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Ischemia/reperfusion injured
intestinal epithelial cells cause
cortical neuron death by releasing
exosomal microRNAs associated
with apoptosis, necroptosis,

and pyroptosis

Chien-Chin Hsu?, Chien-Cheng Huang*3%>¢, Lan-Hsiang Chien’, Mao-Tsun Lin’,
Ching-Ping Chang’*?, Hung-Jung Lin%%*! & Chung-Ching Chio®**

To date, there is no good evidence that intestine epithelial cells (IEC) affected by ischemia/reperfusion
(I/R) injury are able to cause cortical neuron injury directly. Additionally, it remains unclear whether the
neuronal damage caused by I/R injured IEC can be affected by therapeutic hypothermia (TH, 32 °C).

To address these questions, we performed an oxygen-glucose deprivation (OGD) affected IEC-6-
primary cortical neuron coculture system under normothermia (37 °C) or TH (32 °C) conditions. It was
found that OGD caused hyperpermeability in IEC-6 cell monolayers. OGD-preconditioned IEC-6 cells
caused cortical neuronal death (e.g., decreased cell viability), synaptotoxicity, and neuronal apoptosis
(evidenced by increased caspase-3 expression and the number of TUNEL-positive cells), necroptosis
(evidenced by increased receptor-interacting serine/threonine-protein kinase-1 [RIPK1], RIPK3 and
mixed lineage kinase domain-like pseudokinase [MLKL] expression), and pyroptosis (evidenced by an
increase in caspase-1, gasdermin D [GSDMD], IL-1B, IL-18, the apoptosis-associated speck-like protein
containing a caspase recruitment domain [ASC], and nucleotide oligomerization domain [NOD]-like
receptor [NLRP]-1 expression). TH did not affect the intestinal epithelial hyperpermeability but did
attenuate OGD-induced neuronal death and synaptotoxicity. We also performed quantitative real-
time PCR to quantify the genes encoding 84 exosomal microRNAs in the medium of the control-IEC-6,
the control-neuron, the OGD-IEC-6 at 37 °C, the OGD-IEC-6 at 32 °C, the neuron cocultured with
OGD-IEC-6 at 37 °C, and the neurons cocultured with OGD-IEC-6 at 32 °C. We found that the control
IEC-6 cell s or cortical neurons are able to secrete a basal level of exosomal miRNAs in their medium.
OGD significantly up-regulated the basal level of each parameter for IEC-6 cells. As compared to those
of the OGD-IEC-6 cells or the control neurons, the OGD-IEC-6 cocultured neurons had significantly
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higher levels of 19 exosomal miRNAs related to apoptosis, necroptosis, and/or pyroptosis events.
Our results identify that I/R injured intestinal epithelium cells can induce cortical neuron death via
releasing paracrine mediators such as exosomal miRNAs associated with apoptosis, necroptosis, and/
or pyroptosis, which can be counteracted by TH.

Abbreviations

ASC Apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain
Caspase-1 Cysteine-aspartic protease-1

Caspase-3  Cysteine-aspartic protease-3

Caspase-8  Cysteine-aspartic protease-8

DAPI 4',6-Diamidino-2-phenylindole dihydrochloride

ELISA Enzyme-linked immunosorbent assay

GSDMD GasderminD

GSDMD-N  GSDMD N-terminus

HS Hemorrhagic shock

I/R Ischemia/reperfusion

IACUC Institutional animal care and use committee

IEC-6 Intestinal epithelial cell-6

IL-1B Interleukin-1 beta

IL-18 Interleukin-18

IL-6 Interleukin-6

MAP2 Microtubule-associated protein-2

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NC Normal control

NLRP-1 Nucleotide-binding oligomerization domain (NOD)-like receptor protein 1
NLRP-3 Nucleotide-binding oligomerization domain (NOD)-like receptor protein 3
OGD Oxygen-glucose deprivation

PBS Phosphate-buffered saline

RIPK1 Receptor-interacting protein kinase-1

RIPK3 Receptor-interacting protein kinase-3

pMLKL Phosphorylated-mixed lineage kinase domain-like pseudokinase
TEER Transepithelial electrical resistance

TNF-a Tumour necrosis factor alpha

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labelling
Z0-1 Zonula occludens 1

It is generally believed that bacterial translocation and gut-origin sepsis cause systemic infections complications
and multiple organ deficiency syndromes (MODS) in surgical and critically ill subjects’. The gut microbiota
plays a role in both normal central nervous system (CNS) development and pathogenesis of anxiety, memory
loss?, and other stress-related psychiatric disorder’. Intestinal ischemia/reperfusion (I/R) caused by clamping
the superior mesenteric artery* or by resuscitation following hemorrhagic shock (HS)® induces cerebral injury
and memory dysfunction in rats®. To date, there is no good evidence that the intestine epithelial cells affected by
I/R injury are able to cause neuronal damage directly. Additionally, it remains unclear whether the brain injury
caused by I/R injured intestine epithelial cells, like rat heart, can be affected by therapeutic hypothermia (TH)®.

To address these questions, we cocultured the oxygen-glucose deprivation (OGD)-infected intestinal epithe-
lial cell lines (IEC-6) with rat primary cortical neuronal cells in an in vitro coculture system under normothermia
(37 °C) or TH (32 °C) conditions. Exclusive use of the transwell coculture system eliminates the possibility of
determining which cells are responsible for miRNA release and other events. Intestinal permeability, cortical
neuronal death and synaptotoxicity, and the expression of cortical apoptosis-related proteins (e.g., caspase-3
and caspase-8)’, necroptosis-related proteins (e.g. receptor-interacting protein kinase-1 [RIPK1], RIPK3 and
mixed lineage kinase domain-like protein [MLKL])” and pyroptosis-related proteins (e.g., caspase-1, gasdermin
D [GSDMD], apoptosis-associated speck-like protein containing a caspase recruitment domain [ASC] and a
nucleotide oligomerization domain [NOD]-like receptor protein [NLRP-1], interleukin-1p [IL-1p], and interleu-
kin-18 [IL-18])® were measured. We also performed quantitative real-time reverse transcription PCR (qQRT-PCR)
to quantify the genes encoding 84 exosomal microRNAs (miRNAs)? in the cocultured medium of the control
IEC-6, the control neurons, the OGD-IEC-6 at 37 °C, the OGD-IEC-6 at 32 °C, the neurons cocultured with
OGD-IEC-6 at 37 °C, and the neurons cocultured with OGD-IEC-6 at 32 °C.

Materials and methods

All authors had access to the study data and reviewed and approved the final manuscript. All in vitro studies are
from at least 3 replicate experiments. Schematic diagrams showing the in vitro experimental designs are shown
in Fig. 1. All the antibodies and commercial kits used in this study are summarized in Supplementary Table SI.

Primary cortical neuron cultures. Primary cultured cortical neurons were obtained from embryonic
(E18D) Sprague-Dawley rat fetuses and maintained for eight to ten days before being used for experiments as
detailed previously®. Briefly, samples of the cerebral cortex were dissected and digested with EDTA, then dis-
sociated with a Pasteur pipette. The dissociated cells were resuspended in neurobasal medium (Gibco, Thermo
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Figure 1. (A) and (B)The epithelial permeability of DMEM at 37 °C, IEC-6 cells at 37 °C, OGD-preconditioned
IEC-6 cells at 37 °C, IEC-6 cells at 32 °C, and OGD-preconditioned IEC-6 cells at 32 °C was assayed by
determining transepithelial electrical resistance (TEER). (C) The viability of cortical neurons treated with
medium alone at 37 °C was defined as 100%. Measurements were made in triplicate, and each bar represents

the mean +S.D. *P<0.01, OGD-preconditioned IEC-6 cells+neurons at 37 °C vs. controls; *P<0.05, OGD-
preconditioned IEC-6 cells+neurons at 32 °C.

