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Introduction 

Anastomotic leakage remains a major postoperative complication in gastrointestinal surgery

regardless of the continuous effort s to reduce its incidence. Colorectal anastomotic leakage, oc-

curring in approximately 3% to 10% of patients, 1-3 is associated with severe clinical conditions,

including peritonitis, sepsis, reoperation, prolonged hospitalization, increased healthcare costs, 

and reduced quality of life. Various perioperative strategies—such as intraoperative indocyanine

green fluorescence imaging to assess blood flow, 4 mechanical and chemical bowel preparation, 5 

transanal drain placement, 6 and diverting ileostomy 7 —have been used to reduce the risk of anas-

tomotic leakage. However, these approaches mainly target perioperative risk reduction and can-

not achieve complete prevention. Furthermore, no existing strategy has focused on actively en-

hancing anastomotic healing through active biological reinforcement at the anastomotic site. 

Our research group has focused on fibroblast sheet technology, a regenerative approach that

promotes wound healing. Using a proprietary method for fabricating multilayered fibroblast

sheets, 8 we initially established therapeutic efficacy in refractory cutaneous ulcers using autol-

ogous cell sheets, 8-11 followed by the development of allogeneic cell sheets to overcome the
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imitations in obtaining high-quality autologous cells. Furthermore, allogeneic fibroblast sheets

ave exhibited wound-healing effects comparable to those of autologous fibroblast sheets in a

urine cutaneous defect model, 12 and the therapeutic benefits of fibroblast sheets have been

eported in models of esophageal reconstruction, 13 pancreatic fistula, 14 and bronchial leakage .15

oreover, to reduce the cost of cell sheet transplantation, the preservation of allogeneic fi-

roblast sheets is desirable. To address this, we developed a cryopreservation method using a

hree-dimensional (3D) freezer (KOGASUN Co., Ltd., Yamaguchi, Japan) .16 Conventionally, cell

heets are manufactured and transplanted to target sites using specialized devices. Therefore,

e developed CY-1 (Central Glass Co., Ltd., Tokyo, Japan), a substrate that enables the fabrication

nd transplantation of cell sheets. By combining CY-1 with the 3D cryopreservation method, we

evealed that cryopreserved fibroblast sheets can be readily transplanted after thawing, 17 and

onfirmed their efficacy in murine skin defects and rat esophageal reconstruction models. 17 , 18

erein, we investigated the early-phase biological processes underlying anastomotic healing.

he colon served as a representative gastrointestinal organ with a well-defined multilayered

tructure involving the mucosa, submucosa, muscularis propria, subserosa, and serosa, reflecting

he typical architecture of reconstructive gastrointestinal tissues. We evaluated fibroblast sheet

ransplantation in a colonic anastomosis model with preserved multilayered gastrointestinal ar-

hitecture and investigated its therapeutic effects on anastomotic leakage. Along with assessing

unctional outcomes such as anastomotic leakage and bursting pressure, we analyzed histolog-

cal and molecular changes associated with early tissue repair. Specifically, collagen deposition

cross different tissue layers and its relationship with mechanical strength was investigated,

roviding insight into which anatomical layer contributes to anastomotic integrity. We also

xplored potential cellular responses, including vimentin expression and TGF- β1/pSMAD2

ignaling as possible contributors to early healing processes. Through this integrative approach,

his study aimed to clarify the mechanisms underlying anastomotic healing enhancement by

broblast sheet transplantation and to provide a basis for its potential clinical application. 

aterials and methods 

nimals 

Male Wistar/ST, Sprague–Dawley (SD), and SD-Tg rats—aged 8 to 12 weeks—were procured

rom Japan SLC Inc. (Shizuoka, Japan). The animals were maintained under controlled environ-

ental conditions (temperature 22 °C ± 2 °C, humidity 70% ± 20%, and 12-hour light/dark cy-

le) with ad libitum access to food and water. All experimental procedures were conducted in

ccordance with institutional guidelines and approved by the Institutional Animal Care and Use

ommittee of Yamaguchi University (approval no. 31-007). All procedures, including analgesia,

uthanasia, and donor tissue harvesting, conformed to the institutional and national guidelines

nd were approved by the Institutional Animal Care and Use Committee. Efforts to minimize

nimal use and refine experimental procedures were taken in accordance with the principles of

he 3Rs. Although animals were allocated to experimental groups without formal randomization

Supplementary Fig. 1), all were maintained under identical environmental and experimental

onditions, with procedures performed according to a strictly standardized protocol to minimize

ariability. Group assignments were not concealed from the surgeon during allocation. However,

utcomes were assessed in a blinded manner to minimize potential bias. Given the nature of

he intervention, the surgeon could not be blinded. 

reparation of cryopreserved multilayered fibroblast sheets 

Cryopreserved multilayered fibroblast cell sheets were prepared as previously described .18

ral mucosal tissues were harvested from 8 to 12-week-old SD and SD-Tg rats under anesthesia
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with 5% isoflurane for induction and 2% for maintenance (MSD Animal Health, Tokyo, Japan).

