www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Attenuation of esophageal
anastomotic stricture
through remote ischemic
conditioning in a rat model

Joong Kee Youn'?, Hye-Rim Lee?, Dayoung Ko? & Hyun-Young Kim?2*

Anastomotic stricture is a typical complication of esophageal atresia surgery. Remote ischemic
conditioning (RIC) has demonstrated multiorgan benefits, however, its efficacy in the esophagus
remains unclear. This study aimed to investigate whether applying RIC after esophageal resection
and anastomosis in rats could attenuate esophageal stricture and improve inflammation. Sixty-five
male Sprague-Dawley rats were categorized into the following groups: controls with no surgery,
resection and anastomosis only, resection and anastomosis with RIC once, and resection and
anastomosis with RIC twice. RIC included three cycles of hind-limb ischemia followed by reperfusion.
Inflammatory markers associated with the interleukin 6/Janus kinase/ signal transducer and activator
of transcription 3 (IL-6/JAK/STAT3) and tumor necrosis factor-alpha/nuclear factor-kB (TNF-a/NF-kB)
signaling pathways were evaluated with RNA and protein works. The RIC groups showed significantly
lower stricture rates, lower inflammatory markers levels than the resection and anastomosis-

only group. The RIC groups had significantly lower IL-6 and TNFa levels than the resection and
anastomosis-only group, confirming the inhibitory role of remote ischemic conditioning in the IL-6/
JAK/STAT3 and TNF-a/NF-kB signaling pathways. RIC after esophageal resection and anastomosis can
reduce the inflammatory response, improving strictures at the esophageal anastomosis site, to be a
novel noninvasive intervention for reducing esophageal anastomotic strictures.

Anastomotic stricture, with an incidence of 20-50%, is the most typical complication after the surgical treat-
ment for esophageal atresia' . These strictures lead to issues such as growth and developmental limitations due
to dietary restrictions, which can be resolved using various nonsurgical treatments such as balloon dilatation,
bougienation, and steroid injection”. However, stricture resection and repeat anastomosis are performed when
these methods are ineffective®®.

Notably, various causes of postoperative esophageal anastomotic strictures have been reported, including
inflammation and focal ischemia due to insufficient blood supply to the esophagus'®!!. The healing process of
esophageal anastomoses is similar to that observed in other tissues and encompasses three phases: inflammation
(days 0-4), proliferation (days 5-10), and remodeling (days 10 and onward)'2. Similar to the wound healing pro-
cess, if the inflammatory phase of acute wound healing persists due to pressure-induced tissue trauma, bacterial
overgrowth, or ischemic reperfusion injury, progression to chronic wound healing and associated complications
may become unavoidable'*!*. However, definitive evidence of inflammation in esophageal anastomotic strictures
is unavailable.

Cytokines are critical in several intracellular signaling pathways. For example, interleukins (ILs), a cytokine,
interact with many cell types, leading to cancer’. Cancers often accompany inflammation and chronic inflamma-
tion triggered by decreased tolerance of the target tissue; therefore, ILs could also influence surgical treatment'®.
IL-6 is a pleiotropic cytokine involved in the progression of the immune system'’~'® and tumors?*-?*. It binds
to receptors and induces tyrosine kinases such as the Janus kinase (JAK). The phosphorylation of JAK activates
docking sites for recruiting the signal transducer and activator of transcription 3 (STAT3) proteins, thereby
activating STAT3 signaling?#**. Therefore, IL-6 contributes to the systemic inflammatory response and tumori-
genesis by activating the JAK/STAT3 pathway?*®. Notably, IL-6 and activated STAT3 levels are increased in patients
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with Barrett’s esophagus and esophageal adenocarcinoma (EAC)?”*%, showing that intrinsic inflammation may

contribute to bile acid (BA) carcinogenesis through IL-6 and STAT3%.