Fisher Scientific Inc., Waltham, MA, USA) containing 2% B27 (Gibco), 0.5 mM glutamine and 50 U/ml penicil-
lin/streptomycin and plated onto poly-D-lysine-coated culture dishes. The media was first refreshed 24 h after
plating and half-replaced with fresh media every 3 days. Cultured cortical neurons were kept for 8-10 days at
37 °Cina 5% CO, incubator before being used for experiments.

IEC-6 cell cultures. Cells from the rat intestinal epithelial cell line No. 6 (IEC-6) at the 13" culture passage
were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained in Dul-
becco’s modified Eagle’s medium (Gibco). Cells were cultured at 37 °C in a humidified atmosphere with 5% CO,.
All experiments used cells at the 17th to 19th passage and were performed in at least triplicate. The condition
of the cells was observed using phase-contrast microscopy, and healthy cells were sub-cultured for subsequent
experimentation.

Oxygen—glucose deprivation (OGD) and the epithelial-neuron coculture model. IEC-6 cells
were washed with phosphate-buffered saline (PBS), switched to Roswell Park Memorial Institute (RPMI)
medium without glucose and serum, and placed in a 0.2% O, hypoxia chamber for 24 h at 37 °C to induce
OGD. Twenty-four hours after completing the OGD induction protocol, IEC-6 cells on transwell insert (with
0.4-pm-pore polyethylene terephthalate membrane; #353493, Falcon; BD Biosciences, Franklin Lakes, NJ, USA)
were cocultured with primary cortical neurons as shown in Fig. 1A. More specifically, one porous filter contain-
ing IEC-6 cells cultured at confluence was placed above cortical neurons cultured in a 12-well plate, and cells
were then cocultured for 12 h. IEC-6 cells in the control group were not subjected to OGD. To explore the effects
of hypothermia on epithelial-neural interactions following OGD, cortical neurons alone at 37 °C, cortical neu-
rons plus untreated IEC-6 cells at 37 °C, cortical neurons plus OGD-treated IEC-6 cells at 37 °C, and cortical
neurons plus OGD-treated IEC-6 cells at 32 °C were cultured for 12 h. After coculturing, cells and medium were
collected for cell viability, apoptosis, necroptosis, pyroptosis, cytokines, and exosome microRNA assays.
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Cell viability assay. Cell viability after coculture was determined using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) assay'!. After coculture, neurons were treated with
MTT solution (50 ul/well of 5 mg/ml MTT solution) for 2 h at 37 °C. The dark blue formazan crystals formed
in intact cells were solubilized with lysis buffer. The absorbance of the sample was read at 570-630 nm with a
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). The A570/A630 ratio, which is directly related
to the number of viable cells in each well, was calculated. The results are expressed as the percent (%) of MTT
reduction, assuming that the absorbance of control cells at 37 °C was 100%.

Transepithelial electrical resistance (TEER) assay. Intestinal epithelial cell permeability was assayed
by determining TEER using a Millipore electric resistance system (ERS-2; Merk Millipore, Billerica, MA, USA)
and calculated as 3/cm? according to the method detailed previously’.

Immunofluorescence analysis of synaptophysin-containing neurons. Cortical neurons were
seeded on sterile poly-L-lysine coverslips placed in 6-well culture plates, incubated with mouse microtubule-
associated protein 2 (MAP-2; a neuronal marker; Santa Cruz) and rabbit synaptophysin antibodies (Santa Cruz)
and diluted in 5% BSA overnight at 4 °C. Then, cortical neurons were incubated with the appropriate secondary
antibodies (Alexa Fluor 568-conjugated goat anti-mouse IgG or Alexa Fluor 488-conjugated goat anti-mouse)
for 1 h at room temperature. The neurons were also stained with 4',6-diamidino-2 phenylindole dihydrochloride
(DAPI, Sigma-Aldrich) as a nuclear marker. Digital images were captured with a 20 x objective (N.A. 0.75) by a
fluorescence microscope system (Carl Zeiss Microscopy GmbH, Jena, Germany) with Zen Software (Carl Zeiss).
The experiments were repeated three times. Synaptophysin and MAP-2 positive cells were counted, and the fluo-
rescence intensity was quantified using Image] v.51j8 software (https://rsbweb.nih.gov/ij/). For the cell count,
data are presented as the percentage of the total synaptophysin-containing neurons number in four fields. For
the fluorescence intensity quantification, all images were conversed with grayscale and then analyzed by density
measurement. A fixed threshold rage of 10-150 was chosen to highlight the fluorescence staining signals. Data
are normalized to the average fluorescence intensity of the control neuron'.

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labeling (TUNEL)
assay. In vitro labeling of fragmented DNA in cultured cortical neurons was performed using the ApoAlert
DNA Fragmentation Assay Kit (Clontech Laboratories Inc., CA, USA) according to the manufacturer’s instruc-
tions. This assay allows the direct labeling of the fragmented DNA with fluorescein. Twelve hours with or with-
out IEC-6 or OGD-IEC-6 coculture, the neurons were fixed and incubated with a terminal deoxynucleotidyl
transferase (TdT) reaction buffer at 37 °C. Briefly, blunt ends of double-stranded DNA molecules were enzymati-
cally labeled with fluorescein-dUTP, and all the neurons were stained with propidium iodide at a concentration
of 750 ng/ml. DNase-treated (RNase-Free DNase Set, # 79254, Qiagen) neuron was used as a positive control.
Neurons were not treated with TdT as a negative control. All cell nuclei were counterstained with DAPI. We
determined the level of apoptotic neurons by counting MAP-2 with TUNEL-positive cells using a fluorescence
microscope (Carl Zeiss) equipped with fluorescein isothiocyanate filters, in accordance with the manufacturer’s
recommendations. The experiments were repeated three times. Data are presented as the percentage of the total
apoptotic neuron number in four fields. The fluorescence intensity of TUNEL in MAP-2-positive cells was also
quantified using Image]J v.51j8 software (https://rsbweb.nih.gov/ij/). All images were conversed with grayscale
and then analyzed by density measurement, as described in the section mentioned above.

Immunoblot analysis of apoptotic, necroptotic, and pyroptotic protein levels in cortical neu-
rons. The total protein concentrations of the cortical neurons treated with lysis buffer (Cell Signaling Tech-
nology, Danvers, MA) were determined using a bovine serum standard curve as a reference. A total of 40 ug of
protein was evaluated via 10% SDS-PAGE and electrotransferred onto a nitrocellulose membrane. Membranes
were blocked overnight at 4 °C and then incubated in a primary antibody in its respective blocking solution
for 2 h at room temperature. The primary antibodies used were anti-caspase-3, anti-caspase-8, anti-RIPKI,
anti-RIPK3, anti-pMLKL, anti-caspase-1, anti-NLRP-1, anti-NLRP-3, anti-ASC, anti-IL-1f, anti-GSDMD, anti-
zonula occludens 1 (ZO-1), anti-claudin-1, and anti-B-actin. Membranes were incubated with a secondary anti-
body diluted 1:5,000 in blocking buffer. The density of Western blot bands was quantified using an image analysis
system (Image Pro-Plus; Media Cybernetics, USA). Each protein levels were determined after normalizing with
B-actin.

Enzyme-linked immunosorbent assay (ELISA). The concentrations of tumor necrosis factor-a (TNF-
a), interleukin-6 (IL-6), and interleukin-18 (IL-18) in the media or cortical neurons were determined by com-
mercialized ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.

