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Abstract

Purpose One of the major regulators of gastrointestinal tract development is the hedgehog signaling pathway. The purpose
of this study was to evaluate the role of sonic hedgehog (SHh) signaling 24 and 48 h following intestinal ischemia—reperfu-
sion (IR) in a rat.

Materials and methods Male rats were divided into four experimental groups: (1) Sham-24 h rats underwent laparotomy and
were sacrificed after 24 h, (2) Sham-48h rats underwent laparotomy and were sacrificed after 48 h, (3) IR-24h rats underwent
occlusion of both superior mesenteric artery and portal vein for 20 min followed by 24 h of reperfusion, and (4) IR-48 h rats
underwent ischemia for 20 min followed by 48 h of reperfusion. Intestinal structural changes, enterocyte proliferation and
enterocyte apoptosis were determined by immunohistochemistry 24 and 48 h following IR. SHh-related genes and protein
expression were determined using real-time PCR, Western blot and immunohistochemistry.

Results IR-24 rats demonstrated a significant decrease in Shh, Ihh, GIL and Ptch2 mRNA in jejunum and ileum compared to
Sham-24 animals that was accompanied by a significant decrease in the number of SHH-positive cells (Immunohistochem-
istry) in jejunum (2.5-fold decrease) and ileum (37%). After 48 h, IR rats demonstrated a significant increase in Dhh, Thh,
Gil and PTCH2 mRNA in jejunum as well as in Dhh, Thh, SMO, GIL, PTCH2 mRNA in ileum compared to IR-24 animals
that was coincided with increased number of SHH-positive cells in jejunum (2.6-fold increase) and ileum (1.4-fold increase).
Conclusions 24 h following intestinal IR, inhibited cell turnover was associated with inhibited SHh signaling pathway. Signs
of intestinal recovery appeared 48 h after IR and were correlated with increase in SHh signaling pathway activity.
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Introduction synthesis [2, 3]. The increased production of ROS during

ischemia donates to damage of the endothelium [4] and

Intestinal ischemia-reperfusion (IR) injury is known to
give rise to biochemical alterations like formation of radi-
cal oxygen species (ROS) [1] and changes in lipid mediator
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increased epithelial permeability [5] which results in gut
barrier dysfunction. Further, there is release of several
cytokines and other mediators by polymorphonuclear leu-
cocytes and mast cells infiltrated into intestinal wall causing
systemic inflammatory response which could lead to mul-
tiple organ failure and death [6, 7]. Recent evidence has
shown that IR induces apoptosis which becomes the princi-
pal contributor to cell death after IR [8, 9].

The regulation of cell number in the gastrointestinal tract
is determined by the balance between enterocytes’ produc-
tion, differentiation and death via apoptosis. Stem cell pro-
liferation and differentiation which is regulated by multiple
signaling pathways is responsible for the regeneration of gas-
trointestinal epithelium. Several signaling pathways (Wnt/b-
catenin, hedgehog, bone morphogenetic protein (BMP), and
Notch signaling pathway) [10] are implicated in the control

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00383-018-4406-2&domain=pdf

256

Pediatric Surgery International (2019) 35:255-261

of stem cells activity. Wnt pathway is known to be the main
regulator of cell proliferation [11, 12].

Intestinal cell turnover after IR is regulated by shared
interactions between the epithelium and the underlying
mesenchymal stroma. At the beginning of intestinal villi
formation, mesenchymal cells are concentrated close to the
epithelium in the estimated sites of new villi to be created.
Stem cells situated deeply in the intestinal crypts, start to
migrate to the lumen as they differentiate forming the villi
epithelium. At the end of the process, these cells are shed
either from villi tip or from intestinal epithelium into the
lumen. The interaction between the epithelium and extracel-
lular matrix is achieved by adhesions proteins called inte-
grins [13]. Growing evidence suggests that the hedgehog
(Hh) signaling pathway is an important mediator of these
interactions [14]. Vertebrates express three Hh homologues:
desert hedgehog (DHh), Indian hedgehog (IHh), and sonic
hedgehog (SHh), of which SHh and IHh are expressed by
the intestinal epithelium [15]. The communication between
mesenchymal (stromal) cells and epithelial cells in the intes-
tines is carried out by SHh signaling through the expres-
sion of bone morphogenetic proteins 2 and 4 (BMP2 and
BMP4) which are members of the TGF-f superfamily [16].
The BMP receptors are expressed on the intestinal epithelial
cells and mediate signaling through intracellular matrix mes-
senger molecules, SMADs [17].