Tissues were minced and incubated in Dulbecco’s Modified Eagle’s Medium (Thermo Fisher Sci-

entific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS), 5% collagenase

(FUJIFILM Wako Pure Chemical Corp., Osaka, Japan), and 1% penicillin–streptomycin at 37 °C
in 5% CO2 . Following overnight incubation, the medium was centrifuged, supernatant was re-

moved, and residual tissue fragments were cultured for an additional 3 days. Cells were sub-

sequently collected using 0.05% trypsin–EDTA and passed through a 40-μm cell strainer to re-

move remaining tissue fragments. After centrifugation, the isolated cells were cultured for 4

days. Fibroblast identity was confirmed according to characteristic spindle-shaped morphology

and positive vimentin immunostaining. A sterilized CY-1 thermoplastic culture substrate (Central

Glass Co., Ltd., Tokyo, Japan) was affixed to the bottom of a 48-well plate. CY-1 is a hydrophilic-

treated thermoplastic resin film designed to support multilayered sheet formation. Fibroblasts

(2.5 × 105 cells/well) were seeded onto the CY-1 surface. After 24 hours, the medium was re-

placed with CTS AIM-V SFM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with

HFDM-1 ( + ) medium (Cell Science & Technology Institute, Miyagi, Japan) containing 5% FBS.

On the following day, after removing the medium, 150 μL/well of the cryopreservation solution

Bambanker hRM (GC Lymphotec Inc., Tokyo, Japan) was added. Plates were frozen at −35 °C for

30 minutes using a 3D freezer and then transferred to a −80 °C freezer for storage until further

use. 

Colonic anastomosis model 

A colonic anastomotic leakage model was established according to previously reported meth-

ods. 19 , 20 Male Wistar/ST rats (8-12 weeks old) were anesthetized with isoflurane (5% for induc-

tion, 2% for maintenance). Following abdominal shaving, a 4-cm midline laparotomy was per-

formed. The small intestine and cecum were exteriorized to the right side and then covered

with a saline-moistened gauze. The distal colon, located 5 to 10 mm distal to the left renal

artery and serving as an anatomical landmark, was transected. No bowel preparation or dietary

restriction was introduced. If present, fecal material at the intended transection site was gently

milked distally using nontoothed forceps. The marginal vessels and vasa recta were not ligated to

preserve intestinal blood flow. A four-interrupted-suture anastomosis was constructed using 6-0

polypropylene sutures (Medtronic, Minneapolis, MN, USA), which were placed at standardized

positions (antimesenteric side, mesenteric side, and the anterior and posterior wall midpoints)

at equal intervals. The small intestine and cecum were then returned to their original positions,

followed by abdominal wall closure. No fasting period was applied; thus, animals were allowed

free access to food and water throughout the perioperative period. All procedures were per-

formed by the same surgeon (A.F.) to ensure consistency. Exclusion criteria included intraopera-

tive death and unintended transection or injury to the intestinal vessels, including the marginal

vessels and vasa recta. No animals met these criteria; hence, none were excluded. 

Transplantation of frozen–thawed sheets 

Two multilayered fibroblast sheets were thawed on the CY-1 substrate at room temperature

for 30 minutes. The sheets were then circumferentially applied to the anastomotic site, covering

the ventral and dorsal surfaces. Before sheet application, excess moisture on the serosal surface

was carefully removed using gauze to facilitate adhesion to this surface. Next, by gently pressing

the CY-1 substrate against the tissue and maintaining contact for approximately 30 seconds, ad-

hesion was achieved. In this transplantation method, fibroblasts cultured on the CY-1 substrate

adhered directly to the target site, after which the CY-1 substrate was removed, leaving only

the cell sheet on the tissue. 17 , 18 No sutures or adhesives were used for fixation. Characteris-

tic whitish appearance of the serosal surface after sheet application macroscopically confirmed

circumferential coverage. 



4 A. Fujita, K. Ueno and Y. Takemoto et al. / Current Problems in Surgery 82 (2026) 102132 

P

 

o  

w

 

t  

i

 

s  

i

A

 

S  

s

 

t  

l

 

 

m  

e  

T  

m  

s  

a  

a  

u  

l

 

r  

s  

l  

r  

t  

m  

t  

o  

i  

l  

i  

c

erioperative analgesia, monitoring, and humane endpoints 

Analgesia was induced preoperatively using buprenorphine (0.1 mg/kg, subcutaneously). Post-

perative analgesia was provided as needed according to daily clinical assessment, in accordance

ith institutional guidelines. 

Animals’ general condition, including activity level, posture, grooming behavior, food and wa-

er intake, and signs of pain or distress (eg, piloerection, decreased mobility, or abdominal guard-

ng), were monitored at least once daily. 

