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Therapeutic effects of CD133 +
Exosomes on liver function after
stroke in type 2 diabetic mice
Poornima Venkat1*, Huanjia Gao1, Elizabeth L. Findeis1,
Zhili Chen1, Alex Zacharek1, Julie Landschoot-Ward1,
Brianna Powell1, Mei Lu2, Zhongwu Liu1, Zhenggang Zhang1

and Michael Chopp1,3

1Department of Neurology, Henry Ford Hospital, Detroit, MI, United States, 2Department of Public
Health Sciences, Henry Ford Hospital, Detroit, MI, United States, 3Department of Physics, Oakland
University, Rochester, MI, United States

Background and purpose: Non-alcoholic fatty liver disease (NAFLD) is known

to adversely affect stroke recovery. However, few studies investigate how stroke

elicits liver dysfunction, particularly, how stroke in type 2 diabetes mellitus (T2DM)

exacerbates progression of NAFLD. In this study, we test whether exosomes

harvested from human umbilical cord blood (HUCBC) derived CD133 + cells

(CD133 + Exo) improves neuro-cognitive outcome as well as reduces liver

dysfunction in T2DM female mice.

Methods: Female, adult non-DM and T2DM mice subjected to stroke presence

or absence were considered. T2DM-stroke mice were randomly assigned to

receive PBS or Exosome treatment group. CD133 + Exo (20 µg/200 µl PBS, i.v.)

was administered once at 3 days after stroke. Evaluation of neurological (mNSS,

adhesive removal test) and cognitive function [novel object recognition (NOR)

test, odor test] was performed. Mice were sacrificed at 28 days after stroke and

brain, liver, and serum were harvested.

Results: Stroke induces severe and significant short-term and long-term

neurological and cognitive deficits which were worse in T2DM mice compared

to non-DM mice. CD133 + Exo treatment of T2DM-stroke mice significantly

improved neurological function and cognitive outcome indicated by improved

discrimination index in the NOR and odor tests compared to control T2DM-stroke

mice. CD133 + Exo treatment of T2DM stroke significantly increased vascular and

white matter/axon remodeling in the ischemic brain compared to T2DM-stroke

mice. However, there were no differences in the lesion volume between non-

DM stroke, T2DM-stroke and CD133 + Exo treated T2DM-stroke mice. In T2DM

mice, stroke induced earlier and higher TLR4, NLRP3, and cytokine expression

(SAA, IL1β, IL6, TNFα) in the liver compared to heart and kidney, as measured

by Western blot. T2DM-stroke mice exhibited worse NAFLD progression with

increased liver steatosis, hepatocellular ballooning, fibrosis, serum ALT activity,

and higher NAFLD Activity Score compared to T2DM mice and non-DM-stroke

mice, while CD133 + Exo treatment significantly attenuated the progression of

NAFLD in T2DM stroke mice.
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Conclusion: Treatment of female T2DM-stroke mice with CD133 + Exo

significantly reduces the progression of NAFLD/NASH and improves

neurological and cognitive function compared to control T2DM-

stroke mice.

KEYWORDS

liver function, exosomes, stroke, type 2 diabetes mellitus, brain-liver axis, CD133 +

Introduction

Diabetes mellitus (DM) leads to a 3–4 fold higher risk of
ischemic stroke (Mast et al., 1995; Goldstein et al., 2006; Adams
et al., 2007). Ischemic stroke patients with DM exhibit a distinct
risk-factor and etiologic profile and a worse outcome than non-
DM patients (Scott et al., 1999; Capes et al., 2001; Putaala et al.,
2011). Type 2 DM (T2DM) constitutes ∼90% of diabetic patients
and is associated with non-alcoholic fatty liver disease (NAFLD)
(Patel et al., 2011). Non-alcoholic steatohepatitis (NASH) is a
form of NAFLD in which steatosis in the liver is accompanied by
inflammation and cell damage. NAFLD is a chronic liver disease
that is present in 50–60% of patients with T2DM, and the two
conditions often act synergistically to aggravate the severity of
outcomes from ischemic stroke (Megherbi et al., 2003; Putaala
et al., 2011; Seo et al., 2016; Li et al., 2018; Weinstein A. et al.,
2018; Chatzopoulos et al., 2021). Given the global prevalence of
NAFLD, and the increased post-stroke morbidity and mortality in
the expanding diabetic population, there is a compelling need to
elucidate the brain-liver interaction after stroke in the setting of
T2DM and to develop therapeutic approaches specifically designed,
not only to reduce stroke induced direct neurological and cognitive
deficits, but also to reduce liver damage driven by the interaction of
brain and liver.

Exosome based therapeutics is emerging for neurological
diseases, cancers, and autoimmune diseases (Peterson et al., 2007;
Cheng et al., 2011; Ding et al., 2011; Zhu et al., 2011; Minnerup
et al., 2012; Corral-Fernández et al., 2013; Wei et al., 2013).
Exosomes are extracellular vesicles naturally released by all cells
and they transport nucleic acids, proteins, lipids, and metabolites
thereby facilitating intercellular communication (El-Andaloussi
et al., 2012; Yáñez-Mó et al., 2015; Kalluri and LeBleu, 2020).
Systemic delivery of exosomes that are derived from mesenchymal
stromal cells or endothelial cells, primarily accumulate in liver
and spleen, and can pass the blood brain barrier without any
apparent adverse effects (Xin et al., 2013; Lai et al., 2014; Yang et al.,
2015; Venkat et al., 2019; Wang et al., 2020; Choi et al., 2021).
CD133 is a marker for hematopoietic stem and progenitor cells,
and CD133 + /KDR + identifies endothelial progenitor cells (EPC)
(Friedrich et al., 2006; Thum et al., 2007). We previously reported
that treatment of T2DM stroke in male mice with exosomes
harvested from human umbilical cord blood (HUCBC) derived
CD133 + cells (early progenitor endothelial cells in cord blood,
here referred to as CD133 + Exo), significantly improves cardiac
function via reducing inflammation, oxidative stress, fibrosis,
and increasing microRNA 126 expression at 28 days post-stroke

compared to control T2DM-stroke mice (Venkat et al., 2021).
Treatment of stroke in diabetic mice with miR-126 enriched
EPC-exosomes administered intravenously at 2 h after stroke
significantly reduces infarct size, improves neurological function,
as well as increases cerebral blood flow and angiogenesis in the
peri-infarct region compared to control T2DM-stroke mice (Wang
et al., 2020). While the therapeutic effects of CD133 + Exo, EC-
Exo, and EPC-Exo on stroke outcome and cardiac function have
been previously reported, the effect of CD133 + Exo on the liver
function in diabetic stroke mice has not been studied. In this study,
we report for the first time that among the major peripheral organs,
i.e., heart, kidney and liver, stroke elicits earlier, and stronger acute
phase response in the liver of diabetic mice. We also present a
novel therapeutic approach using CD133 + Exo not only to improve
neurological and cognitive outcome post-stroke in T2DM mice but
also to reduce the progression of NAFLD/NASH after stroke.

Materials and methods

All procedures were carried out in accordance with the
National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals and with the approval of Institutional Animal
Care and Use Committee (IACUC) of the Henry Ford Health
System. This manuscript is prepared following ARRIVE guidelines
(Kilkenny et al., 2010).

Photothrombotic ischemic stroke model

The photothrombotic stroke model is a minimally invasive
small vessel occlusion model which induces reproducible and well-
defined infarcts in the frontal and parietal cortex and prolonged
sensorimotor impairment in mice (Labat-gest and Tomasi, 2013;
Chen et al., 2017; Uzdensky, 2018). Briefly, mice were anesthetized
in a chamber with 3.5% isoflurane and maintained with 1.5%
isoflurane in a mixture of 70% N2O and 30% O2 using a facemask.
The head was fixed on the stereotaxic instrument and animals
placed on a water circulating heating pad set to 37◦C during
the surgical procedure. A skin incision was made, and a black
roundabout rubber sheet was placed on the skull surface such that
the sensorimotor area (1.5–3 mm lateral; 0.5–1 mm anterior of
bregma) was exposed by the inner circle aperture. A photosensitive
dye (Rose Bengal, 40 mg/kg, i.p.) mixed with saline (4 ml/kg)
was injected and 5 min later, a cold light illuminator was fixed
close to the skull surface and turned on for 20 min. Activation
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of the dye induces endothelial damage with platelet activation
and thrombosis, resulting in local blood flow interruption and
infarction (Labat-gest and Tomasi, 2013; Uzdensky, 2018). The
rubber was removed, incision was sutured, and routine post-
surgical monitoring, analgesics (Buprenorphine SR, 1 mg/Kg,
subcutaneous), and supportive care was provided.

