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Colonic epithelia can be replaced with small intestinal (SI) epithelia through de-epithelialization of 
the colon using ethylenediaminetetraacetic acid (EDTA), followed by SI organoid transplantation, to 
treat short bowel syndrome and intestinal failure. However, the low molecular weight (MW) of EDTA 
results in hypocalcemia, consequently hindering the clinical application of this bivalent cation chelator. 
Therefore, we aimed to synthesize a non-absorbable chelator for potential application in regenerative 
medicine. We conjugated polyethylene glycols (PEGs) of different MWs to EDTA to synthesize EDTA-
PEGs with higher MWs. NMR and LC-TOF/MS analyses demonstrated the stability and chelating 
ability of EDTA-PEGs. Moreover, EDTA-PEGs mitigated hypocalcemia in mice. This effect was more 
pronounced in EDTA-PEGs with a higher MW than in EDTA. Furthermore, EDTA-PEGs de-epithelialized 
a targeted region of the mouse colon, replacing it with SI organoids to preserve SI features. This study 
provides a basis for the development of safe regenerative medicine utilizing EDTA-PEG.
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Short bowel syndrome (SBS) is a malabsorption disorder that involves a massive small intestine (SI) resection1–3. 
Patients with severe SBS supplement enteral nutrition with parenteral nutrition (PN). Furthermore, those 
with irreversible intestinal failure require intestinal transplantation to maintain health and growth. However, 
these treatment options may lead to severe liver failure secondary to long-term PN, or require lifelong 
immunosuppression following intestinal transplantation. Therefore, novel treatment strategies for SBS are 
required4.

Organoids, which are self-organized three-dimensional multicellular structures that recapitulate the behavior 
of the original tissues5, have attracted interest in regenerative medicine for intestinal diseases. Since SI epithelial 
organoids can be maintained and expanded ex vivo while retaining the original features essential for digestion 
and absorption6,7, they are a potential cell source for cell therapy or tissue engineering in patients with SBS.

The epithelium of a colon segment in patients with SBS can be replaced by engrafting SI organoids onto the 
denuded colon8,9. Fukuda et al.10 de-epithelialized the distal colon and engrafted SI organoids into the lumen 
in a heterotopic transplantation mouse model. The SI organoids regenerated the epithelium, whereas the SI 
phenotypes were heterotopically preserved10. Similarly, Sugimoto et al. developed a two-step surgical approach 
to assess the efficacy of small intestinalization of the colon (SIC) against SBS in rat models11,12. First, they 
dissected a segment of the proximal colon while preserving the vasculature, de-epithelialized its luminal surface, 
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transplanted SI organoids onto the denuded segment, and used the segment to create a stoma. After a week, they 
interposed the organoid-transplanted segment between the proximal end of the jejunum and ileocecal valve 
using end-to-end anastomosis, combining total jejunoileal resection and stoma closure11. SIC improved clinical 
symptoms and survival rate and resulted in body weight gain11.

Physical interactions between the intestinal epithelium and the underlying basement membrane 
(BM) are mediated by integrins that function in a divalent cation-dependent manner13–15. Specifically, 
ethylenediaminetetraacetic acid (EDTA), a chelating agent that binds divalent metal ions such as calcium ion 
(Ca2+) and Mg2+, is used to loosen the binding between the colonic epithelium and the BM10,11. However, EDTA-
based colonic de-epithelialization has adverse effects. EDTA salt forms16 capable of depleting Ca2+, such as 
disodium EDTA (EDTA-Na2), are used for in vivo colonic de-epithelialization. However, they cause severe acute 
hypocalcemia when rapidly transferred into the bloodstream17,18. Therefore, the intravenous form of EDTA-Na2 
has been withdrawn from the market in most countries.

The risk of EDTA-related toxicity warrants the development of a strategy for preventing the absorption of 
chelating agents from the intestine or peritoneal cavity into systemic circulation during abdominal surgery. This 
could guarantee safe use of chelating agents in the SIC approach and facilitate their clinical application of SIC. 
As the size of a substance determines its absorption from the intestine and peritoneum19–23, we hypothesized 
that EDTA coupled with macromolecules may become a non-absorbable chelating agent that can be used for 
colon de-epithelialization. Polyethylene glycol (PEG), a linear polymer composed of repeating oxyethylene 
units, is biocompatible and widely used in biomedical applications, including in bowel cleansing24. Moreover, 
the intestinal absorption of PEG decreases as its molecular weight (MW) increases25,26. Indeed, a previous 
study showed that PEGylation of a substance to increase its MW beyond 2000 reduced its absorption from the 
intestine and resulted in its retention in the intestinal tract27. Therefore, we theorized that the chelating function 
of the resultant compound, EDTA-PEG (E-PEG), could be locally confined to the intestinal lumen by choosing 
an appropriate compound from among E-PEGs of different sizes.

In this study, we synthesized new chemical compounds (E-PEGs) of different molecular sizes and assessed 
their chelator properties. We further examined their toxicity and in vivo applicability to provide a basis for the 
clinical application of regenerative medical therapies for patients with severe SBS.

Results
E-PEGs were successfully synthesized
E-PEGs were synthesized via esterification between EDTA and PEG. We used monomethoxy PEG (mPEG) as 
the polymer backbone because one of the two hydroxyl groups at both ends of this molecule is methoxylated. 
Thus, esterification would only occur on the unmethoxylated side, resulting in the addition of only one EDTA 
molecule per PEG polymer in the final product (Fig. 1a). Moreover, we used two anhydrous EDTA forms in 
which one or two pair(s) of the four carboxyl groups form cyclic carboxylic anhydride(s) to supply the EDTA 
backbone. These cyclic structures contributed to effective esterification with the mPEG hydroxyl groups through 
a ring-opening reaction (Fig. 1a).

We obtained two E-PEG types: an EDTA derivative with the mPEG polymer at one site and another with 
two mPEG polymers at two different sites (Fig. 1a). We first esterified mPEG polymers of different mean MWs 
(approximately 550, 2,000, or 4,000 Da). These were then reacted with EDTA possessing one cyclic carboxylic 
anhydride to obtain E-PEG1, E-PEG2, and E-PEG3 (Fig. 1a). We subsequently synthesized E-PEG4 through 
the esterification of mPEG with an approximate mean MW of 2,000 Da and anhydrous EDTA possessing two 
cyclic carboxylic anhydrides (Fig. 1a). Finally, we compared E-PEG4 with E-PEG3 to determine whether the 
properties of E-PEG are influenced by both its MW and number of ester bonds.

