the heart, enlargement was revealed by
the heart/body weight ratio (Fig. 1H). Furthermore, a
higher cardiac interstitial collagen fraction was seen in
ventricular sections from MCAO mice than in those from
the sham group (Fig. 1E). Consistent with the morpholog-
ical changes, the fibrotic protein a-SMA was also higher in
the ventricles from stroke mice than in sham mice
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Fig. 1 Cardiac dysfunction in MCAO mice. A Diagram of the
MCAO model echocardiography protocol. B Example of laser
Doppler measurement showing that MCAO sharply reduces cerebral
blood flow (CBF) when the monofilament is inserted. CBF is restored
after the monofilament is removed. C Changes in brain morphology
and right hemispheric atrophy in the sham and stroke groups (n =5
per group). D Left, examples of echocardiography in mice at day 28
after MCAO. Right, bar graphs show the ejection fraction and
fractional shortening in the sham (n = 5) and stroke groups (n = 6).
E Left, PicroSirius Red staining for interstitial collagen (arrow) in
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cardiac ventricular tissue. Right, interstitial collagen fraction in sham
(n = 8) and stroke groups (n = 12). F Left, immunohistochemical
staining for o-SMA in cardiac ventricular tissue. Right, o-SMA-
positive area in the sham and stroke groups (n =3 per group).
G Plasma levels of NT-proBNP in the sham and stroke groups (n = 5
per group). H Heart/body weight ratio in the sham (n = 15) and stroke
groups (n = 18). Data are expressed as the mean &+ SD. *P < 0.05;
**P < 0.01; ***P < 0.001 (Student’s t-test). Magnification,
400 x in E and 200 x in F; scale bars, 5 mm in C, 100 pm in E,
and 50 pum in F.
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Table 1 Primer list.

Gene Forward primer: 5'-3/ Reverse primer: 5'-3’

NLRP3 ATTACCCGCCCGAGAAAGG TCGCAGCAAAGATCCACACAG
Caspase-1 AATACAACCACTCGTACACGTC AGCTCCAACCCTCGGAGAAA
IL-1B GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG
B-actin GTGCTATGTTGCTCTAGACTTCG ATGCCACAGGATTCCATACC
M1 markers

CD16 TTTGGACACCCAGATGTTTCAG GTCTTCCTTGAGCACCTGGATC
INOS CAAGCACCTTGGAAGAGGAG AAGGCCAAACACAGCATACC
TNF-o CGTCGTAGCAAACCACCAAG GAGATAGCAAATCGGCTGACG
M2 markers

Yml/2 CAGGGTAATGAGTGGGTTGG CACGGCACCTCCTAAATTGT
IL-10 TGGACAACATACTGCTAACCGAC CCACTGCCTTGCTCTTATTTTC
TGF-B TGCGCTTGCAGAGATTAAAA CGTCAAAAGACAGCCACTCA

NLRP3, NLR pyrin domain containing 3; IL, interleukin; INOS, inducible nitric oxide synthase; TNF-a,
tumor necrosis factor alpha; TGF-f, transforming growth factor beta.

(Fig. 1F). These results demonstrated a brain—heart inter-
action in the MCAO mouse model.

Cardiac Dysfunction is More Severe in Diabetic
Stroke

To address whether diabetic status affects cardiac dysfunc-
tion after ischemic stroke, we established a type 2 diabetes
mouse model by a high-fat diet and intraperitoneal STZ
injection, which showed a sustained high glucose level
until day 50 (Fig. 2B). The MCAO procedure was done
4 weeks after STZ injection and cardiac functions were
measured accordingly (Fig. 2A). Comparable infarcted
regions and right hemisphere size were induced after
MCAO in both diabetic and non-diabetic mice (Fig. 2C).
Surprisingly, although there was no difference in the
echocardiography before MCAO (Fig. S1B), diabetic mice
exhibited a robust reduction of EF and FS by day 28 post-
stroke (Fig. 2D), indicating a susceptibility to post-stroke
cardiac dysfunction in diabetes. Furthermore, a higher level
of plasma NT-proBNP (Fig. 2D) and heart/body weight
ratio (Fig. 2H) were detected in diabetic stroke mice
compared to the non-diabetic stroke mice. Correlated with
the echocardiography and NT-proBNP changes, the cardiac
interstitial collagen fraction and fibrotic protein a-SMA
also increased significantly in the diabetic stoke myocar-
dium compared to the non-diabetic stroke mice (Fig. 2E-
F). Our data indicated that diabetic status worsens cardiac
dysfunction, the cardiac interstitial collagen fraction, and
hypertrophy in mice with ischemic stroke.