Experimental groups, randomization, and
blinding

Diabetic women have a higher risk of stroke than men (Peters
et al., 2014). The incidence of NAFLD is higher in males than in
females as evidenced by longitudinal studies (Kojima et al., 2003;
Ballestri et al., 2017). However, with advancing age (≥50 years),
women have a higher risk of NASH and advanced NAFLD fibrosis
than men (Summart et al., 2017; Balakrishnan, 2021). Thus, we
employ female T2DM and control mice in this study. Female, adult,
3–4 m old, T2DM (BKS.Cg-m +/+ Leprdb/J, Jackson Laboratory,
Bar Harbor, ME, USA) and control non-DM (db +, Jackson
Laboratory, Bar Harbor, ME, USA) mice were used and following
experimental groups employed: (1) Non-DM (WT, n = 6), (2)
Non-DM-stroke (WT-Stroke, n = 15), (3) T2DM (n = 8), (4)
T2DM-stroke (n = 12), and (5) T2DM-stroke + Exo (n = 13).
CD133 + Exo (20 µg/200 µl PBS) was administered via a tail vein
once at 3 days after stroke. The treatment regimen was selected
based on our prior study in which we demonstrated that that
treatment of T2DM stroke with CD133 + Exo administered once
intravenously at 3 days after stroke at a dose of 20 µg/200 µl
PBS significantly improves cardiac function at 28 days post-stroke
compared to control T2DM-stroke mice (Venkat et al., 2021). At
day 28 after stroke, fasting blood glucose was tested using a glucose
analyzer (AgaMatrix Advanced blood glucose monitoring system)
and blood lipids measured using CardioChek Plus analyzer. End-
point measurements such as neurological and cognitive testing,
histochemical staining, imaging, and quantification analysis were
performed by investigators who were blinded to the experimental
groups. The investigator who performed behavioral testing was not
involved in performing stroke surgery or treatment administration.

Neurological and cognitive function
assessment

To assess neurological function post-stroke, the modified
neurological severity score (mNSS) and adhesive removal tests were
performed on days 1, 7, 14, 21, and 28 after stroke. The mNSS
test is a composite of motor, sensory, balance, and reflex tests
in which the absence of a tested reflex or abnormal response is
scored as one point. Thus, on a scale of 0–18, 0 indicates normal
neurological function, i.e., no deficits and a score of 18 indicates
severe neurological deficits (Chen et al., 2001). The adhesive
removal test evaluates somatosensory dysfunction (Bouet et al.,
2009). Two small pieces of adhesive paper tapes were applied on
both the forepaws with equal pressure and the time taken to sense
the stimulus and to remove the tapes was recorded. The maximum
trial time was 120 s. Three individual trials that were separated by
at least 5 min were carried out for each animal on each testing day.

To evaluate cognitive impairment, novel object recognition
(NOR) test and odor test were performed at 25–28 days after stroke
using ANY-Maze video tracking and analysis software (Stoelting
Co., Wood Dale, IL, USA). All animals were habituated to the
testing environment 1 day prior to testing. To test short-term
memory, a NOR test with a retention delay of 4 h was employed
following previously described methods (Culmone et al., 2022).
Briefly, in the 5 min trial phase, mice freely explored 2 identical
plastic objects that were placed equidistant from the walls of a
testing chamber. During the 5 min test phase, one object from
the trial phase was replaced with a novel object and the time
spent exploring each object was recorded. If the total exploration
time was less than 10 s, animals were excluded from analysis.
Sniffing, pawing, or probing with whiskers within 1 cm of an
object was considered as exploration. The discrimination index was
calculated as the ratio of time spent exploring the novel object to
the total exploration time. To test long-term memory, odor test was
employed following previously described methods (Spinetta et al.,
2008; Culmone et al., 2022). Briefly, two sets of novel odors (N1
and N2) were obtained by placing beads in the home cage of donor
mice (same sex, different strains) for 1 week. All experimental
animals were separated to single housing and four wooden beads1

were placed in each cage to habituate mice to presence of beads
and to collect familiar odor beads (F). On the 2 days of testing,
animals were familiarized with novel odor N1 during three 1 min
trials. On the 3 days of testing, mice were subjected to a 1 min
test phase during which two familiar odor beads (F), one N1 odor
bead and one N2 odor bead were placed in the center of the cage.
The time spent exploring each odor bead (F, N1, N2) was recorded
and discrimination index was calculated as the ratio of time spent
exploring the novel odor N2 to the total time spent exploring all
beads. Mice that were inactive and failed to explore any of the beads
were excluded from the analysis.

CD133 + Exo isolation

CD133 + cells (SER-CD34-F, ZenBio, Durham, NC, USA)
were cultured using custom media (ZenBio, Durham, NC, USA)
as per manufacturer instructions. Briefly, Stem Cell Expansion
Supplement (100×) was thawed at room temperature and added
to the Custom Stem Cell Expansion Medium at 1:100 ratio.
CD133 + cells were cultured for 1 week and media was
collected and filtered with 0.22 µM syringe filter to remove
any particulate matter. Exosomes were harvested from collected
media using ExoQuick (System Biosciences, Palo Alto, CA, USA).
2 ml ExoQuick was added for every 10 ml media and stored
overnight at 4◦C. Media was centrifuged at 1,500 g for 30 min,
supernatant removed, and the pellet resuspended in PBS. Protein
concentration was determined using BCA Protein Assay Kit
(Pierce) (Thermo Fisher Scientific, Waltham, MA, USA) following
standard protocol. CD133 + Exo were verified by transmission
electron microscopy (TEM), western blot detection of common
exosome marker proteins [CD9 (1:1000 Abcam, Waltham, MA,
USA, Cat#223052), CD81 (1:1000 Abcam, Waltham, MA, USA,
Cat#109201), CD63 (1:1000, Abcam, Waltham, MA, USA, cat#

1 https://www.craftparts.com/
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ab134045), ALIX (1:1000 Cell Signaling, Danvers, MA, USA,
Cat#2171), and Calnexin (1:1000 Biolegend, San Diego, CA,
USA, Cat#699401)] and exosome size and quantification were
performed using NanoSight NS300 (Malvern Panalytical, Malvern,
UK). Ultrastructure and nanosize analysis demonstrated that
CD133 + Exo had intact spherical/donut-shaped morphology with
a mean diameter of 144.3 ± 4.6 nm (Figure 1G).

Immunohistochemistry and
quantification analysis

Animals were anesthetized with ketamine (80 mg/kg, i.p) and
(xylazine 13 mg/kg, i.p), transcardially perfused with 0.9% saline
and decapitated. The brain was excised, immersion fixed in 4%
paraformaldehyde overnight, cut into seven equally spaced (1 mm
each) coronal blocks using a mouse brain matrix and embedded in
paraffin. A series of adjacent 6 µm thick sections was cut from each
block and stained with hematoxylin and eosin (H&E) for ischemic
lesion volume measurement. Lesion volume was measured using
ImageJ (NIH) and is presented as a volume percentage of the lesion
area compared with the contralateral hemisphere. Brain coronal
tissue sections (6 µm) were prepared and antibody against VWF
(1:400; Dako) (Agilent Technologies, Santa Clara, CA, USA) and
αSMA (α-smooth muscle actin; smooth muscle cell marker, mouse
monoclonal IgG 1:800, Dako) were used (Agilent Technologies,
Santa Clara, CA, USA). Bielschowsky silver and Luxol fast blue
staining was used to stain axons and myelin, respectively. Control
experiments consisted of similar procedures without addition of
primary antibody. For each brain section, 6–8 fields of view of the
ischemic border zone (IBZ) or ipsilateral striatum were digitized
under a 20 × objective (Olympus BX40) using a 3-CCD color
video camera (Sony DXC-970MD) interfaced with an MCID image
analysis system (Imaging Research, St. Catharines, ON, Canada).
Data were averaged to obtain a single value for each animal and
presented as percentage of positive area or number of positive
cells/mm2.

The left lateral lobe of the liver was excised and cut into three
sections. One section was snap frozen in liquid nitrogen, one
section was immersion fixed in 4% paraformaldehyde overnight
and embedded in paraffin, and the third section was embedded
in cryoprotective optimal cutting temperature compound (OCT)
solution and flash frozen in 2-methyl butane on dry ice and
then stored at −80◦C. Oil red O staining of 15 µm thick frozen
liver sections was used to evaluate neutral triglycerides and lipid
content. H&E staining of 6 µm thick paraffin embedded sections
was used to evaluate steatohepatitis and NAFLD Activity Score
(NAS) which is the unweighted sum of scored for steatosis (0–3),
lobular inflammation (0–3), and hepatocellular ballooning (0–2)
(Kleiner et al., 2005; Trovato et al., 2014). Picrosirius red staining
of 6 µm thick paraffin embedded sections was used to evaluate liver
fibrosis.

Alanine aminotransferase activity

During euthanasia, blood was collected under deep anesthesia
via retro-orbital bleeding. Blood was allowed to clot at room

temperature for 30 min and centrifuged at 1,500 g for 10 min to
collect serum. Serum ALT activity was measured using an ALT
Activity Assay kit (MAK052, MilliporeSigma, St. Louis, MO, USA)
following manufactures instructions.