E-PEGs were successfully characterized
All products were characterized using 1H-NMR spectroscopy (Supplementary Fig. S1, and Supplementary Table 
S1). 1H-NMR peaks corresponding to the PEG methoxy group, PEG repeats, EDTA core, and 1H adjacent to the 
esterification bond between PEG and EDTA were clearly observed in the spectra. The product with one PEG 
polymer at one EDTA site (one-PEG-conjugated) could be distinguished from that with two PEG polymers at 
two sites (two-PEG-conjugated). This was achieved because the 1H in the one-PEG-conjugated EDTA backbone 
is chemically and magnetically non-equivalent, whereas that of the two-PEG-conjugated EDTA is equivalent. 
Supplementary Table S2 shows the percentage compositions of one- and two-PEG-conjugated EDTA, as well 
as unreacted mPEG and EDTA for each reaction product. The reactions with EDTA containing one and two 
cyclic carboxylic anhydrides predominantly yielded one- and two-PEG-conjugated EDTA, respectively (Fig. 1a). 
Furthermore, the reaction with EDTA containing one or two anhydrides led to the formation of low amounts 
of two- and one-PEG-conjugated EDTA as byproducts, respectively. The contents of the main products and 
byproducts of each reaction ranged from 94.3% to 97.8% (Supplementary Table S2).

To directly compare the carbon skeleton of raw materials (EDTA, mPEG550, mPEG2000 and mPEG4000) 
and E-PEGs (E-PEG1, E-PEG2, E-PEG3 and E-PEG4), we performed 13C-NMR (Supplementary Fig. S2, and 
Supplementary Table S3). In addition to the peaks of the EDTA core, the PEG methoxy group, and the PEG 
repeats observed in the spectra of EDTA and mPEGs before coupling, we newly confirmed a carbon peak 
indicating the ester bond between PEG and EDTA in the spectra of E-PEGs after coupling. The results clearly 
demonstrated the successful coupling of EDTA and mPEGs.

An E-PEG1 solution was subjected to nine different conditions for 1 h and analyzed using  1H-NMR to 
investigate the effects of temperature (25, 40, and 50 °C) and pH (4.0, 7.0, and 8.0) on the stability of E-PEGs. 
The ratio between the EDTA protons adjacent to the intramolecular ester bonds and those on the opposite sides 
(PEG sides) of the ester bonds was used to determine the stable E-PEG fraction under each condition. The ratios 
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Fig. 1.  Synthesis and characterization of E-PEGs. (a) Monomethoxy PEG (mPEG) has a methoxy group at 
one end. EDTA monoanhydride and EDTA dianhydride were reacted with mPEG to synthesize one- and 
two-PEG-conjugated E-PEGs, respectively. Reaction of EDTA monoanhydride with mPEG of mean MWs of 
approximately 550, 2,000, or 4,000 Da yielded E-PEG1, E-PEG2, or E-PEG3, respectively. Reaction of EDTA 
dianhydride with mPEG of mean MW of approximately 2,000 Da yielded E-PEG4. (b) UHPLC-QTof-MSE 
analysis of the mixed solution of E-PEG1 and Ca. The scheme on the right shows the chemical formulas 
and transitions of protons during complex formation and MS analysis. The theoretical molecular weights of 
E-PEG1 with different number of oxyethylene repeats (n) are as follows: 827.3338 for C33H59N2O19Ca (n = 11), 
and 783.3076 for C31H55N2O18Ca (n = 10). The discrepancy between the theoretical and measured values ​​was 
negligible.
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obtained under all conditions were > 95%, indicating stability of the ester bonds between EDTA and mPEG 
(Table 1).

To assess the molecular weight distribution of E-PEGs and mPEGs, we performed gel permeation 
chromatography (GPC) (Supplementary Table S4). Although the obtained number-average molecular weight 
(Mn) and weight-average molecular weight (Mw) of E-PEGs were greater than those calculated by 1H-NMR, we 
reasoned that this was because the calibration curve was constructed with PEGs. We found that polydispersity 
index (PDI = Mw/Mn) values of all E-PEGs were in the range of 1.02–1.12, confirming that they were uniformly 
monodispersed polymers.

We further assessed the cation-chelating ability of E-PEG1 by identifying the Ca-E-PEG1 complex in a mixed 
solution using TOF-MS (Fig. 1b). Several peaks that corresponded to an oxyethylene unit in the mPEG polymers 
were observed at 44 m/z intervals. These were consistent with molecular masses containing one Ca atom and one 
mPEG polymer possessing ethylene oxide repeats centered at approximately 10–12. These results demonstrate 
that E-PEG1 can form a complex with Ca2+ in a 1:1 ratio.

The Ca2+-chelating ability of all E-PEGs was evaluated using Patton and Reeder’s dye (PR dye) solution, an 
indicator of the chelatometric titration of Ca2+. The titrant containing the Ca-PR complex turned purple when 
PR dye was first added. The color changed to blue when the solution was titrated against an E-PEG solution. This 
endpoint indicated that the Ca-PR complexes were completely replaced by equimolar Ca-E-PEG complexes28. 
This strongly suggests that all E-PEGs formed complexes with Ca2+ in a 1:1 ratio. (Supplementary Fig. S3).

To assess the complex bond stability, we calculated the binding constant (K) of EDTA or E-PEGs with 
Ca2+. KE−PEG1, KE−PEG2, KE−PEG3, and KE−PEG4 were lower than KEDTA (Supplementary Table S5). KE−PEG4 were 
lowest among K of all chelating agents, which may be attributed to the low number of carboxyl groups used 
for coordinate bond with Ca2+; the number was three in one-PEG-conjugated E-PEGs (E-PEG1, E-PEG2, and 
E-PEG3), compared to two in two- PEG-conjugated E-PEG (E-PEG4).

E-PEGs effectively isolate colonic crypt in vitro
We investigated whether E-PEGs could dissociate the epithelial compartment from colonic tissues in vitro. 
Chemical treatment with EDTA-Na2 and mechanical forces to intestinal tissues enable the isolation of intestinal 
epithelial structural units from non-epithelial components in vitro5,13–15,29,30. As expected, EDTA-Na2 and 
E-PEGs released colonic crypts into the supernatant, whereas tissues in HBSS (Nacalai Tesque, Kyoto, Japan) 
yielded no crypts. The liberated crypt number was the highest in the tissues treated with EDTA-Na2 at all 
concentrations. In addition, the crypt count decreased as the E-PEGs MW increased in tissues treated with 
E-PEGs (Fig. 2a). Treatment with 10 mM yielded the highest crypt counts for all the chelating agents (Fig. 2b). 
The 30 mM chelator resulted in a lower crypt count than the 10 mM treatment; this was partly attributed to the 
progressive dissociation of colonic crypts into single cells. We found no significant differences in crypt counts 
between the groups treated with 10 mM E-PEG3 and E-PEG4, suggesting that the de-epithelialization abilities 
of these two E-PEGs were similar regardless of the number of intramolecular esterification sites. These results 
show that the newly synthesized E-PEGs could free colonic crypts from colon tissues, although size-dependent 
attenuation of such effects might occur.