Diabetic Status Worsens the Overall Outcome
of Stroke

As cardiac dysfunction was more severe in diabetic stroke
mice, we set out to determine how diabetes affects the
neurological deficits and the overall outcome in our MCAO
model. Consistent with other reports [27], our diabetic
stroke mice showed higher neurological deficit scores at
days 1, 7, and 28 after MCAO (Fig. 3A). Referring to the
overall mortality rate, fewer diabetic stroke mice survived
at the end of day 28 compared to the non-diabetic group
(Fig. 3B). These data suggested that not only the cardiac
dysfunction but also the overall outcome was affected by
diabetic status in the MCAO mouse model.

NLRP3 Activation is Indispensable for Brain—-Heart
Interaction in Diabetic Stroke

The results of cardiac dysfunction and worse neurologic
outcomes indicated that a stronger brain—heart interaction
exists in diabetic stroke mice. Taking into account that both
stroke and diabetes exhibit NLRP3 activation and worsen
the respective outcomes, we tested the corresponding
mRNA and protein levels. As anticipated, the NLRP3
mRNA and protein levels, as well as caspase-1 and IL-13
levels showed more robust elevation in the myocardium
from diabetic stroke mice than those from non-diabetic
mice (Fig. 4A—C). Surprisingly, the NLRP3 inhibitor CY-
09 (HY-103666; MedChem Express, Monmouth Junction,
NJ, USA) sufficiently restored the cardiac function,
showing improved EF and FS compared with the vehicle
group (Fig. 4D). Morphological studies also revealed a
reduction in the heart/body weight ratio (Fig. 4G), the
cardiac interstitial collagen fraction (Fig. 4E), and fibrotic
protein o-SMA expression after CY-09 administration

@ Springer
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«Fig. 2 Ischemic stroke induces severe cardiac dysfunction in diabetic
mice. A Diagram of protocols for establishing the type 2 diabetes
mellitus and MCAO mouse models. B Time courses of blood glucose
and body weight showing significant increases from day 22 in
diabetic mice (n = 22) compared with non-diabetic mice (n = 33).
C Brain morphology and TTC staining in coronal brain sections from
non-diabetic stroke (nonDM-Stroke) and diabetic stroke (DM-Stroke)
mice (n = 5 per group). D Echocardiographic traces (left) and ejection
fraction and fractional shortening (right) in nonDM-Stroke (n = 6)
and DM-Stroke (n =5) mice. E Left, PicroSirius red staining for
interstitial collagen (arrows) in cardiac ventricular tissue. Right,
interstitial collagen fraction in nonDM-Stroke (n = 12) and DM-
Stroke (n = 6) mice. F Left, immunohistochemical staining for o-
SMA in cardiac ventricular tissue. Right, a-SMA-positive area in
nonDM-Stroke and DM-Stroke (n =3 per group) mice. G Plasma
levels of NT-proBNP in nonDM-Stroke and DM-Stroke (n =5 per
group) mice. H Heart/body weight in nonDM-Stroke (n = 18) and
DM-Stroke (n = 11) mice. DM, diabetes mellitus; STZ, streptozo-
tocin; i.p. intraperitoneal. Data are expressed as the mean + SD.
*P < 0.05; #*P < 0. 01; ***P < 0.001, n.s. not significant (Student’s
t-test). Magnification, 400 x in E and 200 x in F; scale bars, 5 mm
in C, 100 pm in E, and 50 um in F.

(Fig. 4F). The inhibitory effect of CY-09 on NLRP3
activation was further confirmed in myocardial tissue as
reduced expression of NLRP3, caspase-1, and IL-1fB
compared to the vehicle group (Fig. 4H-I). These results
identified a role of NLRP3 in the brain—heart interaction in
the diabetic mouse.

M1 Macrophages are Responsible for NLRP3-Me-
diated Brain—-Heart Interaction

NLRP3 inflammasomes are mainly from M1- rather than
M2-polarized macrophages [24]. To dissect the source of
the NLRP3 inflammasomes, we confirmed the expression
of the macrophage marker IBA1 in the myocardium from
diabetic stroke mice (Fig. 5A). Furthermore, polarized
markers were measured and indicated that M1- (revealed
by CD16, iNOS, and TNF-a), but not M2- (revealed by
Ym1/2, IL-10, and TGF-B) polarized macrophages were
the dominant type infiltrating the myocardium in post-
diabetic stroke (Fig. 5B). The expression levels of these
markers implied that M1-polarized macrophage—-NLRP3
inflammasome activation is an indispensable molecular
pathway. Considering the restorative effects of the NLRP3
inhibitor CY-09 on the brain-heart interaction, we tested
whether it affects the macrophage polarization status.
Surprisingly, CY-09 significantly elevated the mRNA
expression levels of Ym1/2, IL-10, and TGF-f, while
decreasing the levels of CD16, iNOS, and TNF-o in
diabetic stroke mice compared to the vehicle group
(Fig. 5C). The results indicated that the infiltrating
macrophages switched to M2 after CY-09 administration,
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strongly supporting the specific role of NLRP3 in the
brain—heart interaction.