Western blot

To test the acute phase response of peripheral organs after
stroke, additional sets of T2DM-sham and T2DM-stroke mice were
sacrificed at 1 and 3 days after stroke (n = 3/group). Animals were
anesthetized with ketamine (80 mg/kg, i.p) and (xylazine 13 mg/kg,
i.p), transcardially perfused with 0.9% saline and decapitated.
The heart, liver and kidney were excised and snap frozen in
liquid nitrogen. Protein was isolated from heart, liver and kidney
tissue using Trizol (Thermo Fisher Scientific, Waltham, MA, USA)
following standard protocol. Protein concentration was measured
using the BCA kit (Thermo Fisher Scientific, Waltham, MA, USA)
and 40 µg of protein/lane was loaded in a 10% SDS PAGE precast
gel (Thermo Fisher Scientific, Waltham, MA, USA). The gel was
placed in a tank and run for approximately 90 min at 120 V.
The gel was subsequently transferred to a nitrocellulose membrane
using the iBlot transfer system (Thermo Fisher Scientific, Waltham,
MA, USA). The membrane was blocked in 2% I-Block (Thermo
Fisher Scientific, Waltham, MA, USA) in 1 × TBS-T for 1 h,
and then primary antibodies against either β-actin (1:10,000,
Abcam, Waltham, MA, USA, cat# ab6276), serum amyloid A
(SAA, 1:1000, Abcam, Waltham, MA, USA, cat # ab199030), NOD-
like receptor protein 3 (NLRP3, 1:1000, Cell Signaling, Danvers,
MA, USA, cat# 15101), Interleukin-1β (IL-1β, 1:1000, Abcam,
Waltham, MA, USA, cat# ab2105), IL-6 (1:1000, Fisher Scientific,
Hampton, NH, USA, cat# 700480), Tumor necrosis factor α

(TNFα, 1:1000, Abbiotec, Escondido, CA, USA, cat# 250844), Toll
like receptor 4 (TLR4, 1:500, Santa Cruz, Dallas, TX, USA, cat#
sc-10741) were used. Secondary antibodies (anti-mouse, Jackson
ImmunoResearch, West Grove, PA, USA) were added at 1:3,000
dilution in 2% I-Block in 1 × TBS-T at room temperature for
1 h. The membranes were washed with 1 × TBS-T, and then
Luminol Reagent (Santa Cruz, Dallas, TX, USA) was added. The
membranes were then developed using a FluorChem E Imager
system (ProteinSimple, San Jose, CA, USA). Grayscale images were
analyzed using ImageJ and normalized to β -actin.

Statistical analysis

Data are presented as mean ± SEM. Data were evaluated
for normality; ranked data were used for analysis when data
were not normally distributed. To study the combination of
T2DM and stroke effects, we used two factorial design with
factors T2DM and stroke and Analysis of variance (ANOVA)
was used for single measurements collected at day 28 (NOR
test, odor test, and immunostaining measurements) and analysis
of variance and covariance (ANCOVA) was used for repeated
measurements (mNSS and adhesive removal test). The analysis
would first test two-factor interaction, followed by assessment of
additive effect (no interaction), supper-additive or sub-additive
interaction effects. Repeated analysis of variance (ANCOVA) was
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FIGURE 1

CD133 + Exo treatment significantly improves neuro-cognitive outcome in T2DM stroke mice. (A,B) Stroke in T2DM mice induced severe
neurological deficits indicated by higher mNSS scores and longer adhesive removal times compared to T2DM sham and non-DM stroke (WT-stroke)
mice. Intravenous administration of CD133 + Exo at 3 days after stroke reduced neurological impairment indicated by significantly lower mNSS
scores on days 21 and 28 after stroke as well as significantly shorter adhesive removal time on days 7, 14, and 28 after stroke when compared to
T2DM-stroke mice. (C,D) Stroke in T2DM mice induced significant cognitive impairment indicated by lower discrimination index in NOR test and
odor test at 28 days after stroke compared to T2DM sham and WT-stroke mice. Treatment of stroke with CD133 + Exo significantly improved both
short-term and long-term memory evaluated by NOR and Odor test compared to T2DM stroke mice. (E) There were no significant differences in the
lesion volume among non-DM stroke, T2DM-stroke and CD133 + Exo treated T2DM-stroke mice. (F) There were no significant differences
(p > 0.05) in blood glucose, total cholesterol or triglyceride levels at 28 days after stroke among T2DM, T2DM-stroke and CD133 + Exo treated
T2DM-stroke mice. (G) Characterization of CD133 + Exo by NTA, TEM and Western blots. Non-DM (WT, n = 6), non-DM-stroke (WT-Stroke, n = 15),
T2DM (n = 8), T2DM-stroke (n = 12), and T2DM-stroke + Exo (n = 13).

used to test CD133 + Exo effect on function recovery for mNSS
and adhesive removal test in mice with both T2DM and stroke.
Statistical significance was detected at p < 0.05. Data analysis was
performed by a Biostatistician.

Results

CD133 + Exo treatment significantly
improves neuro-cognitive outcome in
T2DM stroke mice

Stroke in T2DM mice induced severe neurological deficits
(Figures 1A, B) indicated by higher mNSS scores and longer
adhesive removal times as well as significant cognitive impairment
(Figures 1C, D) indicated by lower discrimination index in NOR
test and odor test compared to T2DM sham and non-DM stroke
mice. Super-additive effect was observed on mNSS scores at day
28 and sub-additive effects were observed on the adhesive removal
test on days 1, 7, 14, and 21 after stroke. Treatment of stroke
with CD133 + Exo significantly reduced neurological impairment

and improved both short-term and long-term memory compared
to T2DM stroke mice (Figures 1A-D). However, there were no
significant differences (p > 0.05) in the lesion volume among non-
DM stroke, T2DM-stroke and CD133 + Exo treated T2DM-stroke
mice (Figure 1E). There were no significant differences (p > 0.05)
in blood glucose, total cholesterol or triglyceride levels at 28 days
after stroke among T2DM, T2DM-stroke and CD133 + Exo treated
T2DM-stroke mice (Figure 1F).

CD133 + Exo treatment of T2DM stroke
significantly increases vascular and white
matter/axon remodeling

To test the effects of CD133 + Exo treatment on vascular
and white matter/axonal remodeling in the ischemic brain, we
measured arterial blood vessel and vascular density in the IBZ based
on αSMA and vWF immunostaining, respectively, and myelin
and axon density in the ipsilateral white matter striatal bundles
using Luxol fast blue and Bielschowsky silver staining, respectively.
T2DM-stroke significantly alters vascular density and reduces
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FIGURE 2

CD133 + Exo treatment of T2DM stroke significantly increases vascular and white matter/axon remodeling. (A,B) CD133 + Exo treatment of
T2DM-stroke significantly increases arterial blood vessel density (αSMA) and vessel density (vWF) in the ischemic brain compared to T2DM-stroke
mice. (C,D) CD133 + Exo treatment of T2DM-stroke significantly increases axon density (Bielschowsky silver, BS) and myelin density (Luxol fast blue,
LFB) in the ischemic brain compared to T2DM-stroke mice at 28 days after stroke. T2DM (n = 8), T2DM-stroke (n = 12), and T2DM-stroke + Exo
(n = 13).

axon and myelin density in the IBZ compared to T2DM Sham.
CD133 + Exo treatment of T2DM-stroke significantly increased
arterial blood vessel density, vessel density, myelin density and axon
density in the ischemic brain compared to T2DM-stroke mice at
28 days after stroke (Figures 2A-D).

T2DM-stroke induces liver
immune-response earlier and stronger
than in other peripheral organs

The acute phase response is typically initiated in response
to most inflammatory triggers to coordinate the innate immune
response (McColl et al., 2007). Triggers for the acute phase response
include elevations of cytokines IL-1β, IL-6, and TNFα, which
can bind directly to hepatocytes and induce the synthesis and
subsequent release of acute phase response proteins (McColl et al.,
2007). Therefore, we examined the expression of inflammatory
factors, cytokines and acute phase response related proteins at 1 and
3 days after stroke in T2DM mice. Figure 3 data show that stroke
in T2DM mice induced earlier and higher inflammatory factor,
cytokine, and acute phase response protein expression such as SAA,

NLRP3, IL1β, IL6, TNFα and TLR4 in the liver compared to heart
and kidney, as measured by Western blot. Combination of T2DM
and stroke had a super-additive effect on the increased expression
of SAA and IL6.