Intraperitoneal administration of E-PEG reveals acute toxicity to mice
We assessed the acute toxicity of intraperitoneally (i.p.) administered EDTA-Na2 and E-PEGs in mice. The i.p. 
injection of EDTA-Na2 at a lethal dose of 50 (LD50, 260 mg/kg) resulted in convulsions and eventual death within 
20 min in two of the three examined mice. When E-PEGs were administered with EDTA-Na2 at equimolar doses 
(0.70 mmol/kg), all mice survived beyond the observation period (one week) without symptoms (Fig. 3a). When 
the E-PEG dose was doubled (1.40 mmol/kg), two of the three mice injected with E-PEG1 died, whereas all 
mice in the E-PEG2 group survived; only one mouse exhibited short-term carpopedal spasms immediately after 
injection. E-PEG3 and E-PEG4 mice showed no signs of hypocalcemia, suggesting that increasing the molecular 
mass of E-PEGs can reduce acute toxicity. It has been reported that, in cultured cells, low molecular weight PEG 
could enter the cytoplasm by passive transport and cause cytotoxicity due to the molecular crowding effect31. 
Although administration of E-PEG1 and E-PEG2 caused physical findings of hypocalcemia, it is also suggested 
that the crowding effect on cells throughout the body might be the cause of death. Thus, to confirm the direct 
involvement of hypocalcemia, we measured the serum Ca levels in mice 2 min after the i.p. injection of 1.40 
mmol/kg EDTA-Na2 and E-PEGs to directly attribute the acute toxicity symptoms to hypocalcemia. The serum 
Ca level in mice treated with EDTA-Na2 (4.60 ± 0.57 mg/dL) was markedly lower than that in E-PEG-treated 
mice (Fig. 3b). Moreover, the degree of hypocalcemia in E-PEG-injected mice was mitigated as the E-PEG 
molecular size increased. The serum Ca levels in the E-PEG3 and E-PEG4 groups were comparable to those 
in the control group. This indicates that the acute toxicity of EDTA-Na2 is directly linked to a rapid drop in the 
serum Ca levels, and that this hypocalcemic effect could be prevented by coupling EDTA with PEG polymers. 

Temperature (°C) pH 4 pH 7 pH 8

25 97.2 99.1 95.6

40 104.2 101.9 96.0

50 102.6 102.0 99.0

Table 1.  The binding rate of the ester bond between mPEG and EDTA anhydride.
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The clinical manifestations and the serum Ca levels of the E-PEG3 and E-PEG4 groups did not differ; therefore, 
we excluded E-PEG3 from subsequent analyses.

Assessment of the toxicity and de-epithelialization efficiency of E-PEGs in an 
intracolonic administration model
We assessed the systemic toxicity and effects on the mucosa when the colonic lumen was perfused with EDTA-
Na2 or E-PEGs using three models (Supplementary Fig. S4). The mice were euthanized and subjected to serum 
Ca analysis after perfusion with EDTA-Na2 (10 mM) (Supplementary Fig. S4). A longer perfusion length of the 
colon corresponded with a lower serum Ca level, reaching 5.2 mg/dl when the whole colon (8 cm) was perfused.

Among the three models, we applied the whole-colon (8 cm) perfusion model for comparative assessment of 
the toxicity of EDTA-Na2 (10 mM), E-PEGs (10 mM), and the control (water) (Fig. 4a). The serum Ca level of 
the EDTA-Na2 perfusion group was significantly lower than that of the control group. However, the decrease in 
serum Ca among the E-PEG groups was mitigated as the MW of the perfused E-PEGs increased. Additionally, 
the serum Ca level in the E-PEG4 group remained comparable to that of the control (Fig. 4b).

Light microscopy of the colon from the euthanized mice revealed irregularly shaped areas exhibiting higher 
light permeability than the regions close to the catheter insertion site in the proximal colon. These features were 
observed in the colons of mice perfused with EDTA-Na2 or E-PEGs, but not in those of the controls (Fig. 4c). 
We hypothesized that these light-transmissive areas had thinner colonic walls that preserved the underlying 
non-epithelial tissues, but lacked the epithelium, allowing for the quantitative assessment of de-epithelialized 
colonic areas. As expected, the degree of de-epithelialization along the colon was not uniform. We histologically 
classified the degree of epithelial denudation into three levels: level 1, no denudation; level 2, intermediate 
denudation; and level 3, complete denudation (Supplementary Fig. S5). The percentage of level 3 areas correlated 
well with that of the light-transmissive area (Fig. 4d, Supplementary Fig. S5). Therefore, the light-transmissive 
area was valid for use in the quantitative evaluation of de-epithelialized areas. These results demonstrate that the 
de-epithelialization ability was higher for EDTA-Na2 than for the other chelators, and this declined as the E-PEG 
molecular size increased when the chelators were administered in the same amount and at the same flow rate 
(Fig. 4d).

We further investigated whether the de-epithelialization area induced by E-PEG4 could be expanded by 
extending the perfusion time. When the whole colon was perfused with E-PEG4 for 50 min, the denuded area 
increased to a level comparable to that induced by 30-min treatment with EDTA-Na2 (Fig. 4e, left). The serum 
Ca level after 50 min of perfusion with E-PEG4 was similar to that in the control group (Fig. 4e, middle). This 
demonstrates that, although the relative chelating potential of larger E-PEGs is lower than that of EDTA-Na2, 

Fig. 2.  The efficiency of E-PEGs in colonic crypt isolation in vitro. (a) The number of crypts isolated using 
different concentrations of EDTA and E-PEGs. Data for 50 µL drops of crypt suspension are presented 
(n = 6). ND: not detected. Data are expressed as the mean ± SEM (*P < 0.05, ** P < 0.01, *** P < 0.001). (b) 
Representative images of the isolated crypts (scale bar, 200 μm).
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improvement in the local chelator application methods may increase their de-epithelialization competence 
without increasing their systemic toxicity.