The purpose of the present study was to evaluate the role
of SHh signaling on intestinal stem cells activity and its
relation to intestinal cell turnover 24 and 48 h following
intestinal IR in a rat.

Materials and methods
Animals

All experiments were done according to the standards for
care and use of animal subjects as stated in the Guide for
the Care and Use of Laboratory Animals (Rappaport Faculty
of Medicine, Technion, Haifa, Israel). Male Sprague—Daw-
ley rats weighing 250-300 g were possessed in a 12-h day
and night cycles at 21 °C for 3-5 days before the experi-
ment. The rats were pair fed with standard chow and had
free access to water. Animals were fasted for 24 h before the
experiment except free access to water.

Experimental design

Animals were divided randomly into four groups: Group
A-Sham-24 rats underwent laparotomy with identifica-
tion and isolation of the superior mesenteric artery (SMA)
and portal vein (PV) without vascular occlusion and were
sacrificed 24 h after operation; Group B-IR-24 underwent
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laparotomy and vascular occlusion of both SMA and PV for
20 min followed by 24 h of reperfusion; Group C-Sham-48
rats underwent laparotomy and were sacrificed 48 h after
operation, and Group D-IR-48 rats underwent intestinal IR
followed by 48 h of reperfusion.

Surgical procedure

Following an overnight fast, the animals were anaesthetized
with an intraperitoneal injection of ketamine (90 mg/kg) and
xylasine (15 mg/kg). The abdomen was opened through a
midline incision. In sham rats, the SMA and PV were iso-
lated without clamping. In IR animals, atraumatic micro-
vascular clamps were used to occlude the SMA and PV for
20 min. During the period of ischemia, the abdominal wall
incision was kept approximated to prevent fluid and heat
loss. After 20 min of intestinal ischemia the incision was
reopened, the clamp was removed, and the ischemic gut was
reinserted into the abdomen. Before closure of the abdomen,
the rats were resuscitated with a 3 ml intraperitoneal injec-
tion of warm 0.9% saline. The abdominal cavity was closed
in two layers with a running suture of 3/0Vicryl (Ethicon
Corporation, USA) for all operations. The rats were fasted
for 6 h but were allowed free access to water following sur-
gery. All animals were sacrificed 24 (Groups A and B) or
48 (Groups C and D) hours after operation. The small bowel
was rapidly removed, rinsed with cold isotonic saline and
divided into two segments: proximal jejunum and terminal
ileum. Each segment was weighed, cut longitudinally and
the mucosa was scraped using a glass slide, collected and
weighed. Histologic sections were prepared from the proxi-
mal jejunum and distal ileum and from comparable sites in
control animals.

Intestinal histology

Segments of small bowel were fixed for 24 h in 4% buffered
formalin and processed into standard paraffin blocks. Five-
micron tissue slices were stained with hematoxylin—eosin.
Intestinal mucosal damage was evaluated by two expert
investigators blinded to the experimental groups using the
criteria of Park [18]. A score scaled at 0—8 represents the
severity: 0—normal mucosa, 1—subepithelial space at vil-
lus tip, 2—more extended subepithelial space, 3—epithelial
lifting along villus sides, 4—denuded villi, 5—Iloss of villus
tissue, 6—crypt layer infarction, 7—transmucosal infarction,
8—transmural infarction.