Humane endpoints were predefined as follows: severe lethargy or inability to ambulate, per-

istent anorexia or dehydration, signs of severe infection or peritonitis, or any condition indicat-

ng no possibility to recover. Animals meeting these criteria were humanely euthanized. 

Within the study period, no animals met these endpoint criteria. 

ssessment of anastomotic leakage, bursting pressure, and histology 

The primary outcome was anastomotic leakage rate, defined as an Anastomotic Complication

core (ACS) of ≥3 points. ACS, bursting pressure, and histological assessments constituted the

econdary outcomes. 

Rats were euthanized on postoperative day (POD) 3. Anastomotic healing was evaluated using

he ACS, 21 a macroscopic scoring system ranging from 0 to 6, with a score of ≥3 indicating

eakage, defined as follows: 

Score 0: No adhesions or abnormalities. 

Score 1: Adhesions to the fat pad with a clean anastomosis underneath. 

Score 2: Adhesions to an intestinal loop, abdominal wall, or another organ. 

Score 3: Anastomotic defect identified beneath the adhesion, without other abnormalities. 

Score 4: Evidence of possible contamination, such as small abscesses. 

Score 5: Clear anastomotic complications, including pus dissemination, obstruction at the

anastomosis, or signs of peritonitis. 

Score 6: Fecal peritonitis or death resulting from peritonitis. 

Bursting pressure was measured according to previously described methods .13 A colonic seg-

ent involving the anastomosis was isolated, with 1 cm on both the oral and anal sides. Both

nds were ligated at 2 mm from the cut edges using 4-0 nylon sutures (Nicho Co., Tokyo, Japan).

he resected colon was then submerged in water and connected to a nonmercury sphygmo-

anometer (HT-1500; Nippon Seimitsu Sokki Co., Gunma, Japan) via a 24G catheter. Air was in-

ufflated manually at a rate as slow and constant as possible, and the first pressure peak associ-

ted with leakage was recorded as the bursting pressure. The manometer was checked to ensure

 zero reading under atmospheric pressure before each measurement, and the same device was

sed for all measurements. The rupture site was also visually confirmed during measurement,

ocated at the anastomosis in all cases. 

Leakage incidence and bursting pressure were evaluated in 30 rats (15 per group). Of these

ats, the last 5 animals in each group were utilized for histological analysis. Furthermore, tissue

ections underwent Azan staining to evaluate collagen deposition at the anastomotic site. For

ayer-specific analysis, the intestinal wall was divided into mucosal, submucosal, and subserosal

egions. We defined the submucosal region as the area between the muscularis mucosae and

he muscularis propria, and the subserosal region as the area between the outer border of the

uscularis propria and the serosal surface. The area extending 500 μm orally and anally from

he center of the anastomosis defined the region of interest (ROI). For the quantitative analysis

f collagen deposition, the Azan-positive area within each predefined region was measured us-

ng the ImageJ software (NIH, Bethesda, MD, USA). Color thresholding was applied with the fol-

owing parameters: hue, 140 to 200; saturation, 40 to 255; and brightness, 0 to 255. Binarized

mages were used for area measurement, with the same threshold settings applied to ensure

onsistency across samples. 
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Tissues were fixed in 10% neutral buffered formalin (FUJIFILM Wako Pure Chemical Corp.,

Osaka, Japan), embedded in paraffin, and then sectioned for hematoxylin–eosin (H&E) and Azan

staining. 

In accordance with the institutional guidelines, euthanasia was performed by inhalation of

isoflurane overdose. 

Investigators who were blinded to group allocation performed the outcome assessments, in-

cluding ACS and bursting pressure measurements. 

Histological analysis 

Rats were euthanized at 15 min and on POD 1, 5, and 9, and the colonic anastomotic site

was harvested. All histological evaluations were performed exclusively on grossly intact, nonleak-

age anastomotic sites. Tissues were fixed in 10% neutral buffered formalin (FUJIFILM Wako Pure

Chemical Corp., Osaka, Japan), embedded in paraffin, and sectioned for H&E staining, Azan stain-

ing, and immunofluorescence (IF) analysis. IF staining was performed on specimens collected at

POD 5. The following primary antibodies were used: anti-GFP polyclonal antibody (598; MBL Co.,

Ltd., Aichi, Japan), anti-TGF- β1 antibody (ab215715; Abcam, Cambridge, UK), antiphospho-Smad2

(Thr220) antibody (Abcam, Cambridge, UK), antivimentin antibody (ab8069, 1:500; Abcam, Cam-

bridge, UK), and anti-C-ERC/mesothelin antibody (306; #28001; Immuno-Biological Laboratories, 