Proinflammatory cytokines (IL-6, IL-1B, IL-8, and tumor necrosis factor-a [TNF-a]) are associated with com-
plex signaling pathways in several diseases. In particular, TNF is a critical factor in various disease states, includ-
ing chronic inflammation, autoimmunity, and tumorigenesis***'. The TNF superfamily significantly mediates
cell survival, differentiation, proliferation and apoptosis, and necrosis by modulating multiple pathways through
nuclear factor-kB (NF-kB), JUN N-terminal kinase, and p38 mitogen-activated protein kinase (MAPK)*. NF-xB
activation induces phosphorylation of nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibi-
tor alpha (IxBa) from the IkBa kinase (IKK) complex, after which phosphorylated IkBa is ubiquitinated and
degraded by releasing NF-kB dimers that translocate to the target gene’s nucleus. Notably, the dysregulation
of NF-kB signaling is associated with inflammation and cancer®. In addition, TNF-a is highly expressed
in patients with eosinophilic esophagitis, and NF-kB overexpression is upregulated in patients with BA and
EAC*-3, Therefore, understanding the effect of the TNF-a-activated NF-kB signal pathway on esophageal disease
is crucial for devising therapeutic strategies.

Remote ischemic conditioning (RIC), which reportedly provides multiorgan benefits®, involves repetitive
cycles of temporary ischemia and reperfusion in peripheral areas to increase systemic blood supply. Angiogen-
esis is the main factor responsible for these benefits***?; however, some studies have reported reduced intestinal
inflammation and increased intestinal regeneration, especially in the small intestine and colon, when using
RIC**-%% Notably, several studies have demonstrated the anti-inflammatory effects of RIC in acute inflamma-
tion, such as in a necrotizing enterocolitis mouse model*® or a case with middle cerebral artery occlusion and
reperfusion, highlighting the anti-inflammatory effects associated with the nuclear factor erythroid 2-related
factor 2/heme oxygenase-1 (Nrf2/HO-1) signaling pathway*’. Another recent study showed the efficacy of RIC
in patients with contact dermatitis by suppressing CD8 + T lymphocyte and neutrophil infiltration and reducing
IL-17 secretion®.

However, to our knowledge, the benefits achieved through RIC in the esophagus are yet to be reported.
Therefore, this study aimed to investigate whether applying RIC after esophageal resection and anastomosis in
rats improves esophageal strictures and its related pathways by focusing on the inflammatory processes.

Methods

Animals

This study procured 65 male Sprague-Dawley rats (aged 11 weeks and weighing 320-400 g) from the laboratory
animal supply facility (KOATECH, Pyeongtaek, Korea). Notably, all rats were provided unrestricted food and
water pre and postoperatively. The experiments were approved by the Seoul National University Hospital Animal
Ethics Committee (IACUC No. 22-0029-S1A3(1)), and all methods followed their guidelines and regulations.
This study is reported in accordance with ARRIVE guidelines.

Experimental design and RIC procedure

The rats were categorized into the following four groups: (a) a control group with no surgery (n=5), (b) resection
and anastomosis only (R&A only, n=20), (c) resection and anastomosis with RIC immediately after closing the
neck incision (RIC1, n=20), and (d) resection and anastomosis with RIC immediately after closing the incision
and on postoperative day 2 (RIC2, n=20). The surgical procedure involved exposing the cervical esophagus,
which was identified posterolaterally to the trachea, through a median neck incision. Subsequently, esophageal
resection (1 mm) and anastomosis using 8-0 Prolene sutures were performed under a microscope (Fig. 1A).
RIC included three cycles of 5 min left hind-limb ischemia and 5 min of reperfusion (Fig. 1B). The rats were
sacrificed on postoperative day 7, and the entire esophagus was collected.