Exosomes isolation and microRNA analysis. Total exosomes were isolated from either conditioned
neuron culture medium or conditioned IEC-6 culture medium. The total cell culture medium was harvested
from 8 x 107 cells of each group and centrifuged at 2000xg for 30 min to remove suspended cells and debris. Total
exosome isolation (from cell culture media) reagent (Invitrogen) was used to isolate total exosomes following the
manufacturer’s instructions. Total RNA was isolated from exosome using a miRNeasy Mini kits (Qiagen, Valen-
cia, CA, USA) and finally eluted into 30 pl of heated elution solution. Purified exosomes from neurons or IEC-6
cells were identified using a cluster of differentiation (CD)9 (#STJ92147, St. John Laboratory Ltd., London, UK)
by Western blot analysis (Supplementary Figure S1). The purity and concentration of all exosomal RNA sam-
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ples were evaluated by the absorbance ratio at 260/280 nm, determined using a spectrophotometer (Molecular
Devices, Sunnyvale, CA, USA). Exosomal miRNA expression profiles were analyzed using the Rat Inflammatory
Response & Autoimmunity miScript miRNA PCR Array platform (Qiagen) which contain miScript primers for
84 of well-characterized miRNAs and 2 synthetic spike-in control miRNA as it has no mammalian homologue
(cel-miR-39-3p), 6 internal controls miRNAs (SNORD61, SNORD68, SNORD72, SNORD95, SNORD96A,
RNUG6-6P), 2 miRNA reverse transcription control (miRTC), and 2 Positive PCR control (PPC). qRT-PCR of
miRNA was performed using a QuantStudio 3 Real-Time PCR System (Applied Biosystems, Waltham, MA,
USA). The relative expression of each miRNA was calculated using the comparative cycle threshold method
(224CT) and is presented in fold change relative to the Control-IEC-6 group. The putative genes were subjected
to functional and pathway enrichment analysis and the potential regulatory relationships between miRNAs and
target genes using the Kyoto Encyclopedia of Genes and Genomes (KEGG). The threshold of significance was
defined as P<0.05 for KEGG analyses.

Statistics. Data are presented as the mean + S.E.M. Data with non-normal distribution were analysed by the
Kruskal-Wallis test with Dunn’s post-hoc test. We used GraphPad Prism (version 7.01 for Windows; GraphPad
Software, San Diego, CA, USA) to analyze the data and set the statistically significant level at P<0.05.

Ethical approval. Primary cortical neuron cultures were prepared from pregnant Sprague-Dawley rats
from (BioLASCO Taiwan Co., Ltd.) at embryonic day 18 (E18D). All animal experiments were conducted under
protocols approved by the Institutional Animal Care and Use Committees of Chi Mei Medical Center, Tainan
City, Taiwan (approved IACUC no. 106121110) in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. We used the ARRIVE checklist when writing our report.

Results

OGD-preconditioned IEC-6 cell-induced cell death in cortical neurons can be prevented by
cooling therapy. We performed an in vitro study to ascertain whether the mediators released from IEC-6
cells preconditioned with OGD cause primary cortical neuron death under therapeutic hypothermia or normo-
thermia conditions. Figure 1A shows the schematic representation of the five in vitro coculture system condi-
tions used in this study. In this system, the IEC-6 cells on a porous filter were placed above cultured primary
cortical neurons. The two different types of cells were not in direct contact with each other, but rather any effects
of one cell type on the other occurred as a result of the secretion of soluble factors. Therefore, any cross-talk
between the two cell types must be via soluble factors secreted from each cell line.

As shown in Fig. 1B, IEC-6 cell monolayers preconditioned with OGD for 24 h were cocultured with cor-
tical neurons at 37 °C. It was found the TEER value (an indicator for epithelial permeability) of OGD-IEC-
6+Neuron+37 °C group was significantly lower than that of untreated control IEC-6 cells cocultured with neurons
at 37 °C (IEC-6+Neuron+37 °C group). The tight junction-associated proteins (ZO-1 and Claudin-1) expression
were also decreased after OGD treatment in IEC-6 (Supplemental Fig. 3S). Moreover, the viability of cortical
neurons cocultured with OGD-preconditioned IEC-6 cells at 37 °C (OGD-IEC-6+Neuron+37 °C group) was
significantly lower than that of cortical neurons cocultured with non-OGD preconditioned control IEC-6 cells
(IEC-6+Neuron+37 °C group) (Fig. 1C). Although therapeutic hypothermia did not affect the OGD-induced
decrease in TEER and tight junction-associated proteins (ZO-1 and claudin-1) expression in IEC-6 cells (Fig. 1B
and Supplemental Fig. 3S), it significantly improved the viability of cortical neurons cocultured with IEC-6 cells
preconditioned with OGD (Fig. 1C).

Therapeutic hypothermia attenuates OGD-preconditioned IEC-6 cell-induced synaptotoxicity
and apoptosis in cultured primary cortical neurons. In this study, we aim to ascertain whether thera-
peutic hypothermia attenuates OGD-preconditioned IEC-6 cells-induced cortical neuronal injury in the cocul-
ture system. We observed both synaptotoxicity (as evidence by decreased expression of the dendritic marker
MAP2 and of the synaptic protein synaptophysins), and neuron apoptosis (as evidenced by accumulation of
MAP2- and TUNEL-positive cells) in primary cultures of cortical neurons co-cultured with OGD-precondi-
tioned IEC-6 cells (Fig. 2A, B). Indeed, Fig. 2C, D shows that the number of synaptophysin-containing dendrites
of cortical neurons and MAP2 and synaptophysin fluorescence intensity in OGD-IEC-6+Neuron+37 °C group
was significantly lower than that of IEC-6+Neuron+37 °C group. Similarly, we observed an increase in apoptotic
neurons and TUNEL fluorescence intensity cocultured with OGD-preconditioned IEC-6 cells relative to non-
OGD-preconditioned counterparts (Fig. 2C, E). However, therapeutic hypothermia significantly reversed both
the synaptotoxicity and apoptosis in cortical neurons cocultured with OGD-preconditioned IEC-6 cells (Fig. 2).

Therapeutic hypothermia attenuates the increased expression of apoptosis-related, necropto-
sis-related, and pyroptosis-related proteins in cortical neurons cocultured with OGD-precondi-
tioned IEC-6 cells. Twenty-four hours after OGD, IEC-6 cells were cocultured with primary cortical neurons
for 12 h. After coculturing, cells and medium were collected for analyses of apoptosis (evidenced by caspase-3,
caspase-8, and TUNEL positive cells), necroptosis (evidenced by RIPK-1, RIPK3, and pMLKL) and pyroptosis (evi-
denced by NLRP-1, ASC, caspase-1, IL-18, IL-1, GSDMD and N-terminal fragment of GSDMD [GSDMD-N])
(Fig. 3A, for original images of the blots please see Supplementary Figure S2). Figure 3B shows that the expression
of apoptosis-related, necroptosis-related, and pyroptosis-related proteins in the cortical neurons cocultured with
the OGD-preconditioned IEC-6 cells at 37 °C (OGD-IEC-6+Neuron+37 °C group) were significantly higher than
those from the cortical neurons cocultured with the non-OGD-preconditioned controls (IEC-6+Neuron+37 °C
group) (Fig. 3A, B). Therapeutic hypothermia (OGD-IEC-6+Neuron+32 °C group) significantly reduced the
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Figure 2. (A) Representative immunofluorescence images showing colocalization of MAP2 (neuron-specific
nuclear protein marker, red) and synaptophysin (synaptic vesicle protein marker, green) in cortical cells in each
experimental group. (B) Representative immunofluorescence photomicrographs of MAP2 (red) and TUNEL
(apoptosis marker, green) positive cells in each experimental group. The DNase-treated neuron was used as a
positive control. Neurons were not treated with TdT as a negative control. All cell nuclei were counterstained
with DAPI (blue). (C) Quantification of synaptophysin in neurons were evaluated by the ratio of MAP2 and
synaptophysin double-positive cells (yellow) to DAPI positive cells (blue). Percentages of apoptotic neurons
were evaluated by the ratio of TUNEL and MAP2 double-positive cells (yellow) to DAPI positive cells (blue).
Quantification of (D) MAP2 and synaptophysin staining and (E) MAP2 and TUNEL staining fluorescence
intensity from each group were normalized to an average intensity of the Neuron control+37 °C group. Each
bar represents the means +S.D. of 6 independent cultures in each experimental condition. *p <0.05, OGD-IEC-
6+Neuron+37 °C vs. Control Neuron+37 °C or IEC-6+Neuron+37 °C; *p <0.05, OGD-IEC-6+Neuron+37 °C.
Scale bar, 100 um.