Immunohistochemistry
Rats were injected with standard 5-bromodeoxyuridine

(5-BrdU) labeling reagent (Zymed Lab, Inc, CA) at a dose of
1 ml per 100 g body weight 90 min before sacrifice to detect
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enterocyte proliferation. Five-micrometer paraffin-embedded
slices (5 um) were deparaffinized with xylene, rehydrated
with graded alcohol, and stained with a biotinylated mono-
clonal anti-BrdU antibody system using BrdU Staining Kit
(Zymed Lab, Inc, CA). An index of proliferation was deter-
mined as the ratio of crypt cells staining positively for BrdU
per 10 crypts.

Immunohistochemistry for Caspase-3 (Caspase-3 cleaved
concentrated polyclonal antibody; dilution 1:100; Biocare
Medical, Walnut Greek, CA) was performed for identifi-
cation of apoptotic cells using a combination of strepto-
vidin-biotin—peroxidase method and microwave antigen
retrieval on formalin-fixed, paraffin-embedded tissues
according to the manufacturers’ protocols. For each group,
the number of stained cells was counted in at least ten villi in
areas without necrosis. The apoptotic index (Al) was defined
as the number of apoptotic cells per ten villi.

To detect SHh signaling pathway activity, immunohisto-
chemistry for SHH (E-1) (SHH monoclonal antibody, dilu-
tion 1:50, sc-365112) was performed using a combination of
the streptovidin—biotin—peroxidase method and microwave
antigen retrieval on formalin-fixed, paraffin-embedded tis-
sues according to the manufacturer’s protocols.

Real-time PCR

RNA was isolated using Trizol (Invitrogen) reagent accord-
ing to manufacturer’s protocol and quantification of RNA
was performed using 260/280 nm spectrophotometry. There-
after, reverse transcriptase (PrimeScript RT reagent Kit
TaKaRa,Japan) was used to convert 500 ng of total RNA
into complementary DNA (cDNA) which was then ampli-
fied by PCR-Thermal Cycler(2720 Thermal Cycler, ABI,
Israel). Gene Expression of Dhh, Shh, Thh, Smo, Gil and
Ptch2 mRNA was determined by quantitative real-time PCR
ABI-PRISM 7000 (applied Biosystems, Foster City, CA)
on cDNA samples using Cyber Green Master Mix (Takara,
Japan) with the exception of template and primers.

Western blotting

Protein extraction from rat ileal tissue samples was per-
formed by homogenizing in RIPA lysis buffer containing
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40,
2 mM EDTA, supplemented with a cocktail of protease
(Roche Diagnostic) and phosphatase cocktail inhibitors
(Sigma). The homogenate was centrifuged at 7500 rpm at
4 °C for 15 min and the supernatant was collected. The pro-
tein concentrations were determined by Bradford reagent
according to manufacturer’s instructions. Samples contain-
ing equal amounts of total protein (30 pg) were resolved
by SDS—PAGE under reducing conditions. After electro-
phoresis, proteins were transferred to PVDF membrane and

probed with anti-SHH antibody (1:100 dilution, sc-365112),
and anti-tubulin antibody (1:1000 dilution, sc-53029).
Horseradish peroxidase-conjugated secondary antibody was
purchased from Jackson Immuno Research Laboratories Inc.
(West Grove, PA) and an enhanced chemiluminescent sub-
strate from Biological Industries (Kibbutz Beth Ha-Emek,
Israel).

Statistical analysis

The data are expressed as the mean + SEM. Statistical analy-
sis of parameters of adaptation, enterocyte proliferation, and
apoptosis was performed using Kruskal-Wallis test followed
by post hoc test for multiple comparisons with p values of
less than 0.05 considered statistically significant.

Results
Microscopic appearance (intestinal damage)

Whereas the jejunum and the ileum of sham animals exhib-
ited normal mucosal architecture with intact villi, IR ani-
mals exhibited a significant histologic injury measured by
Park’s intestinal injury score [18] in both jejunum and ileum
(Fig. 1). IR-24 rats (Group B) demonstrated a significant
increase in the mean intestinal injury grade in jejunum
(2.5-fold increase, p <0.001) and ileum (threefold increase,
p <0.001) compared to sham-24 animals (Group A). 48 h
following operation, IR rats (Group D) demonstrated a less
significant intestinal injury. Although injury score in this
group remained higher in ileum (twofold increase, p=0.002)
compared to sham-48 rats, IR-48 rats (Group D) showed a
significantly lower histologic score grade in jejunum (two-
fold decrease, p=0.01) and ileum (28%, p <0.05) when
compared to IR-24 animals (Group B).