The overall results demonstrated that the brain—heart
interaction is due to the infiltration of MI-polarized
macrophages into the myocardium after diabetic stroke.
This infiltration sequentially induces NLRP3 inflamma-
some activation and impairs cardiac function, which is
responsible for the poor outcome in diabetic stroke
(Fig. 6).
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<«Fig. 4 NLRP3 activation plays an important role in the brain—heart
interaction in diabetic stroke. A Relative gene expression of NLRP3,
caspase-1, and IL-1f in apex myocardial tissue. B-Actin served as an
endogenous reference gene (n = 13 in nonDM-Sham, nonDM-stroke,
and DM-Sham; n = 11 in DM-Stroke). B Left, NLRP3 and caspase-1
in apex myocardial tissue indicated by western blot. Right, integrated
density value of relative protein expression of NLRP3 and caspase-1
(n = 4 per group). C Left, protein expression of NLRP3 and caspase-1
in cardiac ventricular tissue by immunocytochemistry. Right, NLRP3,
caspase-1-positive area in different group mice (n =5 per group).
D Echocardiographic measurement of ejection fraction and fractional
shortening in Vehicle-Stroke (n = 7) and CY-09-Stroke (n = 8) mice.
E Left, PicroSirius red staining for interstitial collagen (arrows) in
ventricular tissue. Middle, interstitial collagen fraction in Vehicle-
Stroke and CY-09-Stroke mice (n=5 per group). F a-SMA
immunohistochemical staining (left) of ventricular tissue and o-
SMA area (right) in Vehicle-Stroke and CY-09-Stroke mice (n =5
per group). G Heart/body weight in Vehicle-Stroke (n = 7) and CY-
09-Stroke (n = 8) mice. H Relative gene expression of NLRP3,
caspase-1, and IL-1B in apex myocardial tissue (n = 7 per group).
I Top, immunohistochemical staining for NLRP3 and caspase-1 in
cardiac ventricular tissue. Bottom, NLRP3 and caspase-1-positive
area in Vehicle-Stroke and CY-09-Stroke mice (n =5 per group).
nonDM-Sham, non-diabetic sham group; nonDM-Stroke, non-dia-
betic stroke group; DM-Sham, diabetic sham group; DM-Stroke,
diabetic stroke group; Vehicle, Vehicle-Stroke group; CY-09, CY-09-
Stroke group. Data are expressed as the mean £ SD. *P < 0.05;
#*P < 0.01; ***P < 0.001 (Student’s t-test or one-way ANOVA).
Magnification, 400 x in C (upper right) and E; 200 x in C, F, and I;
scale bars, 100 pm in E; 50 pm in C, F, and 1.

Discussion

Our results revealed that severe cardiac dysfunction occurs
in diabetic ischemic stroke, shown as the brain—heart
interaction, due to NLRP3 inflammasome activation in M 1-
polarized macrophages. We first provided evidence that
diabetic status worsened the cardiac dysfunction, as well as
increasing the interstitial collagen fraction and cardiac
hypertrophy after stroke in a type 2 diabetes MCAO mouse
model. Second, M1-polarized macrophage infiltration and
NLRP3 inflammasome activation were enhanced in the
post-stroke myocardium, and were more severe in diabetic
mice. Moreover, inhibiting the NLRP3 inflammasome with
CY-09 restored the cardiac function and reversed the
myocardial morphological changes after ischemic stroke.
Clinical evidence has implied that the brain—heart
interaction occurs in the post-stroke stage. Nearly 19% of
patients suffer at least one major detrimental cardiac
complication within the first 3 months following an acute
ischemic stroke [28]. The cardiac dysfunctions include, but
are not limited to, impaired pumping action, fibrosis, and
hypertrophy. It has been reported that > 50% of stroke
patients have left ventricular diastolic dysfunction and
13%-29% have systolic dysfunction [29, 30]. Furthermore,
75%-92% of stroke patients present a new ECG abnor-
mality [31]. By measuring the cardiac function using
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Fig. 5 Macrophages increase and polarize in the brain—heart inter-
action. A Representative immunocytochemical staining for the
macrophage marker IBA1 (arrows) in cardiac tissue (magnification,
400 x ; scale bar, 100 um). B, C Relative mRNA expression of
macrophage-polarization markers in apex myocardial tissue (M1
markers: CD16, INOS, and TNF-o; M2 markers: Ym1/2, IL-10, and
TGF-B) (n = 3 in nonDM-Sham, non-DM stroke, DM-Sham and DM-
Stroke; n = 7 in Vehicle-Stroke and CY-09-Stroke). IL, interleukin;
INOS, inducible nitric oxide synthase; TNF-o, tumor necrosis factor
alpha; TGF-f, transforming growth factor beta. Data are expressed as
the mean £ SD. *P < 0.05; **P < 0.01; ***P < (0.001 (Student’s z-
test or one-way ANOVA).