overexpressions of these proteins in cortical neurons cocultured with OGD-preconditioned IEC-6 cells groups
(OGD-IEC-6+Neuron+37 °C group) (Fig. 3A, B). Additionally, ELISA assay revealed that the expression of IL-6
and TNF-a in cortical neurons was similar across all experimental groups (Fig. 3C). However, IL-18 expression
in both the cortical neurons and conditioned media was significantly higher in the OGD-IEC-6+Neuron+37 °C
than those of the IEC-6+Neuron+37 °C (Fig. 3D). Compared to those of the OGD-IEC-6+Neuron+37 °C group,
the levels of IL-18 in both the neurons and culture media were significantly lower in OGD-IEC-6+Neuron+32 °C
group (Fig. 3D). Figure 3E summarizes that therapeutic hypothermia significantly inhibits both cortical neuronal
apoptosis, necroptosis and pyroptosis induced by intestinal ischemia and reperfusion.

Therapeutic hypothermia reduces the overexpression of apoptosis, necroptosis, and pyrop-
tosis related exosomal miRNAs from the cocultured medium of OGD-preconditioned IEC-6
cells and neurons.  We used a qRT-PCR-based array to analyze 84 miRNA expression levels in the medium
of non-OGD IEC-6 cultured alone (Control-IEC-6 group), OGD preconditioned-IEC-6 at 37 °C (OGD-
IEC-6+37 °C), OGD preconditioned-IEC-6 at 32 °C (OGD-IEC-6+32 °C), control cortical neurons at 37 °C
(Control Neuron+37 °C), cortical neurons cocultured with OGD-preconditioned IEC-6 cells at 37 °C (OGD-
IEC-6+Neuron+37 °C) and cortical neurons cocultured with OGD-preconditioned IEC-6 cells at 32 °C (OGD-
IEC-6+Neuron+32 °C) (Fig. 4). The fold increase for each parameter for the Control-IEC-6 group is “1”. Com-
pared to the Control-IEC-6 group, the medium of the OGD-IEC-6+37 °C group had 78 up-regulated miRNAs,
2 down-regulated miRNAs and 4 unaltered miRNA (Supplementary Table S2). In comparison with those of the
OGD-IEC-6+37 °C group or Control Neuron++37 °C group, the medium of the OGD-IEC-6+Neuron+37 °C
group had significantly 19 upregulated (2 or more fold increase) miRNAs (Table 1). The increased levels of these
19 upregulated miRNAs in the medium of the OGD-IEC-6+37 °C and the OGD-IEC-6+Neuron+37 °C were all
significantly reduced by TH (32 °C) therapy (Table 1).
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Figure 3. (A) Representative Western blots showing the expression levels of various parameters across
experimental groups. 3-actin was used as a loading control. (B) A representative immunoblot is shown,

and bands of various parameters were quantified by densitometry and normalized to $-actin. (C) Bar graph
quantifying the expression levels of cytokines in cortical neurons across experimental groups. (D) Bar graph
quantifying the expression levels of extracellular IL-18 in co-culture media obtained from IEC-6 cells and
primary cortical neurons. All measurements were made in triplicate, and each bar represents the mean +S.D.
*p<0.05, compared with the Control Neuron+37 °C group; *p <0.05, compared with the OGD-IEC-
6+Neurons+37 °C group. (E) We hypothesize that the NLRP-1 inflammasome leads to caspase-1 activation and
subsequent upregulation of proinflammatory cytokines such as IL-1f and IL-18, triggering pyroptosis, which
ultimately induces HS pathology through several downstream effects in the brain. At the same time, apoptosis
and necroptosis can also be observed. Our present data suggest that caspase-3-induced apoptosis, MLKL-
induced necroptosis, and GSDMD-induced neuronal pyroptosis may provide a molecular basis for brain-gut
interactions during HS. Hypothermia therapy may protect against HS by suppressing both the apoptosis,
necroptosis and pyroptosis pathways.
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Figure 4. Clustering heat map of the 84 exosomal miRNA expression profiles in the cultured medium by
qRT-PCR-based array analysis obtained from Control-IEC-6 cells, OGD preconditioned-IEC-6 at 37 °C (OGD-
[EC-6+37 °C), OGD preconditioned-IEC-6 at 32 °C (OGD-IEC-6+32 °C), control cortical neurons at 37 °C
(Control-Neuron+37 °C), cortical neurons cocultured with OGD-preconditioned IEC-6 cells at 37 °C (OGD-
[EC-6+Neuron+37 °C) and cortical neurons cocultured with OGD-preconditioned IEC-6 cells at 32 °C (OGD-
IEC-6+Neuron+32 °C). Relative miRNA expression is given according to the color scale shown at the bottom:
red indicates a higher expression level than average, and green indicates a lower expression level than average.
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Fold changes [compared to (Control-IEC-6) group]
KEGG pathway Control- OGD-IEC- OGD-IEC- Gene function
microRNA target gene OGD-IEC-6+37 °C | OGD-IEC-6+32°C | Neuron+37 °C 6+Neuron+37 °C 6+Neuron+32 °C (reference)
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Table 1. The 19 miRNAs significantly upregulated (two-fold or more) in cortical neurons 12 h coculturing
with OGD-IEC-6 cells (determined by qRT-PCR). Data from 8 (12-well) plates of the intestinal epithelial
cell-6 did not undergo oxygen-glucose deprivation (OGD) (Control-IEC-6 group), 8 (12-well) plates of IEC-6
cell undergo OGD and cultured at 37 °C (OGD-IEC-6+37 °C group), 8 (12-well) plates of IEC-6 cell undergo
OGD and cultured at 32 °C (OGD-IEC-6+32 °C group), 8 (12-well) plates of neurons did not undergo OGD
and cultured at 37 °C (Control-Neuron group), 8 (12-well) plates of IEC-6 cell undergo OGD then cocultured
with neuron at 37 °C (OGD-IEC-6+Neuron+37 °C group), 8 (12-well) plates of IEC-6 cell undergo OGD then
cocultured with neuron at 32 °C (OGD-IEC-6+Neuron+32 °C group). The fold increase for each parameter
for the control-IEC-6 group is “1”. OGD, oxygen-glucose deprivation; Caspase, cysteine-containing aspartate-
specific protease; ER, endoplasmic reticulum; ADAM10, Bcl-2, B-cell lymphoma 2; STAT3, signal transducer
and activator of transcription 3; HMGB1, high-mobility group box 1 protein; ATG5, autophagy-related 5;
AREs, adenosine- and uridine-rich elements; Bax, Bcl-2-associated X protein; ERK, extracellular signal-
regulated kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; ADAM10, A Disintegrin
and Metalloproteinase 10; SOX, SRY-related HMG-box; SIRT1, Sirtuin 1; TGF-f, transforming growth
factor-beta; IRE1q, inositol-requiring enzyme-1 alpha; TXNIP, thioredoxin-interacting protein; SMAD, small
mothers against decapentaplegic; Apaf-1, apoptotic protease activating factor 1. Only significant and annotated
transcripts are indicated. *OGD-IEC-6-37 °C vs. Control-IEC-6-37 °C. FTOGD-IEC-6+Neuron-37 °C vs.
Control-IEC-6-37 °C, Control-Neuron-37 °C, or OGD-IEC-6-37°C. *OGD-IEC-6+Neuron-37 °C vs. OGD-
IEC-6+Neuron-32 °C.