To determine whether the low systemic toxicity of E-PEG4 compared to that of EDTA-Na2 was due to its low 
influx from the colon into the systemic circulation, we analyzed the serum concentrations of these two compounds 
after perfusion for 50 min in the whole-colon perfusion model using LC-MS/MS. The serum concentration of 
EDTA-Na2 was 2.02 mM, whereas that of E-PEG4 was only 0.03 mM (Fig. 4e right, Supplementary Fig. S6). This 
demonstrated that E-PEG4 was less toxic than EDTA-Na2 because there was less absorption of E-PEG4 in the 
colon.

The colon can be segmentally de-epithelialized through targeted E-PEGs perfusion
We investigated whether E-PEGs could be used for the targeted de-epithelialization of a certain colon length. 
The construction of the mouse model is shown in Fig. 5a. The target site was clamped on both the proximal 
and distal sides to prevent leakage of the luminal chelators (Fig. 5b). Moreover, the mesenteric vasculature was 
clamped during 10 mM chelator perfusion (5 min) to enhance EDTA-Na2-mediated local de-epithelialization11. 
The denuded area was light-transmissive (Fig. 5c). Furthermore, the EDTA-Na2-treated colonic segments 
showed approximately 40% de-epithelialization, and this proportion decreased as the E-PEG molecular size 
increased (Fig. 5d).

We further investigated whether the de-epithelialization area induced by E-PEG4 could be expanded by 
extending the perfusion time (from 5 min to 7.5 min). The denuded area increased from approximately 20% 
to 30%, indicating that de-epithelialization efficiency could be controlled by refining the local application of 

Fig. 3.  Acute toxicity resulting from the intraperitoneal (i.p.) administration of EDTA and E-PEGs. (a) Clinical 
manifestations of severe hypocalcemia that emerged one week after the i.p. administration of 1×LD50 and 
2×LD50 of EDTA-Na2 or equimolar doses of E-PEGs. (b) Serum Ca levels 2 min after the i.p. administration of 
H2O, 2×LD50 of EDTA-Na2, or equimolar doses of E-PEGs (n = 6). A dashed line indicates the lower limit of 
the serum Ca levels. Data are expressed as the mean ± SEM (*P < 0.05, *** P < 0.001).
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E-PEGs to the target colon (Fig. 5e). Thus, we confirmed that the colon could be segmentally de-epithelialized 
via the targeted perfusion of E-PEGs using a transluminal approach.

E-PEG4-induced colon de-epithelialization facilitates engraftment of transplanted SI 
organoids
We investigated whether E-PEGs could generate a denuded colon that allows the engraftment of transplanted SI 
epithelial organoids10,11. Targeted de-epithelialization of the proximal colon (approximately 1-cm long) via 5-min 
perfusion of EDTA-Na2 (10 mM) or E-PEG4 (10 mM) with concomitant vascular clamps did not cause lethality 

Fig. 4.  Toxicity and de-epithelialization efficiency of EDTA and E-PEGs in a whole-colon perfusion model. 
(a) Schematic representation of the mouse laparotomy model for whole-colon perfusion. (b) The serum Ca 
levels immediately after 30 min of perfusion with H2O or 10 mM of the chelating agents through the whole 
colon (n = 5). (c) Representative images of the proximal colon after perfusion (scale bars, 1 mm). Arrowheads 
indicate the light-transmissive areas under microscopic observation. (d) Measurement of the light-transmissive 
areas of the colon after 30 min of perfusion (n = 5). (e) Measurements of the light-transmissive areas (left) 
(n = 5), serum Ca levels (middle) (n = 5), and serum concentration of EDTA, and E-PEG4 after 50 min of 
perfusion (right) (n = 6). See also Supplementary Fig. S6. Dashed lines indicate the lower limit of the serum Ca 
levels. ND: not detected. All data are expressed as the mean ± SEM. (*P < 0.05, ** P < 0.01, *** P < 0.001).
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Fig. 5.  De-epithelialization efficiency of EDTA and E-PEGs in a proximal colon perfusion model. (a) 
Schematic representation of the laparotomy mouse model for proximal colon perfusion. (b) An image 
demonstrating the proximal colon perfusion procedure. (c) Representative images of the targeted colon after 
perfusion (scale bars, 1 mm). Arrowheads indicate the light-transmissive areas. (d) Measurement of the 
light-transmissive areas after 10 mM EDTA, 10 mM E-PEGs, and water (control) perfusion for 5 min (n = 5). 
(**P < 0.01, *** P < 0.001). (e) Measurement of the light-transmissive areas after 10 mM E-PEG4 and water 
(control) perfusion for 7.5 min (n = 5). Data are expressed as the mean ± SEM. ND: not detected.
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in mice. Additionally, it led to survival longer than 1 month (Supplementary Fig. S7). Histological analysis one 
month after de-epithelialization revealed that no infiltration of inflammatory cells was observed in the colons 
treated with EDTA-Na2 or E-PEG, as in the control colon where treatment with chelators was not performed. 
Moreover, no obvious histological changes such as fibrosis or resulting stenosis were observed in the colon 
of all groups. Transplantation experiments were performed using SI organoids derived from EGFP-transgenic 
mice. The SI organoid suspension was subsequently infused into the lumen. Well-demarcated EGFP+ areas were 
observed in the colons of EDTA-Na2- or E-PEG4-treated mice euthanized four weeks post-transplantation 
(Fig. 6a, Supplementary Fig. S8). Moreover, some parts of the EGFP+ layer changed into invaginated structures 
reminiscent of intestinal crypts (Fig. 6b, Supplementary Fig. S8).

Structures protruding toward the lumen of the EGFP+ epithelia were observed in the both EDTA-Na2- and 
E-PEG4-treated mouse colons; these resembled the villus structure in the SI. EGFP+ epithelia contained the 
SI-specific functional epithelial cells OLFM4+ (SI stem cells), sucrase-isomaltase (SIase)+ (absorptive cells), and 
LYZ+ cells (Paneth cells) (Fig.  6c, Supplementary Fig. S8). We also found cells positive for SLC10A2, a bile 
acid transporter expressed in the SI, in the EGFP+ epithelium. The EGFP+ epithelia further contained cells that 
were positive for Ki67, MUC2, CHGA, which are marker proteins of proliferative, goblet, and enteroendocrine 
cells, respectively. These are common cell types in both the SI and colon. In contrast, CA2, a marker protein of 
the colonic epithelium, was not expressed in the EGFP+ epithelia. Moreover, the numbers of LYZ+, CHGA+, 
and MUC2+ cells per villus-crypt unit in the EFGP+ epithelium of EDTA-Na2 and E-PEG-treated mice were 
comparable to those in the ileum of non-operated mice (control) (Fig. 6d). These results demonstrate that the 
E-PEG4-induced de-epithelialization of the colon enables transplanted SI organoids to engraft and mature into 
SI-type epithelia in denuded tissues.