Laser speckle contrast imaging (LSCI) and analysis (LASCA)

Laser speckle contrast imaging was used to assess blood flow in anesthetized rats, which were maintained at
a body temperature of 37+ 0.5 °C. Recordings were conducted before and after inducing hind limb ischemia
(Fig. 2). Blood flow decreased during ischemia and reperfusion was observed after 5 min of ischemia in the right
hind limb (Fig. 2A). Successful hind limb ischemia was defined when the blood flow ratio reduced to approxi-
mately 50% of the baseline (Fig. 2B). Blood flow increased in the cervical esophagus during ischemia and was
maintained throughout the ischemia-reperfusion session (Fig. 2C-E). Blood flow images were acquired using a
PeriCam high-resolution LSCI system (PSI system, Perimed, Sweden) with a 2448 x 2048-pixel charge-coupled
device (CCD) camera positioned 5 cm above the esophagus. The acquired images were analyzed using PIMSoft
software (Perimed, Sweden).

Body weight measurement and esophageal stricture evaluation

The rats were weighed daily pre and postoperatively until euthanasia, after which the collected esophagus was
filled with contrast material, and radiographs were taken to assess the degree of stricture. The extent of the anas-
tomotic stricture was assessed using the stricture index employed by Said et al.*’, denoted as SI=(A-a)/A, where
“A” represents the diameter of the lower esophageal pouch and “a” signifies the stricture diameter.

Histological examination

The esophageal tissues were fixed in 4% paraformaldehyde for 24 h and dehydrated using a descending series of
ethanol at room temperature. Notably, all tissues were embedded in paraffin and cut into 5-pum-thick sections.
Using a standard protocol, each tissue section was subsequently stained with hematoxylin and eosin (H&E). The
histological slides were then analyzed using an Olympus BX43 microscope and imaged using the M T iSolution
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Figure 1. Surgical procedure and remote ischemic conditioning. (A) Surgical procedure of cervical esophageal
resection and anastomosis. (B) One cycle of remote ischemic conditioning on the left hind limb of rats.

Lite software. All histological samples were scored anonymously and counted in 10 random fields. These H&E-
stained slides were generated to assess the anastomosis site, with scores of 0, 1, 2, and 3 indicating the absence
of findings, mild manifestations, moderate conditions, and marked alterations, respectively.

Immunohistochemistry

Immunohistochemical (IHC) staining was performed on esophageal tissues using the Envision + system (Dako,
Glostrup, Denmark). The esophageal tissue sections were deparaffinized in xylene and rehydrated using a
descending series of ethanol solutions at room temperature. The endogenous peroxidase complex activity was
quenched using a methanol/3% hydrogen peroxide solution. The samples were then incubated with the follow-
ing primary antibodies overnight at 4 °C: anti-pSTAT3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:50
dilution), anti-STAT3 (Santa Cruz Biotechnology; 1:50 dilution), and anti-p65 NF-«xB (Cell Signaling Technol-
ogy, Boston, MA, USA; 1:400 dilution). The samples were stained with primary antibodies and incubated with a
biotinylated secondary antibody and streptavidin-peroxidase complex for 1 h. The final product was developed
using a 3,3’-diaminobenzidine liquid substrate system tetrahydrochloride (DAKO; Sigma-Aldrich, MO, USA).
Two independent observers performed all histological assessments and obtained tissue images using an Olympus
BX43 microscope. They measured and quantified the samples using the Image J software (Version 1.54j, https://
imagej.net/ij).

Real-time polymerase chain reaction

We extracted total RNA from the esophageal tissues using TRIzol reagent (Invitrogen, Rockford, IL, USA).
Total RNA (2 pg) was then reverse-transcribed into complementary DNA (cDNA) using a high-capacity RNA-
to-cDNA kit (Thermo Fisher Scientific, Rockford, IL, USA), following the manufacturer’s protocol. Reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) was performed using the Power SYBR' Green
PCR Master Mix (Thermo Fisher Scientific) and applied using the QuantStudio™ Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). The primer pairs used for PCR included IL-6 (F: CCAATTTCCAATGCT
CTCCT; R: ACCACAGTGAGGAATGTCCA), TNFa (F: GACGTGGAACTGGCAGAAGA; R: ACTGATGAG
AGGGAGGCCAT), and glyceraldehyde 3-phosphate dehydrogenase (F: AACTTTGGCATTGTGGAAGG; R:
GGATGCAGGGATGATGTTCT). We normalized the messenger RNA (mRNA) levels to the internal reference
gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and the results are represented as folds of the
baseline levels in the control group. Each experiment was performed in triplicate, and relative expression levels
were calculated using the delta-delta Ct method.