Stroke in T2DM-mice exacerbates NAFLD
progression while CD133 + Exo
treatment significantly reduces steatosis,
fibrosis, NAS, and ALT activity

Since NAS is a composite of steatosis, lobular inflammation,
and hepatocellular ballooning (Kleiner et al., 2005;
Trovato et al., 2014), higher NAS scores indicate more severe
NAFLD. Figure 4 shows that T2DM-stroke mice exhibited
significantly increased liver steatosis measured by Oil red O
staining, increased ballooning degeneration of hepatocytes,
increased fibrosis measured by PicroSirius Red, increased serum
ALT activity, and higher NAS compared to T2DM-Sham mice,
with super-additive effect observed on hepatocyte ballooning,
fibrosis, NAS and ALT. CD133 + Exo treatment of T2DM-
stroke mice significantly decreased liver steatosis, hepatocellular
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FIGURE 3

T2DM-stroke induces liver immune-response earlier and stronger than in other peripheral organs. (A,B) Western blot was used to measure the
expression of inflammatory factors, cytokines, and acute phase response related proteins at 1 and 3 days after stroke in T2DM mice. Stroke in T2DM
mice induces earlier and higher cytokine and acute phase response protein expression such as SAA, NLRP3, IL1β, IL6, TNFα and TLR4 in the liver
compared to heart and kidney. The bands correspond to the precursor form for IL1β and TNFα. n = 3/group.

ballooning, fibrosis, serum ALT activity, and NAS compared to
T2DM-stroke mice at 28 days after stroke (Figures 4A-H). Thus,
CD133 + Exo treatment significantly attenuates the progression of
NAFLD/NASH in T2DM stroke mice.

Discussion

In this study, we report for the first time that stroke in
T2DM mice induces acute phase immune response earlier and
stronger in the liver compared to heart and kidney and worsens
NAFLD compared to T2DM sham or stroke in non-DM mice. We
also report that treatment of T2DM stroke with CD133 + Exo
not only improves neuro-cognitive outcome but also attenuates
the progression of NAFLD/NASH, thereby holding promise as a
novel therapeutic agent for the treatment of T2DM stroke, and
potentially, directly for NAFLD/NASH.

There is increasing evidence of the clinical importance of
dysfunctional brain–peripheral organ interactions (Anthony et al.,
2012; Ren et al., 2018; Zhao et al., 2019; Li et al., 2020; Yan
et al., 2020). Our prior work, as well as others have demonstrated
that stroke in non-DM and T2DM mice induces significant
and progressive cardiac dysfunction compared to corresponding
control mice (Yan et al., 2020; Chen et al., 2021). T2DM aggravates
such cerebral-cardiac syndrome (Lin et al., 2021; Venkat et al.,
2021). Acute ischemic stroke patients who developed acute kidney
injury had higher risk of mortality at 3 months after stroke (Qureshi
et al., 2020; Zhao et al., 2020). Thus, we tested the expression
of acute phase proteins and inflammatory factors and cytokines
in kidney, heart and liver tissue at 1 and 3 days after stroke.
Acute phase proteins are a class of proteins whose concentration
dramatically increases, or increases in the circulation in response
to stimulation by pro-inflammatory cytokines (Güleç et al., 2022).
IL-6 is the major inducer for hepatic secretion of acute phase

proteins while IL-1β, TNFα and interferon gamma (IFN-γ) are
other cytokines that mediate acute phase response (Güleç et al.,
2022). In this study, we report for the first time that stroke in T2DM
mice induces earlier and higher inflammatory factor, cytokine, and
acute phase response protein expression such as SAA, NLRP3,
IL-1β, IL-6, TNFα, and TLR4 in the liver compared to heart
and kidney. This novel finding improves our understanding of
the brain-peripheral organ interaction sequelae and may impact
the treatment of diabetic stroke. The liver is the principal organ
contributor to circulating level of chemokines and acute phase
protein, SAA after focal brain injury (Wicker et al., 2019). After
acute brain injury, chemokine expression by the liver results in
neutrophil recruitment and hepatic damage (Campbell et al., 2005,
2008; Nizamutdinov et al., 2017), contributing to multi-organ
dysfunction (Villapol, 2016), and amplification of the local injury
responses (Campbell et al., 2008; Villapol, 2016). SAA is synthesized
in the liver and is induced in response to pro-inflammatory
stimuli such as IL-1β, IL-6, and TNFα. Serum SAA increases
more than 1,000 fold during severe acute-phase inflammation, and
SAA is modestly elevated in chronic inflammation (Shridas et al.,
2018). SAA has pro-inflammatory activities and participates in
systemic modulation of innate and adaptive immune responses,
lipid metabolism/transport, metabolic endotoxemia, obesity and
insulin resistance, and in the induction of extracellular-matrix-
degrading enzymes (Li et al., 2016; Griffiths et al., 2017). Thus,
SAA has the potential to serve as a novel, early plasma biomarker
for T2DM and NAFLD (Li et al., 2016; Griffiths et al., 2017). SAA
has strong chemotactic activity for neutrophils and macrophages,
induces the expression of a variety of inflammatory cytokines,
and stimulates NLRP3 inflammasome activity, mediated in part
by TLR4 (Chami et al., 2019; Yu et al., 2019). Therefore, early
inflammation in the liver is likely a key contributor to post-stroke
NAFLD progression in T2DM mice.

Stroke in diabetic patients elicits a strong bilateral brain-
liver interaction, with significant associations between changes
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FIGURE 4

Stroke in T2DM-mice exacerbates NAFLD progression while CD133 + Exo treatment significantly reduces steatosis, fibrosis, NAS, and ALT activity.
(A–C) Representative images of Oil red O (ORO), hematoxylin and eosin (H&E) staining and PicroSirius Red (PSR). T2DM-stroke mice exhibit
significantly increased liver steatosis (D), increased ballooning degeneration of hepatocytes (E), increased fibrosis (F), increased serum ALT activity
(G), and higher NAS (H) compared to T2DM-Sham mice. CD133 + Exo treatment of T2DM-stroke mice significantly decreased liver steatosis,
hepatocellular ballooning, fibrosis, serum ALT activity, and NAS compared to T2DM-stroke mice at 28 days after stroke. NAS is the unweighted sum
of scores for steatosis (0–3), lobular inflammation (0–3) and hepatocellular ballooning (0–2). Non-DM (WT, n = 6), non-DM-stroke (WT-Stroke,
n = 15), T2DM (n = 8), T2DM-stroke (n = 12), and T2DM-stroke + Exo (n = 13).

in biomarkers of liver dysfunction, ischemic lesion volume and
systemic inflammation (Muscari et al., 2014; Cassidy et al., 2015;
Abdeldyem et al., 2017; Li et al., 2017, 2018; Weinstein G. et al.,
2018; Weinstein et al., 2019). Immune communication between
the brain and peripheral organs contributes to and amplifies the
pathophysiological sequelae of stroke and neural injury (Maier
et al., 2006; Lu et al., 2009; Denes et al., 2010; Anthony et al.,
2012; Tobin et al., 2014; Wendeln et al., 2018). The liver is a key
organ mediating the inflammatory interaction between brain and
peripheral organs (Decker et al., 1985; Freitas-Lopes et al., 2017).
Preclinical and clinical data indicate that brain injury induces
liver damage and hepatic inflammation (Villapol, 2016; Zhang
et al., 2018). Acute stroke increases liver damage identified by
increased serum ALT at 3 h after middle cerebral artery occlusion

stroke in rats (Yang et al., 2003), and hyperlipidemia exacerbates
liver damage by promoting oxidative stress, inflammation and
hepatocyte apoptosis (Gong et al., 2012). Focal brain injury
elicits a rapid hepatic response and the subsequent production of
chemokines by the liver acts as an amplifier of the focal cerebral
injury (Anthony et al., 2012; Villapol, 2016; Zhang et al., 2018).
Post-stroke inflammatory response in the brain changes over time,
and the elevation of proinflammatory factors and cytokines in the
CNS can precede or follow elevated levels in the blood (Maier
et al., 2006; Lu et al., 2009; Anthony et al., 2012; Tobin et al.,
2014; Shi et al., 2021). NAFLD when accompanied by fibrosis is
strongly associated with systemic inflammation and elevation of
hepatic as well as plasma IL-6 expression (Wieckowska et al., 2008).
Liver fibrosis is associated with a higher risk of ischemic stroke
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particularly in women (Bateman et al., 2016). Our data indicate
that female T2DM mice subjected to stroke exhibit significantly
increased serum ALT activity and increased hepatic fibrosis,
steatosis and NAFLD/NASH progression compared to T2DM
control and non-DM stroke mice. In addition, our data show
that treatment of T2DM stroke with CD133 + Exo significantly
improves neurological function, cognitive function, white matter
and vascular remodeling in the ischemic brain as well as reduces
hepatic injury and progression of NAFLD/NASH compared to
T2DM stroke mice.