Discussion
We synthesized E-PEGs and characterized their toxicity to develop new chelating agents for colonic de-
epithelialization in vivo. E-PEGs were less toxic than EDTA. In addition, they loosened the binding interactions 
between the epithelial and non-epithelial compartments in the colon. Finally, the colonic segment denuded by 
E-PEG4 treatment enabled successful engraftment of SI epithelial organoids, which retained the SI phenotypes 
even in a heterotopic environment after transplantation.

Consistent with previous findings17,18, EDTA-Na2 i.p. injection led to fatal convulsions. Furthermore, i.p. and 
intracolonic administration significantly reduced the serum Ca levels in mice. The low toxicity of E-PEGs was 
inversely correlated with the molecular size of E-PEG. As the E-PEGs de-epithelialization efficiency decreased 
with an increase in molecular size (Figs. 2a and 4d, and Fig. 5d), the low toxicity of larger E-PEGs may be 
explained by their low chelating ability. We considered two possible reasons for this: (1) the presence of steric 
hindrance, which renders it difficult for the anionic sites to come close to Ca2+ in E-PEGs; and (2) the decrease 
in molecular collisions of E-PEGs with Ca2+ owing to the higher viscosity of the E-PEG solution than that 
of EDTA. However, the low systemic toxicity of E-PEGs may also reflect a low E-PEGs influx from the local 
colon tissue into the systemic circulation. Urinary EDTA excretion accounts for approximately 80% and 10% 
of the intraperitoneal and orally administered doses, respectively32. Therefore, a substantial amount or a certain 
proportion of EDTA in the peritoneal space or within the gastrointestinal tract, respectively, is absorbed into the 
bloodstream. The molecular size of a substance determines the efficacy of its peritoneal absorption33. This also 
applies to the transfer of substances across gut tissues21–23. The permeability of the gastrointestinal mucosa to 
PEG is MW-dependent25,26; thus, PEGs with higher MWs can be used as nonabsorbable lavage solutions24. To 
our knowledge, the present study is the first to measure serum concentrations of EDTA and E-PEG4 after whole-
colon perfusion (Fig. 4e right). Although we showed that E-PEG4 was less absorbable than EDTA in the colon, 
comprehensive investigation of the pharmacokinetics and pharmacodynamics including systemic distribution 
and clearance of all E-PEGs after local administration is required for the development of chelating agents that 
enable safe and efficient intestinal de-epithelialization.

The toxicity of E-PEG4 was the lowest, whereas its molecular size was higher than those of EDTA, E-PEG1, 
and E-PEG2. In addition, the de-epithelialized areas were the lowest in E-PEG4-treated tissues. However, a 
low de-epithelialization efficiency does not necessarily indicate a limitation in maximizing the de-epithelialized 
areas. No decrease in the serum Ca levels was detected, even when the perfusion time with E-PEG4 was 
extended from 30 to 50 min (Fig. 4e). This indicates that E-PEG4 is hardly absorbed through the colonic tissue, 
even during progressive de-epithelialization changes that may enhance the permeability of the colon. Brady et 
al.34. reported that the urinary excretion of PEG4000 administered via oral intestinal lavage to patients with 
inflammatory bowel disease is comparable to that of normal controls, indicating that PEGs of this molecular size 
do not readily enter the bloodstream from the damaged intestine. Therefore, we hypothesize that E-PEG4 is as 
non-absorbable as PEG4000, even through progressively denuded mucosa. Thus, it may be a useful chelator for 
colonic de-epithelialization if its application can be optimized to the target colonic mucosa.

In this study, we modified the surgical techniques for colonic de-epithelialization using our own model10,35. 
First, we clamped the vascular pedicle to nourish the target colon during a short chelator treatment period. 
Temporary interruption of blood flow to the target colon using a vascular clamp ameliorated the efficiency of 
EDTA de-epithelialization in a rat model11. Hence, we used this technique. Interrupting the vascular supply 
to the targeted proximal colon for 5 min enhanced the de-epithelialization efficiency of EDTA and E-PEG4. 
Another modification was the removal of the epithelium after treatment with chelators. The brushing device 
utilized in previous studies10,35 was difficult to apply for the de-epithelialization of the mouse proximal colon, 
which is substantially thin and easy to move around during the procedure because it is not fixed in the abdominal 
cavity. Instead, hydrodynamic pressure is used to physically remove the epithelium after chelator treatment. 
Flushing the lumen of the target colon with Ca- and Mg-free fluids effectively washed out the detached epithelia. 
The technical modifications in this study demonstrate the feasibility of segmental de-epithelialization of the 
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site that preserves colonic continuity. However, these techniques are not readily applicable in clinical practice. 
Interrupting and reopening blood vessels in the target colon is impractical because it induces intestinal 
ischemia-reperfusion injury36,37. Moreover, de-epithelialization surgery on a colon with a large diameter, such 
as the human colon, can be safely and reliably performed using devices such as soft brushes instead of luminal 
flushing. To facilitate the clinical applicability of this de-epithelialization strategy, future studies should enhance 
the effect of chelators on the target colonic mucosa without clamping its vessels during surgery. Furthermore, 
future studies are required to enable the application of mechanical forces to accelerate the detachment of the 
epithelium, especially for larger animals including humans.

There remain many limitations and future challenges in this study. As this study only evaluated the acute 
toxicity of E-PEGs, future studies will be important to evaluate long-term toxicity. It is also important to confirm 
the long-term viability and functionality of the recipient in E-PEG-treated proximal colon SIC model. In 
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addition, detailed biodistribution studies using E-PEGs which are labeled by isotopes are also pivotal. Potential 
immunogenicity of E-PEGs is also an important issue. Since it has been reported that anti-PEG antibody may 
appear against PEGylated products38, the countermeasure to address this might be required. To apply SIC 
in human clinical practice, it is necessary to organize a system for manufacturing clinical-grade E-PEGs in 
quantities suitable for human use. Furthermore, since humans and mice differ in many features, from the effects 
of chelating agents on the epithelium5,29 to the body size, it is necessary to optimize the conditions of E-PEGs 
administration and to develop and use a device fitted to SIC in large animals.