Enterocytes’ proliferation and apoptosis

IR-24 (Group B) resulted in a significant decrease in the
enterocyte proliferation index in jejunum (125+4 vs
163 + 16 BrdU positive cells/10 crypts, p <0.05) and ileum
(1305 vs 160 + 15 BrdU positive cells/10 crypts, p<0.05)
compared to Sham-24 animals (Group A) (Fig. 2). Although
IR-48 rats showed a trend toward decrease in the rates of
cell proliferation in jejunum and ileum compared to Sham-
48 animals, this trend was not statistically significant. The
rates of cell proliferation increased significantly in jejunum
(153 +7 vs 125 +4 BrdU positive cells/10 crypts, p <0.05)
and ileum (146 +2 vs 130 + 5 BrdU positive cells/10 crypts,
p <0.05) of IR-48 rats (Group D) compared to IR-24 animals
(Group B).
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Fig. 1 Effect of intestinal IR on
intestinal damage score (Park’s
injury score). As expected,
Sham rats demonstrated a nor-
mal histologic architecture. IR
rats showed extended subepithe-
lial space and epithelial lifting
along the villis sides (Park score
2-3). IR-48 rats exhibited a less
marked Park score compared

to IR-24 animals. Values are
mean + SEM. IR ischemia—rep-
erfusion. *p <0.05 IR vs Sham
rats, /p <0.05 IR-48 vs IR-24
rats

Fig.2 Effect of intestinal IR on
crypt cell proliferation and cell
apoptosis. 5-BrdU incorporation
into proliferating jejunal and
ileal crypt cells was detected
with a goat anti-BrdU antibody.
Immunochemistry for caspase-3
was used to determine entero-
cyte apoptosis. Values are mean
+ SEM. IR—ischemia-reperfu-
sion. *p <0.05 IR vs Sham rats,
"p <0.05 IR-48 vs IR-24 rats
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The number of apoptotic cells increased significantly
24 h following IR (Group B) in jejunum (fourfold increase,
p <0.05) and ileum (threefold increase, p < 0.05) compared
to sham animals (Group A) (Fig. 2). Although IR-48 rats
(Group D) demonstrated still greater rates of cell apoptosis
in jejunum (twofold increase, p < 0.05) and ileum (50%
increase, p <0.05) compared to Sham-48 animals (Group
C), the number of apoptotic cells in this group was lower
(twofold decease in jejunum, p < 0.05) and 20% decrease,
NS in ileum) compared to IR-24 animals (Group B).
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Expression of Hh signaling-related genes (Real-Time

PCR)

Analysis of Hh-related gene expressions by real-time PCR
(Fig. 3) reveals a significant decrease in expression of Shh

(fivefold decrease,

p<0.05), Ihh (25% decrease, p <0.05),

Gil (threefold decrease, p < 0.05) and Ptch2 (30% decrease,
p <0.05) mRNA levels in the jejunum, as well as in Dhh
(threefold decrease, p <0.05), Shh (eightfold decrease,
p <0.05), Thh (30% decrease, p <0.05), Gil (fourfold
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Fig. 3 Effect of intestinal IR on expression of hedgehog-related gene
levels in jejunal and ileal mucosal samples. Real-time PCR was used
to analyze gene expression. Values are mean+SEM. IR ischemia—
reperfusion. *p <0.05 IR vs Sham rats, 'p <0.05 IR-48 vs IR-24 rats

decrease, p <0.05), Smo (2.5-fold decrease, p <0.05) and
Ptch2 (30% decrease, p <0.05) mRNA levels in the ileum
of IR-24 rats compared to sham animals. 48 h following IR,
there was a significant increase in Dhh (twofold increase,
p <0.05), Shh (threefold increase, p <0.05), Ihh (three-
fold increase, p <0.05), Gil (threefold increase, p <0.05),
and Ptch2 (2.5-fold increase, p <0.05) mRNA levels in the
jejunum, as well as in Dhh (threefold increase, p <0.05),
Shh (fivefold increase, p <0.05), Smo (2.5-fold increase,
p <0.05), Gil (tenfold increase, p < 0.05), and Ptch2 (sixfold
increase, p < 0.05) mRNA levels in the ileum compared to
IR-24 animals.