Limitations and future studies

The role of the gut microbiota in mediating stroke pathogenesis
and outcome is emerging. However, in this study, we only tested
acute phase response in the heart, kidney and liver and found
that among these major organs, stroke elicits stronger and earlier
acute phase response in the liver. Given the increase in post-stroke
morbidity, mortality, and neurological and cognitive deficits in
the diabetic population and the global prevalence of NAFLD, it is
important to investigate how cerebral ischemic stroke exacerbates
NAFLD in T2DM. In a retrospective, hospital-based observational
study of ischemic stroke patients, 64.2% (206/321) patients
presented with NAFLD (Baik et al., 2019). These stroke patients
with NAFLD had less severe strokes with lower NIHSS scores and
favorable functional outcome at 90 days after stroke (Baik et al.,
2019). However, as the study authors point out, the proportion of
patients with comorbidities such as diabetes, atrial fibrillation, or
peripheral arterial occlusive disease, was similar or even lower in
the group of NAFLD-stroke patients compared to stroke patients
without NAFLD (Baik et al., 2019). Therefore, further studies are
needed to verify the effect of NAFLD on stroke outcomes in diabetic
population as well as evaluate whether NAFLD is aggravated
post-stroke and its effect on stroke outcome. The mechanisms
by which CD133 + Exo treatment improves neurocognitive
recovery as well as reduces NAFLD/NASH progression, and how
liver dysfunction induced by T2DM stroke possibly feeds-back
to amplify neurological dysfunction have not been investigated
in the current study. NAFLD is characterized by triglyceride
accumulation in the cytoplasm of hepatocytes and measurement
of hepatic triglycerides and free fatty acids as well as evaluation of
the therapeutic effects of CD133 + Exo in a T2DM only model and
NASH only model is warranted. In addition, studies investigating
sex and age dependence of T2DM stroke on liver dysfunction
and therapeutic response to CD133 + Exo treatment warrant
investigation.

Conclusion

Stroke in T2DM mice induces acute phase immune response
earlier and more intensely in the liver compared to heart and
kidney. Stroke in T2DM mice induces significant NAFLD indicated
by increased steatosis, hepatocellular ballooning, inflammation,
and fibrosis in the liver. CD133 + Exo treatment significantly
improves neurocognitive function, vascular and white matter
remodeling in the ischemic brain as well as attenuates the
progression of NAFLD/NASH in the liver of T2DM stroke mice.

Thus, CD133 + Exo is a novel therapeutic agent that can improve
both brain and liver function after stroke in T2DM mice.

Disclosures

Intellectual Property relating to the topic of this manuscript is
subject to patent application (62/586,102) fully owned by Henry
Ford Health System.

Data availability statement

The original contributions presented in this study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

Ethics statement

This animal study was reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) of
Henry Ford Health.

Author contributions

PV: writing—original draft preparation, visualization, and
formal analysis. HG, EF, AZ, and JL-W: investigation. ZC:
investigation and formal analysis. BP: behavioral testing. ZZ:
writing—review and editing and supervision. ZL: investigation and
writing—review and editing. ML: formal analysis (statistical).
MC: conceptualization, writing—review and editing, and
supervision. All authors read and agreed to the published
version of the manuscript.

Acknowledgments

The authors thank Qinge Lu, Sutapa Santra, and Amy Kemper
for their technical assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Frontiers in Neuroscience 09 frontiersin.org

https://doi.org/10.3389/fnins.2023.1061485
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1061485 March 3, 2023 Time: 15:13 # 10

Venkat et al. 10.3389/fnins.2023.1061485

References

Abdeldyem, S., Goda, T., Khodeir, S., Abou Saif, S., and Abd-Elsalam, S. (2017).
Nonalcoholic fatty liver disease in patients with acute ischemic stroke is associated
with more severe stroke and worse outcome. J. Clin. Lipidol. 11, 915–919. doi: 10.1016/
j.jacl.2017.04.115

Adams, H., del Zoppo, G., Alberts, M., Bhatt, D., Brass, L., Furlan, A., et al. (2007).
Guidelines for the early management of adults with ischemic stroke: a guideline
from the American heart association/American stroke association stroke council,
clinical cardiology council, cardiovascular radiology and intervention council, and the
atherosclerotic peripheral vascular disease and quality of care outcomes in research
interdisciplinary working groups: the American academy of neurology affirms the
value of this guideline as an educational tool for neurologists. Circulation 115,
e478–e534. doi: 10.1161/CIRCULATIONAHA.107.181486

Anthony, D., Couch, Y., Losey, P., and Evans, M. (2012). The systemic response to
brain injury and disease. Brain Behav. Immun. 26, 534–540. doi: 10.1016/j.bbi.2011.
10.011

Baik, M., Kim, S., Nam, H., Heo, J., and Kim, Y. (2019). The paradoxical protective
effect of liver steatosis on severity and functional outcome of ischemic stroke. Front.
Neurol. 10:375. doi: 10.3389/fneur.2019.00375

Balakrishnan, M. (2021). Women have a lower risk of nonalcoholic fatty liver disease
but higher risk of nonalcoholic fatty liver disease fibrosis than men: summary of
the findings of a systematic review and meta-analysis. Clin. Liver Dis. 18, 251–254.
doi: 10.1002/cld.1139

Ballestri, S., Nascimbeni, F., Baldelli, E., Marrazzo, A., Romagnoli, D., and Lonardo,
A. (2017). NAFLD as a sexual dimorphic disease: role of gender and reproductive
status in the development and progression of nonalcoholic fatty liver disease and
inherent cardiovascular risk. Adv. Ther. 34, 1291–1326. doi: 10.1007/s12325-017-
0556-1

Bateman, R., Sharpe, M., Jagger, J., Ellis, C., Solé-Violán, J., López-Rodríguez, M.,
et al. (2016). 36th international symposium on intensive care and emergency medicine:
brussels, belgium. 15-18 march 2016. Crit. Care. 20:94. doi: 10.1186/s13054-016-1
208-6

Bouet, V., Boulouard, M., Toutain, J., Divoux, D., Bernaudin, M., Schumann-Bard,
P., et al. (2009). The adhesive removal test: a sensitive method to assess sensorimotor
deficits in mice. Nat. Protoc. 4, 1560–1564. doi: 10.1038/nprot.2009.125

Campbell, S., Anthony, D., Oakley, F., Carlsen, H., Elsharkawy, A., Blomhoff,
R., et al. (2008). Hepatic nuclear factor kappa B regulates neutrophil recruitment
to the injured brain. J. Neuropathol. Exp. Neurol. 67, 223–230. doi: 10.1097/NEN.
0b013e3181654957

Campbell, S., Perry, V., Pitossi, F., Butchart, A., Chertoff, M., Waters, S., et al. (2005).
Central nervous system injury triggers hepatic CC and CXC chemokine expression
that is associated with leukocyte mobilization and recruitment to both the central
nervous system and the liver. Am. J. Pathol. 166, 1487–1497. doi: 10.1016/S0002-
944062365-6

Capes, S., Hunt, D., Malmberg, K., Pathak, P., and Gerstein, H. (2001). Stress
hyperglycemia and prognosis of stroke in nondiabetic and diabetic patients: a
systematic overview. Stroke 32, 2426–2432. doi: 10.1161/hs1001.096194

Cassidy, S., Hallsworth, K., Thoma, C., MacGowan, G., Hollingsworth, K., Day, C.,
et al. (2015). Cardiac structure and function are altered in type 2 diabetes and non-
alcoholic fatty liver disease and associate with glycemic control. Cardiovasc. Diabetol.
14:23. doi: 10.1186/s12933-015-0187-2

Chami, B., Hossain, F., Hambly, T., Cai, X., Aran, R., Fong, G., et al. (2019). Serum
amyloid a stimulates vascular and renal dysfunction in apolipoprotein E-deficient mice
fed a normal chow diet. Front. Immunol. 10:380. doi: 10.3389/fimmu.2019.00380

Chatzopoulos, G., Filippidis, A., Gogou, C., Milonas, D., Savopoulos, C., Tziomalos,
K., et al. (2021). Hepatic fibrosis is associated with more severe acute ischemic stroke.
Atherosclerosis 331:e44.

Chen, J., Cui, C., Yang, X., Xu, J., Venkat, P., Zacharek, A., et al. (2017). MiR-
126 affects brain-heart interaction after cerebral ischemic stroke. Trans. Stroke Res.
8, 374–385. doi: 10.1007/s12975-017-0520-z

Chen, J., Gong, J., Chen, H., Li, X., Wang, L., Qian, X., et al. (2021). Ischemic stroke
induces cardiac dysfunction and alters transcriptome profile in mice. BMC Genomics
22:641. doi: 10.1186/s12864-021-07938-y

Chen, J., Li, Y., Wang, L., Zhang, Z., Lu, D., Lu, M., et al. (2001). Therapeutic benefit
of intravenous administration of bone marrow stromal cells after cerebral ischemia in
rats. Stroke 32, 1005–1011. doi: 10.1161/01.str.32.4.1005

Cheng, W., Liu, T., Jiang, F., Liu, C., Zhao, X., Gao, Y., et al. (2011). microRNA-
155 regulates angiotensin II type 1 receptor expression in umbilical vein endothelial
cells from severely pre-eclamptic pregnant women. Int. J. Mol. Med. 27, 393–399.
doi: 10.3892/ijmm.2011.598

Choi, H., Choi, Y., Yim, H., Mirzaaghasi, A., Yoo, J., and Choi, C. (2021).
Biodistribution of exosomes and engineering strategies for targeted delivery of
therapeutic exosomes. Tissue Eng. Regen Med. 18, 499–511. doi: 10.1007/s13770-021-
00361-0

Corral-Fernández, N., Salgado-Bustamante, M., Martínez-Leija, M., Cortez-
Espinosa, N., García-Hernández, M., Reynaga-Hernández, E., et al. (2013).