Although organoid-based regenerative medicines for SBS treatment have gained substantial research interest, 
complete ex vivo small intestine regeneration from organoids remains difficult. Replacing part of the epithelium 
of the remnant colon in patients with SBS with an SI epithelium does not require the construction of de novo 
vasculature of graft tissues. This technique may also help regenerate the digestive and absorptive functions of SI 
over a large colon area. Transplantation of organoids derived from the SI epithelium of a patient may eliminate 
the need for immunosuppressive treatment during SI transplantation therapy. In this study, the synthesized 
chelating agents were safely and effectively used to de-epithelialize the colon in vivo. Further experiments that 
may facilitate the implementation of translational research using E-PEG are required to enable the development 
of regenerative medicines to treat SBS and intestinal failure.

Materials availability
There are restrictions to the availability of E-PEGs because of a pending patent.

Materials and methods
Mice
All animal procedures were performed in accordance with the Basic Animal Care and Experimental 
Guidelines of the Ministry of Health, Labour and Welfare of Japan and the ARRIVE 2.0 guidelines. All animal 
experiments were approved by the Institutional Animal Care and Use Committee of the Juntendo University 
(Protocol 2023235). We used 7- to 8-week-old male C57BL/6J mice (CLEA Japan, Inc., Tokyo, Japan). Cells for 
transplantation experiments were obtained from male EGFP-transgenic mice with a C57BL/6 background (The 
Jackson Laboratory Japan, INC., Kanagawa, Japan)39.

Materials
E-PEGs were synthesized by reacting EDTA anhydride with mPEG. Next, mPEG with a mean MW of 
approximately 550 Da (mPEG550) (NOF CORPORATION, Tokyo, Japan) was used to synthesize E-PEG1. 
mPEG2000 and mPEG4000 with mean MWs of approximately 2,000 and 4,000, respectively, were synthesized 
by polymerizing ethylene oxide (Senbokusanso Inc., Osaka, Japan) to mPEG550. Finally, EDTA monoanhydride 
was synthesized from EDTA dianhydride (Tokyo Chemical Industry Co. Ltd. (TCI), Tokyo, Japan) as described 
below.

Synthesis of EDTA monoanhydride
EDTA dianhydride (100 g) was dissolved at 90 °C using N, N-dimethylformamide (DMF) (FUJIFILM Wako 
Pure Chemical Corporation, Tokyo, Japan) (472.1 g). After cooling down to 75 °C, the DMF (94.3 g) and H2O 
(7 g) mixture was added dropwise over 2 h. It was then stored for another 2 h at 75 °C, and EDTA monoanhydride 
was subsequently separated through filtration under reduced pressure. This resulted in 62% yield at 93% purity.

Synthesis of one-PEG-conjugated EDTA (E-PEG1, E-PEG2, and E-PEG3)
The mPEGs were dissolved in DMF. N, N-Diisopropylethylamine (DIPEA) (TCI) and EDTA monoanhydride 
were added to the mPEGs/DMF solution at 60 °C. Next, mPEG550, mPEG2000, and mPEG4000 were reacted 
with EDTA monohydride for 5, 5, and 12 h, respectively. T-butyl methyl ether (MTBE) (Nacalai Tesque) was 
then added to obtain E-PEG1, E-PEG2, and E-PEG3 via vacuum filtration and desiccation. The weight of the 
materials that reacted with 100 g of mPEG550, mPEG2000, and mPEG4000 were as follows: DMF: 486.4, 470.2, 
and 343.3 g; DIPEA: 22.7, 2.1, and 4.3 g; EDTA monoanhydride: 50, 14.9, and 10.5 g; MTBE: 3,886.4, 3,668.1, 
and 2,637.8 g. The yield and purity were described in Supplementary Table S2.

Fig. 6.  Analyses of the SI-derived graft transplanted onto the de-epithelialized colon denuded with E-PEG4. 
(a) The proximal colon of the recipient mouse four weeks after transplantation. The top shows the stereoscopic 
image and the bottom is its EGFP fluorescence image (scale bar, 1 mm). (b) H&E staining (top) and its EGFP 
fluorescence image (middle) of the recipient mouse colon are shown. High-power views of an EGFP+ region in 
dashed boxes and an EGFP− region in lined boxes are shown on the bottom, respectively. (scale bars, 1 mm in 
low-power views and 100 μm in high-power views). (c) EGFP fluorescence of the sections analyzed are shown 
on the left of each panel. Their neighboring sections were subjected to immunofluorescence staining for CA2, 
SLC10A2, MUC2, SIase, OLFM4, Ki67, LYZ, and CHGA with DAPI staining (scale bars, 100 μm). High-
power views of the area in the dashed boxes are also shown on the right for the LYZ and CHGA data (scale 
bars, 50 μm). Arrowheads point to LYZ+ or CHGA+ cells. Dashed lines indicate borders between EGFP+ and 
EGFP− epithelia. (d) Quantification of the components of secretory cells. Mean cell counts of LYZ+ or CHGA, 
or MUC2+ cells per crypt–villus unit are presented for the ileum of non-operated mice (control), and for the 
EFGP+ graft of EDTA- and E-PEG4-treated mice (n = 15).

◂
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Synthesis of two-PEG-conjugated EDTA (E-PEG4)
mPEG2000 (100  g) was dissolved in DMF (466.7  g), followed by the addition of DIPEA (7.4  g) and EDTA 
dianhydride (7.4 g) at 25 °C and reaction for 5 h. The mixture was filtered under vacuum to obtain E-PEG4 after 
the addition of MTBE (3,122.2 g). The yield and purity were described in Supplementary Table S2.

1H-NMR spectroscopy
1H-NMR spectroscopy was performed using an AVANCEIII HD40 (Bruker Japan Co., Ltd., Kanagawa, Japan). 
1H-NMR spectroscopy was performed at 400 MHz using D2O as the solvent for the structural characterization 
of the E-PEGs (Supplementary Table S1).

The average MW of the E-PEGs was calculated from the molar ratios of the main and accessory components 
(Supplementary Table S2). Their purity was represented as the percentage weight of E-PEGs relative to all 
synthetic compounds, including impurities of unreacted mPEG and EDTA. The stability of the ester bond 
between mPEG and EDTA anhydride was calculated as the residual binding ratio (RR) (%) of the methylene 
group adjacent to the ester bond to the methoxy group at one end of the E-PEG under different conditions 
(Table 1).

RR was calculated as shown in equation. (1):

	
RR (%) = 100 × apost

apre
� (1)

where apre and apost are the binding rates of the methylene group to the methoxy group before and after subjecting 
E-PEGs to different conditions and can be expressed as shown in equation. (2):

	
Binding rate (a) (%) = 100 ×

g1
2

g2
3

� (2)

where g1 is the integrated value of the signal derived from the methylene group adjacent to the oxygen atom of 
the ester bond and g2 is the signal derived from the methoxy group.