Gunma, Japan). Secondary antibody was DyLight® 550–conjugated goat antirabbit immunoglob- 

ulin G (ab96884; Abcam, Cambridge, UK). Nuclei were counterstained with DAPI (Bio-Rad Labo-

ratories, Hercules, CA, USA). Images were captured using a BZ-X710 microscope (Keyence Corp.,

Osaka, Japan) and analyzed using BZ-X Analyzer software (Keyence Corp.). For immunofluores-

cence analyses, ROIs were defined at the anastomotic site. Two microscopic fields per section

(oral and anal sides relative to the anastomotic center) were evaluated for TGF- β1/pSmad2 co-

expression analysis, and 3 microscopic fields within the subserosal region for vimentin analy-

sis. One section per animal was used for all analyses. Individual animal served as the unit of

analysis. Measurements obtained from multiple fields were averaged to generate a single repre-

sentative value per animal, preventing pseudoreplication. Positive cells were defined using fixed

fluorescence intensity thresholds, with 38 for TGF- β1/pSmad2 and 50 for vimentin, and DAPI

was used for nuclear identification. Identical imaging settings, including exposure times (17, 20,

14, and 1/3 seconds for TGF- β1, pSmad2, vimentin, and DAPI), were applied across all samples.

A pathologist (A.O.) blinded to group allocation and treatment conditions conducted the histo-

logical and immunofluorescence analyses. 

A total of 25 rats were used. One rat was euthanized at 15 minutes, and 24 rats were allo-

cated to either the control or cell sheet groups, with 4 rats per group at each time point (POD 1,

5, and 9). All animals were euthanized by inhalation of isoflurane overdose, in accordance with

institutional guidelines. 

Measurement of the muscularis gap at the colonic anastomotic site 

The muscularis gap at the anastomotic site was quantified by identifying the edges of the

muscularis propria and drawing perpendicular reference lines at these boundaries. The shortest

distance between the 2 lines was measured using ImageJ software (National Institutes of Health,

Bethesda, MD, USA). 

Statistical analysis 

The primary outcome of this study was anastomotic leakage, defined as an ACS of ≥3. Sec-

ondary outcomes included the ACS as an ordinal variable, bursting pressure, histological assess-

ments, and muscularis gap measurements. 
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Statistical analyses were conducted using JMP Pro version 18 (SAS Institute Inc., Cary, NC,

SA) and GraphPad Prism 10 software (GraphPad Software, Boston, MA, USA). Continuous vari-

bles were expressed as mean ± standard deviation for normally distributed data and as me-

ian with interquartile range for non-normally distributed data. Given the ordinal nature of

CS, group differences were evaluated using an ordinal logistic regression analysis (proportional

dds model). For completeness, nonparametric comparisons using the Mann–Whitney U test

ere performed as well. Leakage incidence was compared using Fisher’s exact test. Absolute

isk differences and corresponding 95% confidence intervals were calculated using the normal

pproximation (Wald method), in addition to P -values. Differences between groups for continu-

us variables were assessed using Student’s t -test or the Mann–Whitney U test, as appropriate.

ongitudinal changes in muscularis gap measurements (POD 1, 5, and 9) were analyzed using

wo-way analysis of variance (ANOVA). For immunofluorescence analyses, statistical comparisons

ere performed using binomial logistic regression based on per-animal aggregated values. A P -

alue of < 0.05 was considered statistically significant. As no formal a priori power calculation

as performed, this study should be considered exploratory in nature. 

No data were missing in this study. If missing data had arisen, complete-case analysis would

e conducted. 

esults 

istological analysis and persistence of frozen–thawed GFP-expressing multilayered fibroblast sheets 

fter transplantation 

Fig. 1 A-D illustrates the histological appearance of frozen–thawed GFP-expressing multilay-

red fibroblast sheets transplanted onto the rat colonic anastomosis. H&E and Azan staining of

pecimens harvested 15 minutes after implantation revealed that the thawed sheets retained

heir multilayered structure, measuring approximately 30 μm in thickness and comprising 3 to

 fibroblast layers. 

Histopathological images from H&E and Azan staining were obtained at POD 0, 1, 5, and

 ( Fig. 1 E, F). IF analysis of frozen–thawed GFP-expressing multilayered fibroblast sheets after

ransplantation over time (POD 0–POD 9) is illustrated in Fig. 1 G. GFP-expressing sheet struc-

ures were clearly observed on POD 0 and POD 1. By POD 5, GFP-expressing cells were still

etectable at very low levels, although the sheet structure was no longer maintained. No GFP-

xpressing cells were observed on POD 9. Quantitative analysis of GFP-positive area showed a

arked decrease over time (POD 0: 6 6,522 μm ²; POD 1: 2,6 65 μm ²; POD 5: 1,931 μm ²; POD

: 595 μm ²). These results indicate that frozen–thawed multilayered fibroblast sheets gradually

egrade and disappear following transplantation. 