Dysregulated miR-155 expression in peripheral blood mononuclear cells from patients
with type 2 diabetes. Exp. Clin. Endocrinol. Diabetes 121, 347–353. doi: 10.1055/s-
0033-1341516

Culmone, L., Powell, B., Landschoot-Ward, J., Zacharek, A., Gao, H., Findeis, E.,
et al. (2022). Treatment with an angiopoietin-1 mimetic peptide improves cognitive
outcome in rats with vascular dementia. Front. Cell Neurosci. 16:869710. doi: 10.3389/
fncel.2022.869710

Decker, T., Kiderlen, A., and Lohmann-Matthes, M. (1985). Liver macrophages
(Kupffer cells) as cytotoxic effector cells in extracellular and intracellular cytotoxicity.
Infect. Immun. 50, 358–364. doi: 10.1128/iai.50.2.358-364.1985

Denes, A., Thornton, P., Rothwell, N., and Allan, S. (2010). Inflammation and brain
injury: acute cerebral ischaemia, peripheral and central inflammation. Brain Behav.
Immun. 24, 708–723. doi: 10.1016/j.bbi.2009.09.010

Ding, J., Cheng, Y., Gao, S., and Chen, J. (2011). Effects of nerve growth factor
and noggin-modified bone marrow stromal cells on stroke in rats. J. Neurosci. Res.
89, 222–230. doi: 10.1002/jnr.22535

El-Andaloussi, S., Lee, Y., Lakhal-Littleton, S., Li, J., Seow, Y., Gardiner, C., et al.
(2012). Exosome-mediated delivery of siRNA in vitro and in vivo. Nat. Protoc. 7,
2112–2126. doi: 10.1038/nprot.2012.131

Freitas-Lopes, M., Mafra, K., David, B., Carvalho-Gontijo, R., and Menezes, G.
(2017). Differential location and distribution of hepatic immune cells. Cells 6:48.
doi: 10.3390/cells6040048

Friedrich, E., Walenta, K., Scharlau, J., Nickenig, G., and Werner, N. (2006).
CD34-/CD133+/VEGFR-2+ endothelial progenitor cell subpopulation with potent
vasoregenerative capacities. Circ. Res. 98, e20–e25. doi: 10.1161/01.RES.0000205765.
28940.93

Goldstein, L., Adams, R., Alberts, M., Appel, L., Brass, L., Bushnell, C., et al.
(2006). Primary prevention of ischemic stroke: a guideline from the American
heart association/American stroke association stroke council: cosponsored by
the atherosclerotic peripheral vascular disease interdisciplinary working group;
cardiovascular nursing council; clinical cardiology council; nutrition, physical
activity, and metabolism council; and the quality of care and outcomes research
interdisciplinary working group: the American academy of neurology affirms the value
of this guideline. Stroke 37, 1583–1633. doi: 10.1161/01.STR.0000223048.70103.F1

Gong, W., Zheng, W., Wang, J., Chen, S., Pang, B., Hu, X., et al. (2012). Coexistence
of hyperlipidemia and acute cerebral ischemia/reperfusion induces severe liver damage
in a rat model. World J. Gastroenterol. 18, 4934–4943. doi: 10.3748/wjg.v18.i35.
4934

Griffiths, K., Pazderska, A., Ahmed, M., McGowan, A., Maxwell, A., McEneny, J.,
et al. (2017). Type 2 diabetes in young females results in increased serum amyloid a and
changes to features of high density lipoproteins in both HDL2 and HDL3. J. Diabetes
Res. 2017:1314864. doi: 10.1155/2017/1314864

Güleç, G. U., Turgut, Y. B., and Turgut, M. (2022). Acute phase proteins, in
encyclopedia of infection and immunity. Oxford: Elsevier, 206–214.

Kalluri, R., and LeBleu, V. (2020). The biology, function, and biomedical
applications of exosomes. Science 367:eaau6977. doi: 10.1126/science.aau6977

Kilkenny, C., Browne, W., Cuthill, I., Emerson, M., and Altman, D. (2010).
Improving bioscience research reporting: the ARRIVE guidelines for reporting animal
research. PLoS Biol. 8:e1000412. doi: 10.1371/journal.pbio.1000412

Kleiner, D., Brunt, E., Van Natta, M., Behling, C., Contos, M., Cummings, O., et al.
(2005). Design and validation of a histological scoring system for nonalcoholic fatty
liver disease. Hepatology 41, 1313–1321. doi: 10.1002/hep.20701

Kojima, S., Watanabe, N., Numata, M., Ogawa, T., and Matsuzaki, S. (2003).
Increase in the prevalence of fatty liver in Japan over the past 12 years: analysis of
clinical background. J. Gastroenterol. 38, 954–961. doi: 10.1007/s00535-003-1178-8

Labat-gest, V., and Tomasi, S. (2013). Photothrombotic ischemia: a minimally
invasive and reproducible photochemical cortical lesion model for mouse stroke
studies. J. Vis. Exp. 76:50370. doi: 10.3791/50370

Lai, C., Mardini, O., Ericsson, M., Prabhakar, S., Maguire, C., Chen, J., et al. (2014).
Dynamic biodistribution of extracellular vesicles in vivo using a multimodal imaging
reporter. ACS Nano. 8, 483–494. doi: 10.1021/nn404945r

Li, H., Hu, B., Wei, L., Zhou, L., Zhang, L., Lin, Y., et al. (2018). Non-alcoholic fatty
liver disease is associated with stroke severity and progression of brainstem infarctions.
Eur. J. Neurol. 25:577. doi: 10.1111/ene.13556

Li, R., Yuan, Q., Su, Y., Chopp, M., Yan, T., and Chen, J. (2020). Immune
response mediates the cardiac damage after subarachnoid hemorrhage. Exp. Neurol.
323:113093. doi: 10.1016/j.expneurol.2019.113093

Li, S., Ding, S., Mersmann, H., Chu, C., Hsu, C., and Chen, C. Y. (2016). A
nutritional nonalcoholic steatohepatitis minipig model. J. Nutr. Biochem. 28, 51–60.
doi: 10.1016/j.jnutbio.2015.09.029

Li, Y., Wang, J., Tang, Y., Han, X., Liu, B., Hu, H., et al. (2017). Bidirectional
association between nonalcoholic fatty liver disease and type 2 diabetes in Chinese
population: evidence from the dongfeng-tongji cohort study. PLoS One 12:e0174291.
doi: 10.1371/journal.pone.0174291

Frontiers in Neuroscience 10 frontiersin.org

https://doi.org/10.3389/fnins.2023.1061485
https://doi.org/10.1016/j.jacl.2017.04.115
https://doi.org/10.1016/j.jacl.2017.04.115
https://doi.org/10.1161/CIRCULATIONAHA.107.181486
https://doi.org/10.1016/j.bbi.2011.10.011
https://doi.org/10.1016/j.bbi.2011.10.011
https://doi.org/10.3389/fneur.2019.00375
https://doi.org/10.1002/cld.1139
https://doi.org/10.1007/s12325-017-0556-1
https://doi.org/10.1007/s12325-017-0556-1
https://doi.org/10.1186/s13054-016-1208-6
https://doi.org/10.1186/s13054-016-1208-6
https://doi.org/10.1038/nprot.2009.125
https://doi.org/10.1097/NEN.0b013e3181654957
https://doi.org/10.1097/NEN.0b013e3181654957
https://doi.org/10.1016/S0002-944062365-6
https://doi.org/10.1016/S0002-944062365-6
https://doi.org/10.1161/hs1001.096194
https://doi.org/10.1186/s12933-015-0187-2
https://doi.org/10.3389/fimmu.2019.00380
https://doi.org/10.1007/s12975-017-0520-z
https://doi.org/10.1186/s12864-021-07938-y
https://doi.org/10.1161/01.str.32.4.1005
https://doi.org/10.3892/ijmm.2011.598
https://doi.org/10.1007/s13770-021-00361-0
https://doi.org/10.1007/s13770-021-00361-0
https://doi.org/10.1055/s-0033-1341516
https://doi.org/10.1055/s-0033-1341516
https://doi.org/10.3389/fncel.2022.869710
https://doi.org/10.3389/fncel.2022.869710
https://doi.org/10.1128/iai.50.2.358-364.1985
https://doi.org/10.1016/j.bbi.2009.09.010
https://doi.org/10.1002/jnr.22535
https://doi.org/10.1038/nprot.2012.131
https://doi.org/10.3390/cells6040048
https://doi.org/10.1161/01.RES.0000205765.28940.93
https://doi.org/10.1161/01.RES.0000205765.28940.93
https://doi.org/10.1161/01.STR.0000223048.70103.F1
https://doi.org/10.3748/wjg.v18.i35.4934
https://doi.org/10.3748/wjg.v18.i35.4934
https://doi.org/10.1155/2017/1314864
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1002/hep.20701
https://doi.org/10.1007/s00535-003-1178-8
https://doi.org/10.3791/50370
https://doi.org/10.1021/nn404945r
https://doi.org/10.1111/ene.13556
https://doi.org/10.1016/j.expneurol.2019.113093
https://doi.org/10.1016/j.jnutbio.2015.09.029
https://doi.org/10.1371/journal.pone.0174291
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1061485 March 3, 2023 Time: 15:13 # 11

Venkat et al. 10.3389/fnins.2023.1061485

Lin, H., Li, F., Zhang, J., You, Z., Xu, S., Liang, W., et al. (2021). Cerebral-cardiac
syndrome and diabetes: cardiac damage after ischemic stroke in diabetic state. Front.
Immunol. 12:737170. doi: 10.3389/fimmu.2021.737170

Lu, J., Goh, S., Tng, P., Deng, Y., Ling, E., and Moochhala, S. (2009). Systemic
inflammatory response following acute traumatic brain injury. Front. Biosci. 14:3795–
3813. doi: 10.2741/3489

Maier, B., Lehnert, M., Laurer, H., Mautes, A., Steudel, W., and Marzi, I. (2006).
Delayed elevation of soluble tumor necrosis factor receptors p75 and p55 in
cerebrospinal fluid and plasma after traumatic brain injury. Shock 26, 122–127.