13C-NMR spectroscopy
13C-NMR spectroscopy was performed using an AVANCEIII 400 (Bruker Japan Co., Ltd., Kanagawa, 
Japan). 13C-NMR spectroscopy was performed at 100 MHz using DMSO-d6 as the solvent for the structural 
characterization of the E-PEGs (Supplementary Table S3).

Gel permeation chromatography
Number-average molecular weight (Mn), weight-average molecular weight (Mw) and polydispersity index 
(PDI = Mw/Mn) of E-PEGs and mPEGs were determined by gel permeation chromatography (GPC) 
(Supplementary Table S4). GPC was performed using Prominence chromatograph (Shimazu, Kyoto, Japan), 
Shodex OHpak SB-G + SB-803 HQ + SB-804 HQ columns (Resonac Corp.,Tokyo Japan) connected in series 
with a RID-10 A (Shimazu) detector. Four mg of samples were dissolved in 2 ml of an eluent, 0.1 M sodium 
nitrate solution containing 10% acetonitrile, and filtered through a 0.45 μm. The solution were analyzed using a 
chromatographic system with an eluent flow rate of 0.5 ml/min, an injection volume of 100 µl at 40 °C.

UHPLC-Qtof-MSE analyses
The conditions for the UHPLC-Qtof-MSE analysis using an ACQUITY H-Class UPLC system (Nihon Waters 
K.K., Tokyo, Japan) connected to a Xevo G2-XS Qtof mass spectrometer (Nihon Waters K.K.) are listed in 
Supplementary Table S6. High-accuracy MS was performed using MassLynx 4.2 (Nihon Waters K.K.). The MSE 
data were acquired in continuum mode using the ramp collision energy and two scan functions: low collision 
energy, 10 V; and high collision energy ramp, 30 V. All analyses were carried out using an independent reference 
spray via Lock Spray interference.

Ca2+ complexometric titrations using PR dye
The ability of EDTA to form complexes with Ca2+ was assessed via chelate titration using PR dye (Dojindo 
Laboratories, Tokyo, Japan) according to the manufacturer’s instructions. The molar ratio of the chelating agents 
to Ca2+ was calculated based on the amount of added chelating agent. Titration was performed five times for 
each chelating agent, and the mean value was determined (Supplementary Fig. S3).

Binding constant of Ca2+ with EDTA and E-PEGs
Ca2+ forms a complex with the chelating agents according to the following reaction equation: 
Ca2+ + A ⇌ Ca − A

	
K = [Ca − A]

[Ca2+] [A]

In the equation, A is the chelating agent, and K is the complex formation constant. Arsenazo III, which changes 
color when bound to Ca2+, and the chelating agents were mixed in different ratios and added to a Ca2+ (2.4 
mM) solution. The absorbance of each mixed solution differed due to the difference in the complex formation 
constant between the chelating agent and Arsenazo III. Since the complex formation constant of Arsenazo III 
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was already known, the relative complex formation constant of each E-PEG to Arsenazo III was calculated from 
the absorbance of the mixed solution40.

In vitro assay of colonic crypt isolation efficiency
The distal half of the colonic tissue was minced into small pieces using a razor. Each sample was suspended 
in HBSS, transferred into 1.5 mL tubes, and shaken using a microtube mixer for 10 min at room temperature 
for washing. This procedure was repeated twice. After centrifugation, the samples were suspended in 1 mL of 
chelating agent at different concentrations at 37 °C and stored for 30 min. The samples were then centrifuged and 
resuspended in HBSS before 4% paraformaldehyde (0.5 mL) (Nacalai Tesque) was added. The number of crypts 
in 50 µL droplets was counted using an optical microscope. (n = 6)

Intraperitoneal and intracolonic administration of the chelating agents
Mice were anesthetized through inhalation of 2% isoflurane. According to the CERI Japan website, the i.p. LD50 
of EDTA-Na2 (MW = 372.24 Da) is 260 mg/kg (0.70 mmol/kg) for mice. The chelate solution of 0.70 mmol/kg 
(1×LD50) or 1.40 mmol/kg (2×LD50) was adjusted at 35 mM or 70 mM, respectively, and then intraperitoneally 
injected.

Intracolonic administration experiments were performed via laparotomy. A midline abdominal incision was 
made, and a catheter was inserted at the site of the proximal colon immediately distal to the cecum. We inserted 
a second catheter approximately 1, 5, and 8 cm (via the anus) from the first catheter in the proximal colon. 
Additionally, the targeted site of the colon was clamped on both the proximal and distal sides to prevent the 
leakage of luminal chelators. Prewarmed (50 °C) EDTA or E-PEGs (10 mM) were continuously perfused from 
the proximal colon to the distal colon at a flow rate of 4 mL/min to evaluate the toxicity of EDTA and E-PEGs. In 
the partial colon perfusion model for transplantation, 10 mM EDTA or E-PEGs (50 °C) were perfused through 
part (1 cm) of the proximal colon at a flow rate of 4 mL/min for 5 or 7.5 min, with mesenteric vasculature 
clamped during chelator perfusion11.

Evaluation of the toxicity of EDTA and EDTA-PEGs
The acute toxicity of chelating agents after i.p. administration was determined based on clinical manifestations41. 
Under anesthesia, the mice were administered 0.70 mmol/kg or 2 × 0.70 mmol/kg of the chelating agents at 
35 mM or 70 mM described above. Mice that did not show any signs of hypocalcemia in the first 15 min 
after administration were awakened from anesthesia. During the one-week observation period, toxicity was 
evaluated on a three-point scale as follows: (1) death, (2) carpopedal spasms with survival, and (3) no signs 
of hypocalcemia. Mice that exhibited one or more of the following lethal endpoints were considered dead and 
euthanized via cervical dislocation: labored breathing, decreased respiratory function, generalized convulsions, 
and immobility.

Blood samples for the measurement of the serum Ca levels were obtained via cardiac puncture 2 min after 
i.p. administration of chelating agents. In experiments involving whole or partial colonic perfusion of chelating 
agents, blood samples were obtained immediately after chelator perfusion. The serum Ca and albumin levels 
were measured using Arsenazo III and bromocresol green (BCG) assays by BML Inc. (Tokyo, Japan) and Oriental 
Yeast Co., Ltd. (Tokyo, Japan), respectively. Total serum Ca levels were corrected when the serum albumin level 
was > 4 g/dL42. (n = 5 or 6).