Western blot

Total protein was extracted from homogenized esophageal tissues using Tissue Extraction Reagent I (Thermo
Fisher Scientific) with protease inhibitor cocktail (Thermo Fisher Scientific) and phenylmethanesulfonyl fluoride
(100:1 ratio). All protein concentrations were measured with the PierceTM BCA Protein Assay Kit (Thermo
Fisher Scientific). Equal quantities of protein (40 pg) were used for electrophoresis on a 10-15% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis gel. The separated proteins were transferred to a polyvinylidene fluo-
ride (PVDF) membrane (Merck Millipore, Burlington, VT, USA) and blocked with 5% skim milk in Tween 20
Detergent (TBS-T) buffer at room temperature. Membranes were washed with TBS-T and incubated overnight
at 4 °C with corresponding primary antibodies: anti-phosphorylated JAK (Cell signaling Technology, 1:1000
dilution), anti-JAK2 (Cell signaling Technology, 1:1000 dilution), anti-phosphorylated STAT3 (Santa Cruz
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Figure 2. Measurement of blood flow using a laser speckle contrast imaging. (A) Representative images of
blood flow in the right hind limb 5 min after one cycle of ischemia (middle image) and 5 min after reperfusion
(right image) using laser speckle. (B) Representative recordings of blood flow: baseline, 5 min after one cycle
of ischemia, and 5 min after reperfusion in the right hind limb. (C) Representative images of blood flow in

the cervical esophagus immediately after closing the neck incision, 5 min after one cycle of ischemia (middle
image), and 5 min after reperfusion (right image) using laser speckle. (D) Representative recordings of blood
flow: baseline, 5 min after one cycle of ischemia, and 5 min after reperfusion in the cervical esophagus. (E)
Quantification of the relative ROI (n=10). (ns=not significant, *p <0.05, **p <0.001, ***p <0.0001).

Biotechnology, 1:500 dilution), anti-STAT3 (Santa Cruz Biotechnology, 1:1000 dilution), anti-IL6 (Santa Cruz
Biotechnology, 1:1000 dilution), anti-phosphorylation-p65 NF-kB (Cell signaling Technology, 1:500 dilution),
anti-p65 NF-«B (Cell signaling Technology, 1:1000 dilution), anti-IKKa/p (Cell signaling Technology, 1:500
dilution), anti-phosphorylation IkBa (Cell signaling Technology, 1:500 dilution), anti-IkBa (Cell signaling Tech-
nology, 1:1000 dilution), and anti-GAPDH (Assaygenie, 1:5000 dilution). After corresponding primary antibody
incubation, proteins were further incubated for 1 h at room temperature with horseradish peroxidase-conjugated
anti-rabbit and anti-mouse IgG (Invitrogen) secondary antibodies (each 1:10,000 dilution). Membranes were
washed thrice with TBS-T buffer, and proteins were detected using SuperSignal™ West Pico PLUS Chemilu-
minescent Substrate ECL kit (Thermo Fisher Scientific). Protein images were visualized using the enhanced
ImageQuant™ LAS 4000mini (GE Healthcare, Chicago, IL, USA).

Statistical analysis

All data are expressed as the mean + standard error of the mean (SEM), and differences between the groups were
assessed using Student’s t-test when comparing between two groups. Comparisons between categorical variables
of three groups were performed with the Kruskal-Wallis due to the non-parametric nature of the data followed
by the post hoc Bonferroni Correction. Statistical analyses were performed using GraphPad Prism version 8
(GraphPad Software, San Diego, CA, USA), and statistical significance was set at p <0.05.
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Results