Mast, H., Thompson, J., Lee, S., Mohr, J., and Sacco, R. (1995). Hypertension and
diabetes mellitus as determinants of multiple lacunar infarcts. Stroke 26, 30–33. doi:
10.1161/01.str.26.1.30

McColl, B., Rothwell, N., and Allan, S. (2007). Systemic inflammatory stimulus
potentiates the acute phase and CXC chemokine responses to experimental stroke and
exacerbates brain damage via interleukin-1- and neutrophil-dependent mechanisms.
J. Neurosci. 27, 4403–4412. doi: 10.1523/JNEUROSCI.5376-06.2007

Megherbi, S., Milan, C., Minier, D., Couvreur, G., Osseby, G., Tilling, K., et al. (2003).
Association between diabetes and stroke subtype on survival and functional outcome
3 months after stroke: data from the European BIOMED stroke project. Stroke 34,
688–694. doi: 10.1161/01.STR.0000057975.15221.40

Minnerup, J., Sutherland, B., Buchan, A., and Kleinschnitz, C. (2012).
Neuroprotection for stroke: current status and future perspectives. Int. J. Mol.
Sci. 13, 11753–11772. doi: 10.3390/ijms130911753

Muscari, A., Collini, A., Fabbri, E., Giovagnoli, M., Napoli, C., Rossi, V., et al.
(2014). Changes of liver enzymes and bilirubin during ischemic stroke: mechanisms
and possible significance. BMC Neurol. 14:122. doi: 10.1186/1471-2377-14-122

Nizamutdinov, D., DeMorrow, S., McMillin, M., Kain, J., Mukherjee, S., Zeitouni, S.,
et al. (2017). Hepatic alterations are accompanied by changes to bile acid transporter-
expressing neurons in the hypothalamus after traumatic brain injury. Sci. Rep. 7:40112.
doi: 10.1038/srep40112

Patel, D., Albrecht, C., Pavitt, D., Paul, V., Pourreyron, C., Newman, S., et al.
(2011). Type 2 diabetes is associated with reduced ATP-binding cassette transporter
A1 gene expression, protein and function. PLoS One 6:e22142. doi: 10.1371/journal.
pone.0022142

Peters, S., Huxley, R., and Woodward, M. (2014). Diabetes as a risk factor for
stroke in women compared with men: a systematic review and meta-analysis of 64
cohorts, including 775,385 individuals and 12,539 strokes. Lancet 383, 1973–1980.
doi: 10.1016/S0140-673660040-4

Peterson, S., Husney, D., Kruger, A., Olszanecki, R., Ricci, F., Rodella, L., et al.
(2007). Long-term treatment with the apolipoprotein A1 mimetic peptide increases
antioxidants and vascular repair in type I diabetic rats. J. Pharmacol. Exp. Ther. 322,
514–520. doi: 10.1124/jpet.107.119479

Putaala, J., Liebkind, R., Gordin, D., Thorn, L., Haapaniemi, E., Forsblom, C., et al.
(2011). Diabetes mellitus and ischemic stroke in the young: clinical features and
long-term prognosis. Neurology 76, 1831–1837. doi: 10.1212/WNL.0b013e31821cccc2

Qureshi, A., Aslam, H., Zafar, W., Huang, W., Lobanova, I., Naqvi, S., et al. (2020).
Acute kidney injury in acute ischemic stroke patients in clinical trials. Crit. Care Med.
48, 1334–1339. doi: 10.1097/CCM.0000000000004464

Ren, H., Kong, Y., Liu, Z., Zang, D., Yang, X., Wood, K., et al. (2018). Selective
NLRP3 (pyrin domain-containing protein 3) inflammasome inhibitor reduces brain
injury after intracerebral hemorrhage. Stroke 49, 184–192. doi: 10.1161/STROKEAHA.
117.018904

Scott, J., Robinson, G., French, J., O’Connell, J., Alberti, K., and Gray, C. (1999).
Prevalence of admission hyperglycaemia across clinical subtypes of acute stroke.
Lancet 353, 376–377. doi: 10.1016/s0140-673674948-5

Seo, S., Gottesman, R., Clark, J., Hernaez, R., Chang, Y., Kim, C., et al. (2016).
Nonalcoholic fatty liver disease is associated with cognitive function in adults.
Neurology 86, 1136–1142. doi: 10.1212/WNL.0000000000002498

Shi, J., Li, W., Zhang, F., Park, J., An, H., Guo, S., et al. (2021). CCL2 (C-C motif
chemokine ligand 2) biomarker responses in central versus peripheral compartments
after focal cerebral ischemia. Stroke 52, 3670–3679. doi: 10.1161/STROKEAHA.120.
032782

Shridas, P., De Beer, M., and Webb, N. (2018). High-density lipoprotein
inhibits serum amyloid a-mediated reactive oxygen species generation and NLRP3
inflammasome activation. J. Biol. Chem. 293, 13257–13269. doi: 10.1074/jbc.RA118.
002428

Spinetta, M., Woodlee, M., Feinberg, L., Stroud, C., Schallert, K., Cormack, L.,
et al. (2008). Alcohol-induced retrograde memory impairment in rats: prevention by
caffeine. Psychopharmacology. 201, 361–371. doi: 10.1007/s00213-008-1294-5

Summart, U., Thinkhamrop, B., Chamadol, N., Khuntikeo, N., Songthamwat, M.,
and Kim, C. (2017). Gender differences in the prevalence of nonalcoholic fatty
liver disease in the Northeast of Thailand: a population-based cross-sectional study.
F1000Res 6:1630. doi: 10.12688/f1000research.12417.2

Thum, T., Hoeber, S., Froese, S., Klink, I., Stichtenoth, D., Galuppo, P., et al. (2007).
Age-dependent impairment of endothelial progenitor cells is corrected by growth-
hormone-mediated increase of insulin-like growth-factor-1. Circ Res. 100, 434–443.
doi: 10.1161/01.RES.0000257912.78915.af

Tobin, R., Mukherjee, S., Kain, J., Rogers, S., Henderson, S., Motal, H., et al. (2014).
Traumatic brain injury causes selective, CD74-dependent peripheral lymphocyte
activation that exacerbates neurodegeneration. Acta Neuropathol. Commun. 2:143.

Trovato, F., Catalano, D., Musumeci, G., and Trovato, G. (2014). 4Ps medicine
of the fatty liver: the research model of predictive, preventive, personalized and
participatory medicine-recommendations for facing obesity, fatty liver and fibrosis
epidemics. EPMA J. 5:21. doi: 10.1186/1878-5085-5-21

Uzdensky, A. (2018). Photothrombotic stroke as a model of ischemic stroke. Trans.
Stroke Res. 9, 437–451. doi: 10.1007/s12975-017-0593-8

Venkat, P., Cui, C., Chen, Z., Chopp, M., Zacharek, A., Landschoot-Ward, J., et al.
(2021). CD133+exosome treatment improves cardiac function after stroke in type 2
diabetic mice. Trans. Stroke Res. 12, 112–124. doi: 10.1007/s12975-020-00807-y

Venkat, P., Cui, C., Chopp, M., Zacharek, A., Wang, F., Landschoot-Ward, J.,
et al. (2019). MiR-126 Mediates brain endothelial cell exosome treatment-induced
neurorestorative effects after stroke in type 2 diabetes mellitus mice. Stroke 50,
2865–2874. doi: 10.1161/STROKEAHA.119.025371

Villapol, S. (2016). Consequences of hepatic damage after traumatic brain injury:
current outlook and potential therapeutic targets. Neural Regen Res. 11, 226–227.
doi: 10.4103/1673-5374.177720

Wang, J., Chen, S., Zhang, W., Chen, Y., and Bihl, J. (2020). Exosomes from
miRNA-126-modified endothelial progenitor cells alleviate brain injury and promote
functional recovery after stroke. CNS Neurosci. Ther. 26, 1255–1265.