Discussion

As stated in the Introduction section, intestinal I/R injury caused by clamping superior mesenteric artery*, or
by resuscitation following HS® causes cerebral injury and memory deficits in rats. Our present study provides
new evidence to promote that intestinal epithelial cells affected by I/R injury in vitro are able to cause neuronal
damage directly. Following OGD, IEC-6 cells can cause cortical neuron death via inducing cellular apoptosis,
necroptosis, and pyroptosis events. Additionally, we found that OGD increased intestinal epithelial permeability
and decreased the expression of epithelial tight junction-associated proteins. This might allow the spread of
many exosomal miRNAs associated with apoptosis, necroptosis, and pyroptosis to injury multiple vital organs
in a living organism. Indeed, it has been shown that inflammatory response occurred following I/R injury in rat
hearts® and brains* and resuscitation from hemorrhagic shock injury in rat brains®.
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In our present study, rat intestinal epithelial cells preconditioned with OGD caused accumulation of inflam-
masome associated with apoptosis, necroptosis, and pyroptosis events in the cocultured medium. The inflam-
masome is a multiprotein complex comprising caspase-1, the apoptosis-associated speck-like protein containing
a C-terminal caspase-activating recruitment domain (ASC), and nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs), such as NLRP-1 or NLRP-3". In the central nervous system, inflammasome-con-
taining microglia, macrophages, and astrocytes are associated with neurological diseases, including stroke'*. The
assembly of an inflammasome activates caspase-1, subsequently cleave GSDMD at an aspartate site and enables
the release of the GSDMD N-terminus (GSDMD-N) and then translocates to the plasma membrane to form
transmembrane pores. Inflammasome also cleave and activate the proinflammatory cytokines such as IL-1 and
IL-18 which are released through GSDMD pore, as well as pyroptotic cell death'. Upon activation by miRNAs, a
subset of NLR initiates the assembly of the inflammasome, which precesses proinflammatory cytokines and initi-
ates pyroptosis'®. During pyroptosis, the activation of GSDMD which forms pores in the plasma membrane that
cause cellular leakage and lysis, thereby inducing the formation of bubbling and plasma membrane disruption'.
Since GSDMD-deficient cells resisted the induction of pyroptosis by cytosolic lipopolysaccharide and known
canonical inflammasome ligands, GSDMD is required for lipopolysaccharide-induced pyroptosis in HeLa and
BMDM cell lines'”. Additionally, recent studies have demonstrated that caspase-1 inhibitor Z-YVAD-FMK was
able to partly reduce GSDMD-induced pyroptosis after middle cerebral artery occlusion and reperfusion in rats'®.
However, in the present study, although the biochemical features tend to indicate OGD-preconditioned IEC-6
cells can cause cortical neuron death via inducing cellular apoptosis, necroptosis, and pyroptosis events, it still
needs to test inhibition of these modes of cell death using major inhibitors in the future studies.

The Rat Inflammatory Response and Autoimmunity miScript microRNA PCR Array kit provide a convenient
way to quickly analyze the microRNAs most likely to be relevant to inflammatory and autoimmune disorders.
These miRNAs have been carefully selected based on those predicted by bioinformatics algorithms and databases
to regulate genes known to be relevant to inflammation'>*.

In our present study, the cell culture model of neurons and epithelial cells were separated only by a porous
filter. The observed neurotoxicity can be caused by other soluble factors released by damaged IEC-6. The Rat
Inflammatory Response and Autoimmunity miScript microRNA PCR Array (from Qiagen) allowed us to assess
changes in gene expression of 84 different microRNAs relative to inflammation and immune response pathways.
Although we observed that 19 miRNAs related apoptosis, necroptosis, and/or pyroptosis were involved in the
pathogenesis of neuronal death, other soluble factors released by damaged cells can not be ruled out in the
present results.

As shown in Table 1, miR-384-5p maintains long-term potentiation of synaptic transmission and enhances
stress-induced apoptosis and upregulates cleaved caspase-3 expression?'. miR-136-5p modulates the inflam-
matory and immune response and down-regulates Bcl-2?2. miR-9a-5p regulates the process of autophagy® and
increases the levels of the pro-apoptotic regulator?®. miR-369-3p induces apoptosis® as well as aberrant TNF-a
production?®. miR-449a-5p induces apoptosis by regulating Bcl-2 expression”’. miR-410-3p downregulates the
expression of interleukin-10%® and induces apoptosis®. miR-497-5p induces apoptosis via the Bcl-2/Bax-caspase-
9-caspase-3 pathway’. miR-539-5p promotes apoptosis via caspase-3 activation and the expression of ERK/AKT
and mTOR?". miR-29b-3p increases the cleaved caspase-3 and the ratio of Bcl-2 to Bax®*. miR-34a-5p increases
caspase-3 and caspase-9 activation, suppress Bcl-2 expression® and increases free-radicals accumulation®. miR-
26b-5p increases apoptosis by repression of p-catenin and Bcl-2%. miRNA-98-5p regulates Fas expression and
apoptosis®. miR-152-3p induces apoptosis by caspase-3 and Faslg®. miR-140-5p facilitates the autophagy®’
and suppresses the TGF-f1 pathway’®. miR-20b-5p activates TGF-p signaling pathway*. miR-20a-5p mitigates
autophagy*’ and increases caspase-3 and caspase-9 expression*’. miR-17-5p suppresses the apoptotic protease
activating factor (Apaf-1) expression*2. miR-323-3p suppresses SMAD2/3, inactivates TGF-p signaling**and
lowers caspase-3 expression*%. miR-448-3p promotes apoptosis by down-regulating SIRT1%. It can be derived
from the above-mentioned observation and KEGG pathway analysis of their target gene, these 19 up-regulated
miRNAs profiles are involved in the pathogenesis of apoptosis, necroptosis, and pyroptosis that occurred in the
cortical neurons cocultured with OGD-preconditioned IEC-6 cells (Fig. 5). Our data suggest that the injured
intestine epithelial cells can damage neurons directly via the paracrine factors. In addition, Figs. 4, 5, and Table 1
showed that all the 19 exosomal miRNAs upregulated in cortical neurons co-cultured with OGD-IEC-6 cells
were significantly attenuated by therapeutic hypothermia (OGD-IEC-6+Neuron+32 °C group).

Hemorrhagic shock (HS) is a predictor of poor outcomes in trauma patients. Early hypotension with hemor-
rhage may cause multiple organ failure and secondary infection. In the USA and Europe, blood and fluid volume
replacement are the current resuscitation strategies for the management of HS*. However, these transfusions
may themselves cause the development of multiple organ failure and increased mortality via intestinal I/R
injury®. Therapeutic hypothermia (32-34 °C) improves the outcome of HS by reducing the resuscitation fluid
volumes required to maintain blood pressure, the expression of reactive oxygen species, as well as microvascular
permeability*’. Hypothermia may also preserve adenosine triphosphate and glycogen stores*” and extracellular
signal-regulated kinases in ischemic tissue*, which resulted in reduced inflammatory response and decreased
cell death®. Our present data further suggest that therapeutic hypothermia improves outcomes following HS by
reducing the inflammatory response following I/R injury in the intestine.