Expression of SHH protein levels (Western blot)

An increased cell proliferation rates in IR-48 rats (Group
D) compared to IR-24 animals was accompanied by a sig-
nificant increase in SHH protein levels in ileum (threefold
increase, p <0.05) compared to IR-24 animals Group B
(Fig. 4). The increased levels of SHH protein in this group
was also significantly higher compared to Sham-48 ani-
mals (2.2-fold increase, p <0.05). There was not significant
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Fig.4 Effect of intestinal IR on expression of SHH protein levels in
jejunal and ileal mucosal samples. Western blot was used to analyze
protein expression. Values are mean+ SEM. IR ischemia—reperfusion.
*p <0.05 IR vs Sham rats

difference in jejunal expression of SHH protein in IR-48
compared to sham 48 h.

Immunohistochemistry

A marked decrease in number of SHH-positive cells was
demonstrated in the villi of jejunum (2.5-fold decrease,
p <0.05) and ileum (60% decrease, p <0.05) of IR-24 rats
compared to sham-24 animals (Fig. 5). After 48 h, there
was a significant increase in number of SHH-positive cells
in villi of both jejunum (threefold increase, p =0.003) and
ileum (40% increase, p < 0.05) of IR-48 rats compared to
IR-24 animal.

Discussion

Intestinal IR is a challenging situation with a complex mech-
anism causing a hazardous damage to the tissue. Initially,
the injury to the tissue is caused by decrease in blood sup-
ply, which leads to decrease in oxygen delivery, anaerobic
metabolism and production of reactive oxygen radicals.
Later, there is an accumulation of cytokines, chemokines
and oxygen radical species during reperfusion, which is
thought to be the reparative phase of the process [7, 8].
These molecules activate inflammatory cells which damage
the gut barrier, increase its permeability and translocation
of bacteria and may lead to systemic inflammatory response
and multiple organ failure [7, 10]. This aggressive inflamma-
tory response, which is known as apoptosis or “programmed
cell death”, has been recognized in recent studies to be the
key process in intestinal cell death following IR insult [8, 9].
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Fig.5 Effect of intestinal IR on
SHH intestinal expression. SHH
incorporation into proliferat-
ing jejunal and ileal cells was
detected with ant anti-SHH
antibody (Immunochemistry).
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Hedgehog (Hh) signaling pathway is known as an impor-
tant regulator of tissue growth and cell differentiation in
mammal development [15]. According to several studies Hh
signaling pathway has a definitive role in several important
processes in gastrointestinal tract like regulation of stem cell
activity [15, 16], interactions between epithelium and mes-
enchyme during formation of intestinal villi and proliferation
of intestinal epithelium [14, 19].

There are three Hh homologues in mammals, sonic
hedgehog (SHh), Indian hedgehog (IHh) and desert hedge-
hog (DHh). IHh and SHh are known for their important role
in intestinal cell proliferation and differentiation. Inhibition
of these pathways results in hypoproliferation of intestinal
epithelium [15] and consequently inhibition of intestinal epi-
thelial differentiation leading to impaired intestinal absorp-
tion [20]. IHh was also discovered previously as an inhibitor
of another signaling cascade Wnt that is the main regulator
of intestinal cell proliferation [17].

The role of Hh signaling pathway on intestinal stem cells
activity following intestinal IR injury has not been previ-
ously investigated. We designed the current study to evaluate
the role of SHh signaling cascade as a regulator of stem cells
activity and its relation to intestinal cell turnover 24 and 48 h
following intestinal IR injury in a rat model.