Wei, Y., Nazari-Jahantigh, M., Neth, P., Weber, C., and Schober, A. (2013).
MicroRNA-126, –145, and –155: a therapeutic triad in atherosclerosis? Arterioscler.
Thromb. Vasc. Biol. 33, 449–454. doi: 10.1161/ATVBAHA.112.300279

Weinstein, A., de Avila, L., Paik, J., Golabi, P., Escheik, C., Gerber, L., et al. (2018).
Cognitive performance in individuals with non-alcoholic fatty liver disease and/or type
2 diabetes mellitus. Psychosomatics 59, 567–574. doi: 10.1016/j.psym.2018.06.001

Weinstein, G., Davis-Plourde, K., Himali, J., Zelber-Sagi, S., Beiser, A., and Seshadri,
S. (2019). Non-alcoholic fatty liver disease, liver fibrosis score and cognitive function
in middle-aged adults: the framingham study. Liver Int. 39, 1713–1721. doi: 10.1111/
liv.14161

Weinstein, G., Zelber-Sagi, S., Preis, S., Beiser, A., DeCarli, C., Speliotes, E., et al.
(2018). Association of nonalcoholic fatty liver disease with lower brain volume in
healthy middle-aged adults in the framingham study. JAMA Neurol. 75, 97–104.
doi: 10.1001/jamaneurol.2017.3229

Wendeln, A., Degenhardt, K., Kaurani, L., Gertig, M., Ulas, T., Jain, G., et al. (2018).
Innate immune memory in the brain shapes neurological disease hallmarks. Nature
556, 332–338. doi: 10.1038/s41586-018-0023-4

Wicker, E., Benton, L., George, K., Furlow, W., and Villapol, S. (2019). Serum
amyloid a protein as a potential biomarker for severity and acute outcome in traumatic
brain injury. Biomed. Res. Int. 2019:5967816. doi: 10.1155/2019/5967816

Wieckowska, A., Papouchado, B., Li, Z., Lopez, R., Zein, N., and Feldstein, A.
(2008). Increased hepatic and circulating interleukin-6 levels in human nonalcoholic
steatohepatitis. Am. J. Gastroenterol. 103, 1372–1379. doi: 10.1111/j.1572-0241.2007.
01774.x

Xin, H., Li, Y., Liu, Z., Wang, X., Shang, X., Cui, Y., et al. (2013). MiR-133b promotes
neural plasticity and functional recovery after treatment of stroke with multipotent
mesenchymal stromal cells in rats via transfer of exosome-enriched extracellular
particles. Stem. Cells 31, 2737–2746. doi: 10.1002/stem.1409

Yan, T., Chen, Z., Chopp, M., Venkat, P., Zacharek, A., Li, W., et al. (2020).
Inflammatory responses mediate brain-heart interaction after ischemic stroke in adult
mice. J. Cereb Blood Flow Metab. 40, 1213–1229. doi: 10.1177/0271678X18813317.

Yáñez-Mó, M., Siljander, P., Andreu, Z., Zavec, A., Borràs, F., Buzas, E., et al.
(2015). Biological properties of extracellular vesicles and their physiological functions.
J. Extracell Vesicles. 4:27066. doi: 10.3402/jev.v4.27066

Yang, T., Martin, P., Fogarty, B., Brown, A., Schurman, K., Phipps, R., et al. (2015).
Exosome delivered anticancer drugs across the blood-brain barrier for brain cancer
therapy in danio rerio. Pharm Res. 32, 2003–2014. doi: 10.1007/s11095-014-1593-y

Yang, X., He, W., Lu, W., and Zeng, F. (2003). Effects of scutellarin on liver function
after brain ischemia/reperfusion in rats. Acta Pharmacol. Sin. 24, 1118–1124.

Yu, J., Zhu, H., Taheri, S., Mondy, W., Bonilha, L., Magwood, G., et al. (2019). Serum
amyloid a-mediated inflammasome activation of microglial cells in cerebral ischemia.
J. Neurosci. 39, 9465–9476. doi: 10.1523/JNEUROSCI.0801-19.2019

Zhang, X., Qi, X., Yoshida, E., Méndez-Sánchez, N., Hou, F., Deng, H., et al. (2018).
Ischemic stroke in liver cirrhosis: epidemiology, risk factors, and in-hospital outcomes.
Eur. J. Gastroenterol. Hepatol. 30, 233–240. doi: 10.1097/MEG.0000000000001011

Zhao, Q., Yan, T., Chopp, M., Venkat, P., and Chen, J. (2020). Brain-kidney
interaction: renal dysfunction following ischemic stroke. J. Cereb Blood Flow Metab.
40, 246–262. doi: 10.1177/0271678X19890931

Zhao, Q., Yan, T., Li, L., Chopp, M., Venkat, P., Qian, Y., et al. (2019). Immune
response mediates cardiac dysfunction after traumatic brain injury. J. Neurotrauma.
36, 619–629. doi: 10.1089/neu.2018.5766

Zhu, N., Zhang, D., Chen, S., Liu, X., Lin, L., Huang, X., et al. (2011). Endothelial
enriched microRNAs regulate angiotensin II-induced endothelial inflammation and
migration. Atherosclerosis 215, 286–293. doi: 10.1016/j.atherosclerosis.2010.12.024

Frontiers in Neuroscience 11 frontiersin.org

https://doi.org/10.3389/fnins.2023.1061485
https://doi.org/10.3389/fimmu.2021.737170
https://doi.org/10.2741/3489
https://doi.org/10.1161/01.str.26.1.30
https://doi.org/10.1161/01.str.26.1.30
https://doi.org/10.1523/JNEUROSCI.5376-06.2007
https://doi.org/10.1161/01.STR.0000057975.15221.40
https://doi.org/10.3390/ijms130911753
https://doi.org/10.1186/1471-2377-14-122
https://doi.org/10.1038/srep40112
https://doi.org/10.1371/journal.pone.0022142
https://doi.org/10.1371/journal.pone.0022142
https://doi.org/10.1016/S0140-673660040-4
https://doi.org/10.1124/jpet.107.119479
https://doi.org/10.1212/WNL.0b013e31821cccc2
https://doi.org/10.1097/CCM.0000000000004464
https://doi.org/10.1161/STROKEAHA.117.018904
https://doi.org/10.1161/STROKEAHA.117.018904
https://doi.org/10.1016/s0140-673674948-5
https://doi.org/10.1212/WNL.0000000000002498
https://doi.org/10.1161/STROKEAHA.120.032782
https://doi.org/10.1161/STROKEAHA.120.032782
https://doi.org/10.1074/jbc.RA118.002428
https://doi.org/10.1074/jbc.RA118.002428
https://doi.org/10.1007/s00213-008-1294-5
https://doi.org/10.12688/f1000research.12417.2
https://doi.org/10.1161/01.RES.0000257912.78915.af
https://doi.org/10.1186/1878-5085-5-21
https://doi.org/10.1007/s12975-017-0593-8
https://doi.org/10.1007/s12975-020-00807-y
https://doi.org/10.1161/STROKEAHA.119.025371
https://doi.org/10.4103/1673-5374.177720
https://doi.org/10.1161/ATVBAHA.112.300279
https://doi.org/10.1016/j.psym.2018.06.001
https://doi.org/10.1111/liv.14161
https://doi.org/10.1111/liv.14161
https://doi.org/10.1001/jamaneurol.2017.3229
https://doi.org/10.1038/s41586-018-0023-4
https://doi.org/10.1155/2019/5967816
https://doi.org/10.1111/j.1572-0241.2007.01774.x
https://doi.org/10.1111/j.1572-0241.2007.01774.x
https://doi.org/10.1002/stem.1409
https://doi.org/10.1177/0271678X18813317.
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1007/s11095-014-1593-y
https://doi.org/10.1523/JNEUROSCI.0801-19.2019
https://doi.org/10.1097/MEG.0000000000001011
https://doi.org/10.1177/0271678X19890931
https://doi.org/10.1089/neu.2018.5766
https://doi.org/10.1016/j.atherosclerosis.2010.12.024
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	Therapeutic effects of CD133 + Exosomes on liver function after stroke in type 2 diabetic mice
	Authors

	Therapeutic effects of CD133 + Exosomes on liver function after stroke in type 2 diabetic mice
	Introduction
	Materials and methods
	Photothrombotic ischemic stroke model
	Experimental groups, randomization, and blinding
	Neurological and cognitive function assessment
	CD133 + Exo isolation
	Immunohistochemistry and quantification analysis
	Alanine aminotransferase activity
	Western blot
	Statistical analysis

	Results
	CD133 + Exo treatment significantly improves neuro-cognitive outcome in T2DM stroke mice
	CD133 + Exo treatment of T2DM stroke significantly increases vascular and white matter/axon remodeling
	T2DM-stroke induces liver immune-response earlier and stronger than in other peripheral organs
	Stroke in T2DM-mice exacerbates NAFLD progression while CD133 + Exo treatment significantly reduces steatosis, fibrosis, NAS, and ALT activity

	Discussion
	Limitations and future studies

	Conclusion
	Disclosures
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