Our previous report has demonstrated that a unilateral common carotid artery occlusion (UCCAO) causes
slight cerebral ischemia (cerebral blood flow [CBF] from 100% downed to 70%), insignificant hypotension
(MABP 85 mmHyg), systemic inflammation, multiple organs injuries, or neurological injury®. An HS caused mod-
erate cerebral ischemia (52% of the original CBF levels), moderate hypotension (MABP downed to 30 mmHg),
systemic inflammation, and peripheral organ injuries. However, combined a UCCAO and an HS caused severe
cerebral ischemia (18% of the original CBF levels), severe hypotension (MABP downed to 20 mmHg), sys-
temic inflammation, peripheral organ damage, and neurological injury, which can be attenuated by therapeutic
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Figure 5. A schematic diagram is linking the upregulated 19 miRNAs in the media of OGD-preconditioned
IEC-6 cells and cortical neurons to the events of apoptosis, necroptosis, and pyroptosis that occurred in the
cocultured cortical neurons. In particular, pattern recognition receptors (PRRs), such as NOD-like receptors
(NLRs) sense conserved microbial signals and host damage signals leading to the coordination of appropriate
immune responses. Upon activation, a subset of NLR initiates the assembly of a multimeric protein complex
known as the inflammasome, which processes proinflammatory cytokines and mediates pyroptosis®. These
suggest that paracrine factors released from the injured intestine epithelial cells caused a direct injury to the
neurons via the bloodstream in a living situation.

hypothermia. Our present results further showed that therapeutic hypothermia did not affect the hyperperme-
ability of the OGD-preconditioned IEC-6 layer in vitro but did significantly ameliorate the overproduction of
19 exosomal miRNAs related apoptosis, necroptosis, and pyroptosis events and cortical neuron death caused by
OGD-preconditioned IEC-6 cells.

Based on previous® and present results, in living organisms, OGD may cause intestinal epithelial hyperperme-
ability and the release of many apoptosis, necroptosis, and pyroptosis-related exosomal miRNAs. These released
mediators may be translocated into the blood and lymph routes to induce cortical neuronal apoptosis, necropto-
sis, and pyroptosis, which result in the occurrence of neuropsychiatric disorders. Therapeutic hypothermia did
not affect the gut barrier but did attenuate the cortical neuronal death caused by OGD-preconditioned epithelial
cells (Fig. 6). TH might attenuate OGD-IEC-6 induced cortical neuronal death by reducing the inflammatory
response following I/R injury in the intestine.

The protective effects of TH are a combined effect on neurons and intestinal epithelial cells. In future studies,
we aim to ascertain whether the brain injury caused by the superior mesentery artery ligation or by resuscitation
following hemorrhagic shock can be affected by selective brain cooling in vivo.

Conclusion

Our results show that OGD causes intestine epithelial hyperpermeability in IEC-6 cell layer, overproduction of
neuronal apoptosis-related (e.g., increased expression of caspase-3), necroptosis-related (increased expression of
RIPK1, RIPK3, and MLKL), pyroptosis-related (increased expression of caspase-1, GSDMD, GSDMD-N, ASC
and NLRP-1 inflammasome complex) exosomal miRNAs and synaptotoxicity. Although therapeutic hypothermia
did not affect the hyperpermeability of the OGD-preconditioned IEC-6 layer in vitro, it did significantly amelio-
rate the overproduction of 19 exosomal miRNAs and cortical neuronal death caused by OGD-preconditioned
IEC-6 cells.
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Figure 6. Overview of the “gut-brain” theory based on the present results. In summary, our data show

that OGD causes intestinal epithelial hyperpermeability and the release of many exosomal pyroptosis-,
necroptosis, and apoptosis-related miRNAs. Then, these proteins pass through the hyperpermeated intestinal
epithelium translocated into the blood and lymph routes and induced cortical neuronal apoptosis, necroptosis,
and pyroptosis, which may result in the occurrence of neuropsychiatric disorders. Although therapeutic
hypothermia (TH: 32 °C) did not affect the intestinal epithelial hyperpermeability, they did ameliorate the
cortical neuronal apoptosis, necroptosis, and pyroptosis caused by OGD-preconditioned intestinal epithelial
cells. (+) exacerbation; (—) amelioration.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 13 March 2020; Accepted: 14 August 2020
Published online: 01 September 2020

SCIENTIFICREPORTS |  (2020) 10:14409 | https://doi.org/10.1038/s41598-020-71310-5



www.nature.com/scientificreports/

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sertaridou, E., Papaioannou, V., Kolios, G. & Pneumatikos, I. Gut failure in critical care: old school versus new school. Ann. Gas-
troenterol. 28, 309-322 (2015).

Forsythe, P., Kunze, W. & Bienenstock, J. Moody microbes or fecal phrenology: what do we know about the microbiota-gut-brain
axis?. BMC Med. 14, 58-58. https://doi.org/10.1186/s12916-016-0604-8 (2016).

. Kelly, J. R. et al. Breaking down the barriers: the gut microbiome, intestinal permeability and stress-related psychiatric disorders.

Front. Cell. Neurosci. 9, 392-392. https://doi.org/10.3389/fncel.2015.00392 (2015).

. Zhou, J. et al. Intestinal ischemia/reperfusion enhances microglial activation and induces cerebral injury and memory dysfunction

in rats. Crit. Care Med. 40, 2438-2448. https://doi.org/10.1097/CCM.0b013e3182546855 (2012).

. Chio, C. C. et al. Combined hemorrhagic shock and unilateral common carotid occlusion induces neurological injury in adult

male rats. Int. J. Med. Sci. 14, 1327-1334. https://doi.org/10.7150/ijms.21022 (2017).

. Shi, J., Dai, W. & Kloner, R. A. Therapeutic hypothermia reduces the inflammatory response following ischemia/reperfusion injury

in rat hearts. Ther. Hypothermia Temp Manag 7, 162-170. https://doi.org/10.1089/ther.2016.0042 (2017).

. Torga, A., Dara, L. & Kaplowitz, N. Drug-induced liver injury: cascade of events leading to cell death, apoptosis or necrosis. Int. .

Mol. Sci. https://doi.org/10.3390/ijms18051018 (2017).

. Lim, Y. & Kumar, S. A single cut to pyroptosis. Oncotarget 6, 36926-36927. https://doi.org/10.18632/oncotarget.6142 (2015).
. Zambrano, T., Hirata, R. D. C., Hirata, M. H., Cerda, A & Salazar, L. A. Statins differentially modulate microRNAs expression in

peripheral cells of hyperlipidemic subjects: a pilot study. Eur. J. Pharm. Sci. 117, 55-61. https://doi.org/10.1016/j.ejps.2018.02.007
(2018).

Chang, C. P. et al. Beneficial effect of astragaloside on Alzheimer’s disease condition using cultured primary cortical cells under
beta-amyloid exposure. Mol. Neurobiol. 53, 7329-7340. https://doi.org/10.1007/s12035-015-9623-2 (2016).

Chiu, B. Y. et al. Beneficial effect of astragalosides on stroke condition using PC12 cells under oxygen glucose deprivation and
reperfusion. Cell. Mol. Neurobiol. 34, 825-837. https://doi.org/10.1007/s10571-014-0059-4 (2014).

An, X. et al. Protective effect of oxytocin on LPS-induced acute lung injury in mice. Sci. Rep. 9, 2836. https://doi.org/10.1038/s4159
8-019-39349-1 (2019).

Martinon, E, Burns, K. & Tschopp, J. The inflammasome: a molecular platform triggering activation of inflammatory caspases
and processing of prolL-beta. Mol. Cell 10, 417-426 (2002).

Walsh, J. G., Muruve, D. A. & Power, C. Inflammasomes in the CNS. Nat. Rev. Neurosci. 15, 84-97. https://doi.org/10.1038/nrn36
38 (2014).

McKenzie, B. A., Dixit, V. M. & Power, C. Fiery cell death: pyroptosis in the central nervous system. Trends Neurosci. 43, 55-73.
https://doi.org/10.1016/j.tins.2019.11.005 (2020).