Similar to our previous studies [21, 22], intestinal IR in
the current experiment caused a significant mucosal injury
after both 24 (Group B) and 48 (Group D) hours of reperfu-
sion. This is evident from the increased Park intestinal injury
score, which was observed in both jejunum and ileum; how-
ever, the damaging effect was more significant in the ileum.
Less significant damage to the proximal jejunum may have
been due to collateral blood supply from the celiac axis. In
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addition, intestinal IR led to intestinal mucosal hypoplasia.
IR-24 rats demonstrated a significant decrease in the entero-
cyte proliferation in jejunum and ileum and concomitant
increase in cell apoptosis in jejunum and ileum suggesting
inhibited cell turnover. After 48 h, the rates of cell prolifera-
tion increased significantly in jejunum and ileum compared
to IR-24 animals and was accompanied by a significant
decrease in cell apoptosis suggesting increase in cell turno-
ver. Although necrosis is responsible for the intestinal cell
death during the ischemic phase, apoptosis or “programmed
cell death” has recently been recognized to be a key factor
in enterocyte turnover and gut barrier function following an
IR insult [23]. ROS and cytokine release during an IR event
and intracellular regulatory proteins (e.g., Bcl-2, Bax, Fas,
p53) were identified to be involved in apoptosis induction
or reduced expression [24]. The reduction of apoptosis and
stimulation of cell proliferation and differentiation following
IR injury may be an useful therapeutic goal in the future.
Analysis of hedgehog-related gene expressions by real-
time PCR has shown a significant decrease in expression of
Shh, Thh, Gil and Ptch2 mRNA levels in the jejunum, as well
as in Dhh, Shh, Smo, Gil and PTCH2 mRNA levels in the
ileum of IR-24 rats compared to sham animals. IR-48 rats
demonstrated a significant increase in Dhh, Shh, Thh, Gil and
PTCH2 mRNA levels in the jejunum, as well as in Dhh, Ihh,
Smo, Gil, PTCH2 in the ileum compared to IR-24 animals.
In the canonical Shh pathway, the absence of the Shh ligand
leads the transmembrane receptor Patched (Ptch) to inhibit
the transmembrane receptor Smoothened (Smo). Inhibited
Smo causes cleavage of Gli (protein originally isolated in
human glioblastoma) to the N-terminal repressor form.
Therefore when SHh binds to Ptch, the inhibitory effect
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on Smo is released and active full-length Gli is transported
into the nucleus and activates transcription of Gli-dependent
target genes such as Glil, Ptchl, CyclinD1 and Wnt [25].
Analysis of SHH protein expression was performed by West-
ern blot analysis. 48 h after IR, animals demonstrated a sig-
nificant up-regulation of SHH protein levels compared to
Sham-48 animals that correlated with up-regulated mRNA
levels.

A marked decrease in number of SHH-positive cells was
demonstrated in the villi of jejunum of IR-24 rats compared
to Sham-24 animals. After 48 h, there was a significant
increase in number of SHH-positive cells in villi of both
jejunum and ileum of IR-48 rats compared to IR-24 ani-
mal that was in agreement with increased hedgehog-related
gene and protein levels. These changes were correlated
with enhanced cell proliferation rates in IR-48 (compared
to IR-24) animals. Recent evidence suggests Hh signaling
plays a critical role in the regulation of regenerative stem
cell proliferation in midguts from fruit fly to human [26].
Depleting Hh from the precursor cells blocks dextran sodium
sulfate-stimulated intestinal stem cells (ISCs) proliferation,
suggesting that local Hh production is critical for stimulating
ISC proliferation.

In conclusion, in a rat model of intestinal IR regulation
of stem cell activity is associated with activation of sonic
hedgehog pathway. Inhibited cell proliferation 24 h after IR
was associated with inhibited SHh signaling cascade, while
activated cell turnover 48 h followed IR was correlated with
the stimulated SHh pathway. It should be emphasized that
hedgehog signaling is essential for intestinal homeostasis
and is associated with tissue repair.
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