valuation of the anastomotic site following frozen–thawed multilayered fibroblast sheet 

ransplantation 

After euthanasia on POD 3, the anastomotic site was evaluated. The rate of anastomotic

eakage (defined as ACS ≥ 3)—the primary outcome—was significantly reduced in the fibrob-

ast sheet group compared with that in the control group (26.7% vs 73.3%, P = 0.027), corre-

ponding to an absolute risk difference of −46.7% (95% CI, −78.3% to −15.0%) ( Table 1 ). Ad-

itionally, ACS distribution was significantly lower in the fibroblast sheet group (median: 2.0

IQR 1.0–3.0] vs 4.0 [IQR 2.5-4.0]; median difference: −2.0, 95% CI: −3.0 to 0.0; P = 0.01)

 Fig. 2 A). Representative intraoperative images corresponding to ACS evaluations are shown in

ig. 2 B. Furthermore, ordinal logistic regression analysis demonstrated that the fibroblast sheet

roup was significantly associated with lower ACS (odds ratio, 0.15: P = 0.014). Bursting pres-

ure values were more consistent and tended to be higher in the fibroblast sheet group than
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Fig. 1. Histological characteristics, persistence, and application of frozen–thawed GFP-expressing multilayered fibroblast 

sheets at the colonic anastomosis. (A) Intraoperative view showing a colonic anastomosis constructed with four inter- 

rupted sutures and circumferentially covered with a multilayered fibroblast cell sheet. (B) H&E staining of the anasto- 

motic site 15 min after cell sheet transplantation. (C) High-magnification H&E image of the frozen–thawed multilayered 

fibroblast sheet in (B). (D) High-magnification Azan-stained image of the frozen–thawed multilayered fibroblast sheet in 

(B). (E-H) Time-course histological and immunofluorescence analyses of the anastomotic site. For each time point, low- 

magnification H&E (left), high-magnification H&E (middle), and immunofluorescence images showing GFP-expressing 

cells (right) are presented. (E) postoperative day (POD) 0; (F) POD 1; (G) POD 5; (H) POD 9. GFP-positive area decreased 

over time (POD 0: 66,522 μm ²; POD 1: 2,665 μm ²; POD 5: 1,931 μm ²; POD 9: 595 μm ²). Scale bars: 100 μm (B, E-H: left 

panels); 50 μm (C, D, E-H: middle and right panels). 

Table 1 

Incidence of anastomotic leakage and rat mortality rates. 

Control 

( n = 15) 

Cell sheet 

( n = 15) 

P -value 

Anastomotic 

leakage 

11/15 

(73%) 

4/15 

(26%) 

0.02 

Mortality rate 0/15 0/15 –
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Fig. 2. Anastomotic complication score and bursting pressure on POD 3. (A) ACS. Each experimental group consisted of 

15 animals evaluated on POD 3. (B) Representative intraoperative images illustrating ACS scores of 1, 2, and 4. (C) Burst- 

ing pressure resistance evaluation as a measure of anastomotic pressure resistance. Each experimental group consisted 

of 15 animals evaluated on POD 3. 
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n the control group (median: 190 mmHg [IQR 160-210] vs 110 mmHg [IQR 40-215]; median

ifference: 80 mmHg, 95% CI: −20 to 160 mmHg), although the difference did not reach sta-

istical significance ( P = 0.09) ( Fig. 2 C). Notably, several animals in the control group also ex-

ibited relatively high bursting pressure values, resulting in increased variability within the

roup. 

istological evaluation of the colonic anastomotic site 

Representative histological findings of the anastomotic site were assessed on PODs 1, 5,

nd 9 in both groups ( Fig. 3 A). Submucosal edema gradually decreased over time, whereas

ubserosal tissue thickening became increasingly apparent. Fig. 3 B illustrates the representa-

ive measurement of the muscularis gap, which is quantified in Fig. 3 C. Postoperative mus-

ularis gap changes were analyzed using a two-way ANOVA ( Fig. 3 C). At all evaluated time

oints, the muscularis gap was significantly smaller in the fibroblast sheet group than in

he control group ( P = 0.01) ( Fig. 3 C). At each time point, the fibroblast sheet group con-

istently showed smaller values than the control group. The median differences (fibroblast

heet vs control) were 373, 614, and 571 μm (95% CI: 830 to 0, 1500 to 100, and 900

o 200 μm) at PODs 1, 5, and 9, respectively. Although the muscularis gap remained con-

istently smaller in the fibroblast sheet group on PODs 5 and 9, the rate of change in

hese time points did not differ significantly between the 2 groups. Therefore, fibroblast

heet transplantation may accelerate the approximation of the muscularis layers during the

arly postoperative period and maintain improved tissue integrity throughout the observation

eriod. 
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Fig. 3. Histological evaluation of the anastomotic site. (A) Representative histological images of the anastomotic site on 

POD 1, 5, and 9 in the control and fibroblast sheet groups. For each time point, the H&E-stained sections (left panels) 

and Azan-stained sections (right panels) are shown. Dashed lines indicate perpendicular reference lines drawn from 

the edges of the muscularis propria to visualize the muscularis gap. Scale bar: 100 μm. (B) Representative pathological 

histopathological images showing measurements of the muscularis gap, with dashed lines indicating the reference points 

used for quantification. Scale bar: 100 μm. (C) Quantitative evaluation of the muscularis gap on POD 1, 5, and 9. Data 

were analyzed using two-way ANOVA ( n = 4 per group). 