Tang, D., Kang, R., Berghe, T. V., Vandenabeele, P. & Kroemer, G. The molecular machinery of regulated cell death. Cell Res. 29,
347-364. https://doi.org/10.1038/s41422-019-0164-5 (2019).

Shi, J. et al. Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature 526, 660-665. https://doi.
org/10.1038/nature15514 (2015).

Zhang, D. et al. Gasdermin D serves as a key executioner of pyroptosis in experimental cerebral ischemia and reperfusion model
both in vivo and in vitro. J. Neurosci. Res. 97, 645-660. https://doi.org/10.1002/jnr.24385 (2019).

Muxel, S. M., Laranjeira-Silva, M. E, Zampieri, R. A. & Floeter-Winter, L. M. Leishmania (Leishmania) amazonensis induces
macrophage miR-294 and miR-721 expression and modulates infection by targeting NOS2 and L-arginine metabolism. Sci. Rep.
7, 44141. https://doi.org/10.1038/srep44141 (2017).

Thome, A. D., Harms, A. S., Volpicelli-Daley, L. A. & Standaert, D. G. microRNA-155 regulates alpha-synuclein-induced inflam-
matory responses in models of Parkinson disease. J. Neurosci. 36, 2383-2390. https://doi.org/10.1523/jneurosci.3900-15.2016
(2016).

Bao, Y, Lin, C,, Ren, ]. & Liu, J. MicroRNA-384-5p regulates ischemia-induced cardioprotection by targeting phosphatidylinositol-
4,5-bisphosphate 3-kinase, catalytic subunit delta (PI3K p110delta). Apoptosis 18, 260-270. https://doi.org/10.1007/s10495-013-
0802-1 (2013).

Li, D.-X. et al. The long non-coding RNA CRNDE acts as a ceRNA and promotes glioma malignancy by preventing miR-136-5p-
mediated downregulation of Bcl-2 and Wnt2. Oncotarget 8, 88163-88178. https://doi.org/10.18632/oncotarget.21513 (2017).
Wang, X., Xie, Y. & Wang, J. Overexpression of microRNA-34a-5p inhibits proliferation and promotes apoptosis of human cervical
cancer cells by downregulation of Bcl-2. Oncol. Res. 26, 977-985. https://doi.org/10.3727/096504017x15037506066252 (2018).
Sun, T., Leung, F. & Lu, W. W. MiR-9-5p, miR-675-5p and miR-138-5p damages the strontium and LRP5-mediated skeletal cell
proliferation, differentiation, and adhesion. Int. J. Mol. Sci. 17, 236. https://doi.org/10.3390/ijms17020236 (2016).

Li, P, Dong, M. & Wang, Z. Downregulation of TSPAN13 by miR-369-3p inhibits cell proliferation in papillary thyroid cancer
(PTC). Bosnian J. Basic Med. Sci. https://doi.org/10.17305/bjbms.2018.2865 (2018).

Bak, R. O. & Mikkelsen, J. G. Regulation of cytokines by small RNAs during skin inflammation. J. Biomed. Sci. 17, 53-53. https://
doi.org/10.1186/1423-0127-17-53 (2010).

Li, X,, Li, H., Zhang, R,, Liu, J. & Liu, J. MicroRNA-449a inhibits proliferation and induces apoptosis by directly repressing E2F3
in gastric cancer. Cell. Physiol. Biochem. 35, 2033-2042. https://doi.org/10.1159/000374010 (2015).

Liu, D. et al. MiR-410 down-regulates the expression of interleukin-10 by targeting STAT3 in the pathogenesis of systemic lupus
erythematosus. Cell. Physiol. Biochem. 39, 303-315. https://doi.org/10.1159/000445625 (2016).

Zou, T. et al. MicroRNA-410-5p exacerbates high-fat diet-induced cardiac remodeling in mice in an endocrine fashion. Sci. Rep.
8, 8780. https://doi.org/10.1038/s41598-018-26646-4 (2018).

Wu, R. et al. MicroRNA-497 induces apoptosis and suppresses proliferation via the Bcl-2/Bax-Caspase9-Caspase3 pathway and
cyclin D2 protein in HUVECs. PLoS ONE 11, €0167052-e0167052. https://doi.org/10.1371/journal.pone.0167052 (2016).

Feng, Y. et al. miR-539-5p inhibits experimental choroidal neovascularization by targeting CXCR7. FASEB 32, 1626-1639. https
://doi.org/10.1096/1).201700640R (2018).

Chen, L. et al. MiR-29b-3p promotes chondrocyte apoptosis and facilitates the occurrence and development of osteoarthritis by
targeting PGRN. J. Cell Mol. Med. 21, 3347-3359. https://doi.org/10.1111/jcmm.13237 (2017).

Ding, N., Wu, H., Tao, T. & Peng, E. NEAT1 regulates cell proliferation and apoptosis of ovarian cancer by miR-34a-5p/BCL2.
OncoTargets Ther. 10, 4905-4915. https://doi.org/10.2147/OTT.S142446 (2017).

Wang, G. et al. miR-34a-5p inhibition alleviates intestinal ischemia/reperfusion-induced reactive oxygen species accumulation
and apoptosis via activation of SIRT1 signaling. Antioxid. Redox Signal. 24, 961-973. https://doi.org/10.1089/ars.2015.6492 (2016).
Wu, T. et al. Huaier suppresses proliferation and induces apoptosis in human pulmonary cancer cells via upregulation of miR-
26b-5p. FEBS Lett. 588, 2107-2114. https://doi.org/10.1016/j.febslet.2014.04.044 (2014).

Wang, S. et al. Let-7/miR-98 regulate Fas and Fas-mediated apoptosis. Genes Immun. 12, 149-154. https://doi.org/10.1038/
gene.2010.53 (2011).

Wei, R., Cao, G., Deng, Z., Su, J. & Cai, L. miR-140-5p attenuates chemotherapeutic drug-induced cell death by regulating autophagy
through inositol 1,4,5-trisphosphate kinase 2 (IP3k2) in human osteosarcoma cells. Biosci. Rep. 36, €00392. https://doi.org/10.1042/
BSR20160238 (2016).

SCIENTIFIC REPORTS |

(2020) 10:14409 | https://doi.org/10.1038/5s41598-020-71310-5


https://doi.org/10.1186/s12916-016-0604-8
https://doi.org/10.3389/fncel.2015.00392
https://doi.org/10.1097/CCM.0b013e3182546855
https://doi.org/10.7150/ijms.21022
https://doi.org/10.1089/ther.2016.0042
https://doi.org/10.3390/ijms18051018
https://doi.org/10.18632/oncotarget.6142
https://doi.org/10.1016/j.ejps.2018.02.007
https://doi.org/10.1007/s12035-015-9623-2
https://doi.org/10.1007/s10571-014-0059-4
https://doi.org/10.1038/s41598-019-39349-1
https://doi.org/10.1038/s41598-019-39349-1
https://doi.org/10.1038/nrn3638
https://doi.org/10.1038/nrn3638
https://doi.org/10.1016/j.tins.2019.11.005
https://doi.org/10.1038/s41422-019-0164-5
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/nature15514
https://doi.org/10.1002/jnr.24385
https://doi.org/10.1038/srep44141
https://doi.org/10.1523/jneurosci.3900-15.2016
https://doi.org/10.1007/s10495-013-0802-1
https://doi.org/10.1007/s10495-013-0802-1
https://doi.org/10.18632/oncotarget.21513
https://doi.org/10.3727/096504017x15037506066252
https://doi.org/10.3390/ijms17020236
https://doi.org/10.17305/bjbms.2018.2865
https://doi.org/10.1186/1423-0127-17-53
https://doi.org/10.1186/1423-0127-17-53
https://doi.org/10.1159/000374010
https://doi.org/10.1159/000445625
https://doi.org/10.1038/s41598-018-26646-4
https://doi.org/10.1371/journal.pone.0167052
https://doi.org/10.1096/fj.201700640R
https://doi.org/10.1096/fj.201700640R
https://doi.org/10.1111/jcmm.13237
https://doi.org/10.2147/OTT.S142446
https://doi.org/10.1089/ars.2015.6492
https://doi.org/10.1016/j.febslet.2014.04.044
https://doi.org/10.1038/gene.2010.53
https://doi.org/10.1038/gene.2010.53
https://doi.org/10.1042/BSR20160238
https://doi.org/10.1042/BSR20160238

www.nature.com/scientificreports/

38. Wang, C. et al. Low-dose paclitaxel ameliorates pulmonary fibrosis by suppressing TGF-betal/Smad3 pathway via miR-140 upregu-
lation. PLoS ONE 8, €70725. https://doi.org/10.1371/journal.pone.0070725 (2013).