Body weight and esophageal stricture

The rats’ weights decreased immediately postoperatively until postoperative day 2 and then increased from day
3 onwards (Fig. 3A). The extent of weight loss was lowest in the RIC2 group and highest in the group that did
not undergo RIC. Furthermore, weight gain was highest in the RIC2 group and lowest in the group that did not
undergo RIC. In all experimental groups, the weight recovered to approximately 90% of the preoperative weight
by postoperative day 7. Notably, the anastomotic site stricture rates were 0.49, 0.37, and 0.29 for the R&A-only,
RICI, and RIC2 groups, respectively, with statistically significant differences (Fig. 3B). Moreover, we observed a
significant increase in body weight following esophageal resection and anastomosis and a notable reduction in
anastomotic strictures in rats that underwent RIC.

Histologic evaluation
The R&A-only, RIC1, and RIC2 groups had inflammation scores of 2.6, 2.0, and 2.1, respectively. However, the
scores of the two groups that underwent RIC were lower than those of the R&A-only group, but the differences
were not statistically significant.

Notably, IHC staining performed according to the inflammatory pathway revealed that p-STAT3 expression
was lower in RIC1 and RIC2 slides than in R&A-only slides, and this pattern was similarly observed in NF-kB
staining (Fig. 4).

Effect of RIC on the IL-6/STAT3 signaling pathway after esophageal resection surgery

Upon mRNA level evaluation, our results showed that IL-6 increased in the R&A group and significantly
decreased in the RICI and RIC2 groups (Fig. 5A). To evaluate the factors associated with the STAT3 signaling
pathway, we used western blotting to analyze the levels of phosphorylation of JAK and STAT3, as well as the
levels of JAK and IL-6 (Fig. 5B, Supplementary Fig. 1). We found that the level of STAT3 and JAK phosphoryla-
tion was significantly lower in the RICI and RIC2 groups than in the R&A group. In addition, the IL-6 levels
were significantly reduced in RIC2 groups than in the R&A group (Fig. 5C,D). These data suggest that the IL-6/
STAT3 pathway is crucial in esophageal resection and anastomosis, and RIC can inhibit IL-6/STAT?3 signaling.

Effect of RIC on the TNF/NF-kB signaling pathway after esophageal resection surgery

We found that the mRNA level of TNFa was higher in the R&A-only group than in the control group; however, it
was lower in the RIC1 and RIC2 groups than in the R&A-only group (Fig. 6A). To further analyze this interaction,
we used western blotting to investigate the levels of NF-kB/p65, IkBa, IKKa/p, and their levels of phosphorylation
(Fig. 6B, Supplementary Fig. 1). Our data showed that the R&A-only group had higher levels of phosphorylated
NE-kB/p65, IkBa, and IKKa/f than all RIC groups (Fig. 6C,D,E), suggesting that RIC inhibited the production
of inflammatory cytokines constituting the TNF/NF-kB signaling pathway after esophageal resection surgery.

Discussion

Experimental results

In this study, rats subjected to esophageal resection and anastomosis exhibited anastomotic stricture 1 week
postoperatively and showed improvement with the RIC procedure. We investigated factors associated with known
inflammatory pathways to identify those contributing to ameliorating anastomotic strictures. We discovered
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Figure 3. Measurement of body-weight and the esophageal anastomotic stricture. (A) Body-weight changes
after resection and anastomosis of the cervical esophagus with or without remote ischemic conditioning. (B)
Measurement of the esophageal anastomotic stricture rate after harvesting the entire esophagus.
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Figure 4. Esophageal tissue sections from the control, R&A-only, RIC1, and RIC2 groups. (A-D)
Histological analysis of the rat esophageal tissue from each group using hematoxylin and eosin staining.
(E-P) Immunohistochemical analysis of phosphorylated STAT3, STAT3, and nuclear factor-kB expression

in the rat esophageal tissue from each group. Images were obtained for each rat (n=5), and representative
images are shown (scale bar =200 pm). Abbreviations: Re#A, resection and anastomosis; RIC1, remote
ischemic conditioning performed once postoperatively; RIC2, remote ischemic conditioning performed twice
postoperatively.

increased multiple factors linked with the IL-6/JAK/STAT3 and TNF/NF-kB signaling pathways of inflammation
at the anastomosis site and its vicinity following esophageal resection and anastomosis alone. However, these
factors exhibited a subsequent decrease when RIC was implemented. To our knowledge, this study is the first to
demonstrate RIC’s potential in facilitating recovery from esophageal anastomotic strictures.