 

 

 

 

 

 

 

 

 

Collagen deposition at the anastomotic site evaluated by Azan staining 

Collagen deposition at the anastomotic site on POD 3 was evaluated through Azan stain-

ing ( Fig. 4 A). Representative images show collagen accumulation in both groups, particularly

within the submucosal and subserosal layers. Quantitative analysis revealed that the Azan-

positive area in the mucosa or submucosa did not significantly differ between the 2 groups.

Conversely, collagen deposition in the subserosal layer tended to be greater in the fibrob-

last sheet group than in the control group ( P = 0.09) ( Fig. 4 B). Correlation analysis be-

tween Azan-positive area and bursting pressure demonstrated no significant association in

the mucosal ( ρ = −0.08, P = 0.83) and submucosal layers ( ρ = 0.06, P = 0.88). However,

we observed a significant positive correlation in the subserosal layer ( ρ = 0.64, P = 0.04)

( Fig. 4 C). 
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Fig. 4. Collagen deposition at the anastomotic site evaluated by Azan staining. (A) Representative Azan-stained images 

of the anastomotic site on POD 3 in the control and fibroblast sheet groups. Collagen fibers are stained blue, indicating 

that the collagen accumulated mostly in the submucosal and subserosal layers. Scale bar: 300 μm. (B) Quantitative anal- 

ysis of Azan-positive areas in the mucosa, submucosa, and subserosa. For layer-specific analysis, the intestinal wall was 

divided into mucosal, submucosal, and subserosal regions. The submucosal region was the area between the muscularis 

mucosae and the muscularis propria, whereas the subserosal region was the area between the outer border of the mus- 

cularis propria and the serosal surface. Regions of interest were the areas extending 500 μm orally and anally from the 

center of the anastomosis. The Azan-positive areas were quantified using the ImageJ software. (C) Correlation between 

the bursting pressure and AZAN-positive areas in the mucosa, submucosa, and subserosa on POD 3 in the control and 

fibroblast sheet groups. 

C

 

r  

i  

fi  

o

omparison of vimentin-positive cells at the anastomotic site 

Vimentin-positive cells in the subserosal region were analyzed on POD 5 ( Fig. 4 A, B). Logistic

egression analysis revealed that the density of vimentin-positive cells was significantly higher

n the fibroblast sheet group compared with the control group (odds ratio [OR] = 1.68; 95% con-

dence interval [CI] 1.50-1.88; P < 0.01) ( Fig. 4 B). These findings indicate the enhanced presence

f mesenchymal cells at the anastomotic site following fibroblast sheet transplantation. 



A. Fujita, K. Ueno and Y. Takemoto et al. / Current Problems in Surgery 82 (2026) 102132 11 

Fig. 5. Comparison of Vimentin-positive cells in the subserosal layer. (A) Vimentin-positive cells (green) and DAPI- 

stained nuclei (blue) were automatically quantified in 3 randomly selected subserosal regions (200 μm × 200 μm) per 

specimen using BZ-X Analyzer software. The upper figure panel shows typical immunofluorescence staining in the cell 

sheet on POD 5. The lower-left figure panel shows an enlarged view of the area within the white dotted line located in 

the subserosal layer of the upper figure. The lower-right figure panel depicts the same magnification as the one on the 

lower left and shows the area within the subserosal layer of the control. (B) The vimentin-positive cell ratio was cal- 

culated as the number of vimentin-positive cells divided by the total number of DAPI-positive nuclei. Group differences 

were analyzed using binomial logistic regression. Three randomly selected fields per specimen were analyzed ( n = 4 per 

group). Scale bars: 50 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fluorescent immunostaining analysis of TGF- β1 and phosphorylated SMAD2 at the anastomotic site 

following cell sheet transplantation 

Representative IF staining using anti-TGF- β1 and antiphospho-SMAD2 antibodies is shown in

Fig. 5 A for POD 5. Colocalized expression of TGF- β1 and phosphorylated SMAD2 was predomi-

nantly observed in the subserosal region of the anastomotic site and was rare in other regions.