echocardiography, we also found remarkable changes after
the MCAO procedure in diabetic and non-diabetic mice,
indicating the clinical relevance of our methodology.
Many studies have suggested various mechanisms of the
brain—heart interaction induced by ischemic stroke,
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Fig. 6 Schematic of the underlying mechanism for ischemic stroke-
induced cardiac dysfunction in the diabetic mouse. M1-polarized
macrophage infiltration and NLRP3 inflammasome activation in the
heart after ischemic stroke induce cardiac dysfunction. Diabetes
mellitus exacerbates the cardiac dysfunction after ischemic stroke
through increased M1-polarized macrophage infiltration and NLRP3
inflammasome activation in the heart. NLRP3, NLR pyrin domain
containing 3; ASC, apoptosis-associated speck-like protein containing
a CARD.

including cardiac autonomic dysfunction after ischemic
injury of the insular cortex [32], systemic inflammation, the
hypothalamic—pituitary—adrenal axis, blood-brain barrier
disruption, and gut microbiome dysbiosis [2, 11]. However,
the underlying molecular mechanisms are still far from
precisely dissected, especially in diabetic patients. Diabetic
status not only exacerbates ischemic brain injury, but also
increases post-stroke complications [33, 34]. A clinical
study reported that diabetes is an independent predictor of
unfavorable outcomes, and mortality increases while the
cardiac pumping function decreases after stroke [35].
Another study showed that pioglitazone, a classic hypo-
glycemic drug, improves the cardiovascular functions of
patients after ischemic stroke or transient ischemic attack
[36]. These studies point to a role of inflammation in the
brain-heart interaction. Chronic inflammation plays an
important role in cardiac fibrosis [37] as well as ischemic
stroke [38, 39]. Microglial infiltration induced by ischemic
stroke increases inflammation by releasing pro-inflamma-
tory cytokines and chemokines such as TNF-a, IL-1, and
vascular cell adhesion protein 1 [40, 41]. As a result, brain
tissue releases glial fibrillar acidic protein, S100 and
myelin basic protein and sheds extracellular microvesicles,
then activates the peripheral immune system [34]. The

@ Springer

extracellular microvesicles and pro-inflammatory mole-
cules can recruit macrophages and switch them to M1
polarization [42] and hence activate NLRP3 inflamma-
somes [43]. Notably, Ml-polarized macrophages are
closely associated with fibrosis [25]. In our study, the
process of Ml-polarized macrophage—-NLRP3 inflamma-
some activation was shown to be the molecular path-
way for inducing cardiac dysfunction and myocardial
fibrosis. CY-09, a specific inhibitor of NLRP3, binds to
the ATP-binding motif of the NLRP3 NACHT domain and
inhibits NLRP3 ATPase activity, hence inhibiting NLRP3
inflammasome assembly and activation in macrophages
[44]. As shown in our study, the anti-inflammatory effect
of CY-09 also benefits cardiac functions after diabetic
ischemic stroke, providing strong evidence for its clinical
relevance.

In summary, our study suggested that diabetic status
decreases cardiac function after ischemic stroke by
increasing infiltration by MIl-polarized macrophages and
NLRP3 inflammasome activation. A compensatory mech-
anism would partially rescue the neurological deficit after
stroke [45]. This explains why the neurological deficit
gradually recovered although the cardiac morphological
changes lasted for at least 28 days. Further study should
focus on how to manipulate M1-polarized macrophages to
reverse the pathological myocardial changes before they
form scar-like tissue after stroke.
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