Stricture formation and its mechanisms in esophageal anastomosis

The occurrence of strictures after esophageal anastomosis is a widely recognized multifactorial phenomenon,
with local disruption of the blood supply being a contributing factor!®!!. Anastomotic healing typically pro-
gresses through three phases: an inflammatory phase characterized by hemostasis and debridement during the
initial 1-4 days after suturing, a proliferative phase involving angiogenesis and collagen synthesis (spanning up
to 2 weeks), and a remodeling phase®. The formation of the anastomotic line is significantly influenced by the
inflammatory phase, characterized by the infiltration of inflammatory cells and the production of tissue growth
factors within the anastomotic site®. Following esophageal anastomosis formation, this inflammatory response
and the potential inflammation caused by sutures may contribute to excessive fibrosis and granulation. This
could lead to the subsequent formation of anastomotic strictures during the remodeling process, possibly caus-
ing anastomotic strictures in the esophagus.

Previous studies have reported the diverse effects exerted by RIC on various factors. For example, in a mouse
model replicating midgut volvulus, a previous study reported reduced levels of intestinal inflammation-related
cytokines (TNF-a and IL-6) in an experimental group subjected to RIC®. This is consistent with our study’s
results, suggesting that RIC ameliorates inflammation and improves esophageal anastomotic strictures associ-
ated with inflammation. These findings confirm that RIC may prevent the development of anastomotic strictures
following esophageal resection and anastomosis, representing a novel outcome of our study.

Anti-inflammatory effects of RIC

Our results confirm the anti-inflammatory effects of RIC reported by previous animal studies investigating
ischemia/reperfusion (I/R) scenarios. Notably, a previous study showed that compared with a control group,
the proinflammatory cytokines IL-6 and TNF-a exhibited increased myocardial infarction (MI) model utiliz-
ing SD rats; however, when RIC was applied, a significant reduction in the serum levels of these cytokines was
observed®. Similarly, another study examining an MI rat model revealed that RIC was associated with decreased
proinflammatory cytokines such as TNF-a, IL-1, and IL-6 in serum and infarcted myocardium, whereas IL-10
was higher in the RIC group than in the control group*.
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Figure 5. Real-time quantitative polymerase chain reaction and western blot analysis of factors associated with
IL-6. (A) Real-time quantitative polymerase chain reaction analysis of IL-6 in the rat esophageal tissue from the
control, R&A-only, RIC1, and RIC2 groups (n=10). The results are normalized to values obtained for the control
group (value=1). (B) Western blot analysis of p-JAK, JAK, p-STAT3, STAT3, and IL-6 in esophageal tissue
samples from each group (n=10). The relative band intensity is presented. (C, D) Quantification of western blot
data from (B) using quantification software (Image J, Version 1.54j, https://imagej.net/ij), represented as the
relative values of p-JAK compared with JAK and p-STAT3 compared with STAT3. All Data are means = SEM p-
value was calculated by two-way ANOVA with Tukey’s multiple comparison tests and also presented compared
with the R&A-only group (n=10) (ns=not significant, *p <0.05, **p <0.001, ***p <0.0001). Abbreviations: Re+A
resection and anastomosis; RICI remote ischemic conditioning performed once postoperatively; RIC2 remote
ischemic conditioning performed twice postoperatively; SEM standard error of the mean; JAK Janus kinase;
p-JAK phosphorylated JAK; p-STAT3 phosphorylated STAT3; IL-6 interleukin-6.