Therefore, colocalization was specifically quantified in the subserosal region ( Fig. 5 B). Logistic

regression analysis revealed that the fibroblast sheet group exhibited significantly higher coex-

pression of TGF- β1 and phosphorylated SMAD2 compared with the control group (OR = 5.41;

95% CI: 3.42-8.54; P < 0.01). These findings indicate a statistically significant increase in TGF-

β1/pSMAD2 coexpression at the subserosal region following fibroblast sheet transplantation. 

Discussion 

In this study, we evaluated the preventive effects and potential mechanisms of frozen–thawed

allogeneic multilayered fibroblast cell sheet transplantation using a rat model of colonic anasto-

motic leakage. Compared with the control group, the fibroblast sheet group exhibited a signifi-

cantly lower ACS (median: 4.0 [IQR 2.5-4.0] vs 2.0 [IQR 1.0–3.0]; P = 0.01) ( Fig. 2 A) as well as

a lower incidence of anastomotic leakage (73% vs 26%; P = 0.02) ( Table 1 ). Although fibroblast

sheet transplantation exhibited a trend toward higher bursting pressure compared with the con-

trols ( Fig. 2 C), this difference was not significant. This outcome may be attributable to the lim-

ited sample size, which was constrained by animal welfare considerations. Increasing the sam-
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le size could potentially reveal statistically significant differences in this outcome. These find-

ngs suggest that fibroblast sheet transplantation can reduce anastomotic leakage, potentially

mproving the bursting pressure. However, this finding should be interpreted as a preliminary

ositive signal that requires further validation. Histological analysis revealed that the muscu-

aris gap at the anastomotic site was substantially smaller in the fibroblast sheet group on POD

, and its widening remained suppressed on POD 9 ( Fig. 3 ). Healing of colonic anastomoses is

eported to follow processes similar to cutaneous wound healing, including inflammatory, pro-

iferative, and remodeling phases, with temporal changes in tissue responses documented in rat

odels .20 Vimentin serves as a marker for the activation and recruitment of fibroblasts, other

esenchymal cells, and epithelial–mesenchymal transition (EMT). 22 , 23 In this study, the propor-

ion of vimentin-positive cells in the subserosal layer was higher in the fibroblast sheet group

han in the control group ( Fig. 4 ), suggesting that EMT-like changes may be present in the sub-

erosal layer following fibroblast sheet transplantation. Vimentin has been reported to play an

mportant role in wound healing, and its expression can be induced by TGF- β1 in fibroblasts .24

dditionally, TGF- β1 has been shown to induce EMT through SMAD2 activation in epithelial

ells, 25 , 26 and the TGF- β/Smad2 signaling pathway mediates EMT in mouse models .27 Consis-

ent with these findings, coexpression of TGF- β1 and phosphorylated SMAD2 in the anastomotic

ubserosa was increased in the fibroblast sheet group on POD 5 ( Figs. 5 and 6 ), supporting the

ossibility of EMT-like changes in the subserosal layer. Gastrointestinal anastomoses commonly

nvolve organs such as the stomach, small intestine, and colon, all of which possess a serosal

ayer composed of mesothelial cells. Mesothelial cells have been reported to contribute to tis-

ue repair and may undergo phenotypic changes consistent with EMT, 28 and serosal cells have

een reported to participate in anastomotic healing at gastrointestinal anastomotic sites .29 Col-

ectively, these data suggest possible phenotypic changes in epithelial or mesothelial cells in the

ubserosa; however, any involvement of EMT remains speculative. 

Although this study did not directly evaluate growth factor secretion or extracellular matrix

emodeling, previous studies have shown that rat multilayered fibroblast sheets secrete angio-

enic factors such as hepatocyte growth factor and vascular endothelial growth factor, cytokines

ncluding TGF- β1, chemokines such as MCP-1, and matrix-remodeling molecules including ma-

rix metalloproteinases and tissue inhibitors of metalloproteinases. 13 , 15 These sheets have also

een shown to promote early collagen I deposition .18 MCP-1 has been reported to induce M2

acrophage polarization, 30 and EMT can be initiated by TGF- β1 secreted from M2 macrophages

hrough SMAD2 phosphorylation .27 Accordingly, it is plausible that TGF- β1 and MCP-1 secreted

rom transplanted fibroblast sheets enhance phosphorylated SMAD2 activation, thereby poten-

ially contributing EMT. Although the majority of transplanted fibroblasts had disappeared by

OD 5 ( Fig. 1 ), consistent with earlier reports, 13 , 15 , 18 wound healing was promoted in the fi-

roblast sheet group compared with the controls ( Figs. 2 and 3 ). These observations suggest that

ultiple factors derived from fibroblast sheets act collectively as triggers for tissue regeneration.

espite the limited survival period of transplanted fibroblast sheets ( Fig. 1 G), previous studies

ave reported that dry fibroblast sheets retain therapeutic efficacy in models of cutaneous ulcers

nd esophageal reconstruction. 31 , 32 Therefore, the short-term survival of transplanted cells may

ave a relatively minor influence on the overall regenerative outcome. 