39. Liang, Z.-G., Yao, H., Xie, R.-S., Gong, C.-L. & Tian, Y. MicroRNA-20b-5p promotes ventricular remodeling by targeting the TGF-f/
Smad signaling pathway in a rat model of ischemia-reperfusion injury. Int. J. Mol. Med. 42, 975-987. https://doi.org/10.3892/
ijmm.2018.3695 (2018).

40. Yu, Y. et al. MiR-20a-5p suppresses tumor proliferation by targeting autophagy-related gene 7 in neuroblastoma. Cancer Cell Int.
18, 5. https://doi.org/10.1186/s12935-017-0499-2 (2018).

41. Jee, M. K, Jung,].S.,Im, Y. B,, Jung, S. J. & Kang, S. K. Silencing of miR20a is crucial for Ngn1-mediated neuroprotection in injured
spinal cord. Hum. Gene Ther. 23, 508-520. https://doi.org/10.1089/hum.2011.121 (2012).

42. Santana, E. T. et al. Comparative mRNA and MicroRNA profiling during acute myocardial infarction induced by coronary occlu-
sion and ablation radio-frequency currents. Front. Physiol. 7, 565. https://doi.org/10.3389/fphys.2016.00565 (2016).

43. Wang, C. et al. MicroRNA-323-3p inhibits cell invasion and metastasis in pancreatic ductal adenocarcinoma via direct suppression
of SMAD2 and SMAD3. Oncotarget 7, 14912-14924. https://doi.org/10.18632/oncotarget.7482 (2016).

44. Ge, L. et al. miR-323a-3p regulates lung fibrosis by targeting multiple profibrotic pathways. JCI Insight 1, €90301. https://doi.
org/10.1172/jci.insight.90301 (2016).

45. Moore, F. A. et al. Inflammation and the host response to injury, a large-scale collaborative project: patient-oriented research
core-standard operating procedures for clinical care. IIl. Guidelines for shock resuscitation. J. Trauma 61, 82-89. https://doi.
0rg/10.1097/01.ta.0000225933.08478.65 (2006).

46. Childs, E. W, Udobi, K. E & Hunter, F. A. Hypothermia reduces microvascular permeability and reactive oxygen species expression
after hemorrhagic shock. J. Trauma 58, 271-277 (2005).

47. Simkhovich, B. Z., Hale, S. L. & Kloner, R. A. Metabolic mechanism by which mild regional hypothermia preserves ischemic tissue.
J. Cardiovasc. Pharmacol. Ther. 9, 83-90. https://doi.org/10.1177/107424840400900203 (2004).

48. Yang, X. et al. Cardioprotection by mild hypothermia during ischemia involves preservation of ERK activity. Basic Res. Cardiol.
106, 421-430. https://doi.org/10.1007/s00395-011-0165-0 (2011).

49. Lei-Leston, A. C., Murphy, A. G. & Maloy, K. J. Epithelial cell inflammasomes in intestinal immunity and inflammation. Front.
Immunol. 8, 1168-1168. https://doi.org/10.3389/fimmu.2017.01168 (2017).

Acknowledgements
We acknowledge Ms. Meng-Tsung Ho for her excellent editorial assistance in manuscript preparation.

Author contributions

C.C.Hs.: Study concept and design, investigation, writing the original draft. C.C.Hu.: investigation, formal analy-
sis. L.H.C.: analysis and interpretation of data. M.T.L.: resources, investigation. C.P.C.: resources, investigation,
writing-review, and editing. H.J.L.: a conceptualization, analysis and interpretation of data, supervision. C.C.C.:
conceptualization, resources, writing-review and editing, supervision.

Fundin

This stud? was supported by the Taiwan Ministry of Science and Technology (MOST) (Grant Nos. MOST107-
2314-B-384-004; MOST 104-2314-B-384-003-MY3; and MOST 104-2320-B-384-002) and Chi Mei Medical
Center (Taiwan) Grant CMFHT 10504. The funders had no role in the study design, data collection, and analy-
sis, the decision to publish, or preparation of the manuscript. The contents of the manuscript are solely the
responsibility of the authors and do not necessarily represent the official views of the Taiwan MOST and Chi
Mei Medical Center.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-71310-5.

Correspondence and requests for materials should be addressed to C.-P.C., H.-].L. or C.-C.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:14409 | https://doi.org/10.1038/541598-020-71310-5


https://doi.org/10.1371/journal.pone.0070725
https://doi.org/10.3892/ijmm.2018.3695
https://doi.org/10.3892/ijmm.2018.3695
https://doi.org/10.1186/s12935-017-0499-2
https://doi.org/10.1089/hum.2011.121
https://doi.org/10.3389/fphys.2016.00565
https://doi.org/10.18632/oncotarget.7482
https://doi.org/10.1172/jci.insight.90301
https://doi.org/10.1172/jci.insight.90301
https://doi.org/10.1097/01.ta.0000225933.08478.65
https://doi.org/10.1097/01.ta.0000225933.08478.65
https://doi.org/10.1177/107424840400900203
https://doi.org/10.1007/s00395-011-0165-0
https://doi.org/10.3389/fimmu.2017.01168
https://doi.org/10.1038/s41598-020-71310-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ischemiareperfusion injured intestinal epithelial cells cause cortical neuron death by releasing exosomal microRNAs associated with apoptosis, necroptosis, and pyroptosis
	Anchor 2
	Anchor 3
	Materials and methods
	Primary cortical neuron cultures. 
	IEC-6 cell cultures. 
	Oxygen–glucose deprivation (OGD) and the epithelial-neuron coculture model. 
	Cell viability assay. 
	Transepithelial electrical resistance (TEER) assay. 
	Immunofluorescence analysis of synaptophysin-containing neurons. 
	Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labeling (TUNEL) assay. 
	Immunoblot analysis of apoptotic, necroptotic, and pyroptotic protein levels in cortical neurons. 
	Enzyme-linked immunosorbent assay (ELISA). 
	Exosomes isolation and microRNA analysis. 
	Statistics. 
	Ethical approval. 

	Results
	OGD-preconditioned IEC-6 cell-induced cell death in cortical neurons can be prevented by cooling therapy. 
	Therapeutic hypothermia attenuates OGD-preconditioned IEC-6 cell-induced synaptotoxicity and apoptosis in cultured primary cortical neurons. 
	Therapeutic hypothermia attenuates the increased expression of apoptosis-related, necroptosis-related, and pyroptosis-related proteins in cortical neurons cocultured with OGD-preconditioned IEC-6 cells. 
	Therapeutic hypothermia reduces the overexpression of apoptosis, necroptosis, and pyroptosis related exosomal miRNAs from the cocultured medium of OGD-preconditioned IEC-6 cells and neurons. 

	Discussion
	Conclusion
	References
	Acknowledgements