RIC attenuated the release of proinflammatory cytokines in various research models, including models of
cerebral infarction and renal, pulmonary, and hepatic reperfusion injuries®’. For example, in a cohort of aged
rats with middle cerebral artery occlusion, RIC significantly reduced IL-1, IL-6, and IFN-y levels in plasma and
cerebral tissues™. In addition, in a murine model of hepatic I/R injury, RIC significantly decreased the levels
of intrinsic liver enzymes, IL-6, and TNF-o**. Therefore, the anti-inflammatory effect of RIC was mediated by
the high mobility group box 1/Toll-like receptor 4/NF-kB pathway, a well-established mechanism governing
cytokine release®.

NEF-«B is associated with various inflammatory activities and possesses numerous anti-apoptotic actions,
presenting challenges regarding upstream inhibition in inflammatory diseases*>**. In a mouse model of acute
lung injury, RIC resulted in reduced NF-kB activation by acting on IkPa proteins; in turn, this resulted in
decreased secretion of TNF-q, IL-1p, and IL-6, which is consistent with our study results. However, previous
research has shown the anti-inflammatory effects of RIC, but no existing studies have confirmed the effects of
RIC on esophageal anastomosis or other esophageal diseases. Our study shows that RIC reduces the inflam-
matory response during the immediate post-anastomotic inflammatory phase. Therefore, this suggests that the
severity of subsequent fibrosis and the consequent formation of strictures may not worsen if RIC is applied after
esophageal resection and anastomosis.

Factors explaining other potential effects of RIC

Previous studies have reported that RIC improves circulation, thereby protecting organs at risk of ischemia®.
RIC enhances collateral circulation in a murine model of focal cerebral ischemia, increases cerebral blood flow
during stroke recovery in a rat model of ischemic brain injury, and improves coronary collateral circulation in a
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Figure 6. Real-time quantitative polymerase chain reaction and western blot analysis of factors associated with
TNFa. (A) Real-time quantitative polymerase chain reaction analysis of TNFa in the rat esophageal tissue from
the control, R&A-only, RIC1, and RIC2 groups (n=10). The results are normalized to values obtained for the
control group (value=1). (B) Western blot analysis of p-p65/NF-kB, NF-kB, p-IkBa, IkBa, p-IKKa/b, and IKKa
in esophageal tissue from each group (n=10). The relative band intensity is presented. (C-E) Quantification

of western blot data from (B) using quantification software (Image J, Version 1.54j, https://imagej.net/ij),
represented as the relative values of p-p65/NF-kB compared with NF-kB, p-IkBa compared with IkBa, and
p-IKKa/b compared with IKKa. All Data are means + SEM p-value was calculated by two-way ANOVA with
Tukey’s multiple comparison tests and also presented compared with the R&A-only group (n=10) (ns=not
significant, *p <0.05, **p <0.001, ***p <0.0001). Abbreviations: Re&~A, resection and anastomosis, RICI, remote
ischemic conditioning performed once postoperatively, RIC2, remote ischemic conditioning performed twice
postoperatively, SEM standard error of the mean; p-p65 phosphorylated p65, p-IkBa phosphorylated IkBa,
p-IKKa/b phosphorylated IKKa, NF-kB nuclear factor-kB, TNFa tumor necrosis factor alpha.

rabbit model of myocardial ischemia**-*2. The results of the present study have confirmed the anti-inflammatory
role of RIC; however, future studies investigating the potential effects of RIC on enhanced blood flow around the
anastomosis site, including angiogenesis, are required.

Conclusion

We demonstrated the role of RIC in improving anastomosis strictures in a rat model of esophageal resection
and anastomosis. The effects of RIC were likely attributable to the observed reduction in cytokines, indicating a
decreased inflammatory response at the anastomosis site. However, RIC’s complete mechanism of action is not
fully understood and may involve regulating inflammation. Therefore, it is essential to investigate further whether
the known effects of RIC, such as angiogenesis, contribute to improved strictures at the anastomosis site. Our
findings imply that RIC can be a potential therapeutic option for enhancing recovery from strictures following
esophageal anastomosis. However, further investigations are required to fully assess the various aspects of RIC
and its impact on esophageal stricture improvement.

Data availability
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