Herein, fibroblast cell sheets were transplanted in an allogeneic setting without immunosup-

ressive treatment. Nevertheless, anastomotic healing showed significant improvement. 

Although GFP-positive cells were clearly observed at PODs 0 and 1, they were largely un-

etectable by POD 5, indicating limited long-term engraftment of transplanted cells ( Fig. 1 E–

). Therefore, the therapeutic effects of fibroblast sheets are primarily mediated by transient

aracrine mechanisms rather than sustained cell survival. This finding aligns with previous re-

orts demonstrating the therapeutic effects of fibroblast sheets in allogeneic environments likely

wing to their low immunogenicity and short-term persistence. 13 , 18 

This study has several limitations. Notably, it includes confirmatory and exploratory elements,

hich should be considered when interpreting the findings. First, the findings of this study,

hich used an animal model, may not be completely extrapolated to human tissues or clinical

utcomes. Further validation in large animal models is necessary to assess translational applica-
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Fig. 6. IF analysis of TGF- β1 and phosphorylated SMAD2 expression at the anastomotic site following cell sheet trans- 

plantation. (A) Representative double IF images showing TGF- β1 and phosphorylated SMAD2 expression at the anasto- 

motic site on POD 5. The lower 4 images show an enlarged view of the region within the white dotted line area in 

the subserosal layer depicted in the upper figure and DAPI-stained nuclei (blue), TGF- β1 (red), phosphorylated SMAD2 

(green), and merged double-positive signals (yellow). Scale bars: upper panels, 300 μm; lower panels, 50 μm. (B) High- 

magnification images of the subserosal layer at the anastomotic site in the control and fibroblast sheet groups, showing 

DAPI-stained nuclei (blue) and double-positive signals for TGF- β1 and phosphorylated SMAD2 (yellow). (C) The copos- 

itive rate was calculated as the proportion of TGF- β1 and phosphorylated SMAD2 double-positive signals relative to 

the total number of DAPI-positive nuclei. Double-positive signals were quantified in high-power fields on both the oral 

and anal sides adjacent to the anastomotic center. DAPI-positive nuclei and double-positive signals were automatically 

quantified using the BZ-X Analyzer software ( n = 4 per group). 
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ility. Second, formal randomization and allocation concealment were not implemented, thereby

ntroducing potential selection bias. Future studies with a stricter experimental design are war-

anted to minimize bias. Third, EMT-like changes suggested by vimentin expression and TGF-

1/pSMAD2 signaling are not specific, and definitive evidence of mesothelial-to-mesenchymal

ransition was not obtained in this study (Supplementary Fig. 2). Nonetheless, antibody speci-

city was validated for immunofluorescence staining (Supplementary Fig. 3). Lineage-tracing

echniques and additional mesothelial-specific markers are required in future research to clarify

he cellular dynamics underlying anastomotic healing. Fourth, a single operator performed all

he surgical procedures, thereby potentially introducing operator-related bias, although effort s

ere made to standardize the technique. Conducting multicenter or multioperator validation

tudies may improve reproducibility. Fifth, despite standardized surgical procedures, intralumi-

al contents could not be completely controlled; thus, variability might have been introduced in

ocal mechanical and bacterial stress. More controlled experimental conditions should be con-

idered in future studies. Sixth, no statistically significant difference was observed in bursting

ressure, likely attributing to limited statistical power (type II error), as reflected by variabil-

ty within the control group. Thus, studies with a larger sample size are warranted to confirm

hese findings and to more precisely estimate effect sizes. Seventh, the observation period was

imited to POD 9; consequently, several long-term outcomes, including scar remodeling, ad-

esion formation, and anastomotic integrity durability, could not be evaluated. Therefore, ex-

ended longitudinal studies are necessary. Finally, given the use of allogeneic transplantation,

otential immunological interactions between the donor and the recipient cannot be completely

uled out. Further research is needed to clarify the effect of immune responses on therapeutic

fficacy. 

Moreover, practical challenges for clinical translation, including the standardization

f cell sheet fabrication, cryopreservation, storage, and transportation, remain to be

ddressed. 

onclusion 

Frozen–thawed allogeneic multilayered fibroblast cell sheet transplantation reduced anas-

omotic leakage in a rat colonic anastomosis model and was associated with muscularis gap

reservation, suggesting improved structural integrity of the anastomosis. This effect may be at-

ributed to the increased collagen deposition in the subserosal layer. 

These findings indicate that this approach is a promising regenerative strategy to en-

ance anastomotic healing. Although molecular analyses suggested the involvement of TGF-

1/pSMAD2 signaling and EMT-like changes, these mechanisms remain speculative, thereby re-

uiring further investigation. 

Further research, including detailed molecular analyses and long-term functional evalu-

tions, is warranted to establish the therapeutic efficacy and clinical applicability of this

pproach. 
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