Evaluation of the de-epithelialized colon after treatment with the chelating agents
Colon tissue was removed from the mice immediately after perfusion with chelating agents, cut longitudinally, 
spread out on a rubber board with pins, and fixed overnight at 4 °C in 4% paraformaldehyde. Microscopic images 
of the tissue were acquired using a BZ-X800 fluorescence microscope (Keyence, Osaka, Japan) at 4× objectives 
to evaluate the de-epithelialized area. The de-epithelialized area, which showed higher light permeability than 
the surrounding regions, was analyzed using ImageJ software (NIH Image, MD, USA). Area values (mm2) are 
presented for the whole-colon perfusion model. For the partial colon perfusion model, the proportion of the 
de-epithelialized area to the entire perfused area is presented as a percentage.

The fixed tissues were embedded in paraffin and sectioned for quantitative histological evaluation of the 
degree of de-epithelialization. Three different hematoxylin and eosin (H&E) sections were randomly selected 
from a series of sections originating from the mouse colon. All images were captured and analyzed using a 
Virtual Microscopy System VS 120 (Olympus Corporation, Tokyo, Japan). The degree of epithelial detachment 
in every part of the sections was histologically classified into three levels: Level 1, nearly intact epithelium with 
no denudation (no denudation); Level 2, epithelium with only the upper part denuded, leaving the bottom 
part of the crypts unaffected (intermediate denudation); and Level 3, epithelium with almost the entire part, 
including the crypt bottoms denuded (complete denudation) (Supplementary Fig. S5). The length of each 
level was measured, and the percentage relative to the total length of the colon in the longitudinal direction 
was calculated. This was performed on five mice perfused with EDTA, E-PEG4, and water, and the mean was 
calculated (n = 15).

Evaluation of blood absorption of EDTA and E-PEG4
The serum concentrations of EDTA and E-PEG4 were analyzed using LC-MS/MS by Research Center Inc. 
and SEKISUI MEDICAL CO., LTD. The measurement conditions described in Supplementary Table S7 were 
validated using mouse serum as a blank and chelating agents adjusted to concentrations of 50–50,000 ng/ml 
(Supplementary Fig. S9). The serum concentrations of EDTA and E-PEG4 were measured under the same 
conditions (Supplementary Fig. S6) (n = 6).
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Transplantation of cultured small intestinal organoids into de-epithelialized proximal colon
The SI crypts isolated from EGFP- transgenic mice were suspended in Matrigel (BD Biosciences, NJ, USA), 
placed in 24-well plates, and cultured as epithelial organoids in advanced DMEM/F12 media (Thermo Fisher 
Scientific, MA, USA) supplemented with 500 ng/mL recombinant mouse R-spondin1 (R&D Systems, MN, USA), 
20 ng/mL recombinant mouse EGF (Peprotech, Tokyo, Japan), and 100 ng/mL recombinant mouse Noggin 
(R&D Systems)5,10. The medium was changed every two days. Organoids were grown for one week, removed 
from Matrigel using a cell recovery solution (BD Biosciences), and suspended in a diluted Matrigel/advanced 
DMEM/F12 (1:2) solution. We prepared 3,000 organoids suspended in 25 µL of the solution for transplantation 
into each recipient mouse.

Recipient male C57BL/6J mice were treated as follows: DietGel Recovery (ClearH2O, ME, USA), a nutrient-
fortified water gel, was administered for 12 h before surgery. The target segment of the proximal colon (1 cm) 
was de-epithelialized and perfused with 10 mM EDTA or E-PEG4 (n = 3). DMEM containing Ca2+ and Mg2+ 
was subsequently added, and the vasculature of the target colon segment was clamped. The cell suspension was 
prepared and infused into the colonic lumen. At the end of the surgery, the recipient mice received subcutaneous 
injections of 2 mL of 0.9% saline solution and 25 mg/kg imipenem (Sigma-Aldrich Japan, Tokyo, Japan). They 
were then examined four weeks after surgery (six in total).

Stereomicroscopy, histology, and immunohistochemistry
The colon was removed from the recipient mice, cut longitudinally, and fixed overnight at 4  °C in 4% 
paraformaldehyde. Whole images of the targeted colonic segments and their fluorescence were acquired using 
a fluorescence stereomicroscope (M165FC, Leica Microsystems, Tokyo, Japan). The tissues were embedded in 
Tissue-Tek O.C.T. compound (Sakura Finetek Japan Co.,Ltd., Tokyo, Japan). The frozen sections were subjected 
to immunofluorescence staining using antibodies specific for SIase (sc-27603; Santa Cruz Biotechnology Inc. TX, 
USA; 1:100 dilution), LYZ (sc-27958; Santa Cruz Biotechnology Inc.; 1:300 dilution), CA2 (sc-25596; Santa Cruz 
Biotechnology Inc.; 1:100 dilution), OLFM4 (39141; Cell Signaling Technology. MA, USA; 1:200 dilution), Ki67 
(652402; BioLegend. CA, USA; 1:200 dilution), CHGA (20085; Immunostar. WI, USA; 1:400 dilution), MUC2 
(ab272692; abcam. Cambridge, UK; 1:2000 dilution), or SLC10A2 (sc-27494; Santa Cruz Biotechnology Inc.; 
1:50 dilution). Nuclei were counterstained with DAPI (H-1200, Vector Laboratories, Inc., CA, USA). All images 
were acquired using a BZ-X800 microscope with 4× and 20× objectives. Where necessary, image processing was 
performed using Adobe Photoshop 23.5.5 version (Adobe, CA, USA). Sections of the EFGP+ graft of EDTA- and 
E-PEG-treated mice and the ileum of non-operated mice (control) were subjected to immunohistochemistry 
for CHGA, MUC2, and LYZ for the quantitative assessment of secretory cell components. Ten crypt villus units 
originating from three independent recipients or controls were analyzed. The numbers of CHGA+, MUC2+, and 
LYZ+ cells were counted and presented as the mean cell count per crypt-villus unit (n = 30).

Quantification and statistical analysis
All data are expressed as the mean ± SEM. Biological repeats are indicated by ‘n.’ Statistical significance was 
measured using the Mann-Whitney U test for data containing two experimental groups and one-way analysis of 
variance with post-hoc Tukey’s multiple comparison test for data containing more than two experimental groups 
(*P < 0.05, **P < 0.01, and ***P < 0.001). All statistical analyses were performed using GraphPad Prism software 
(GraphPad Software, CA, USA).

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary 
information files.
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