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Alterations in Ileal Secretory Cells of The DSS-Induced Colitis Model Mice
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Inflammatory bowel disease is triggered by abnormalities in epithelial barrier function and 
immunological responses, although its pathogenesis is poorly understood. The dextran 
sodium sulphate (DSS)-induced colitis model has been used to examine inflammation in the 
colon. Damage to mucosa primality occurs in the large intestine and scarcely in the small 
intestine. To evaluate the effect on the ileum, we histologically analyzed the inflammatory 
and recovery phases in DSS model mice, and 40 kDa FITC-dextran was used to investigate 
barrier function. In the inflammatory phase, histological damage was insignificant. However, 
expanded crypts, hypertrophic goblet and Paneth cells, increased mucus production and 
secretion were observed. The cellular morphology was restored to that of the control in the 
recovery phase. According to in situ hybridization and lectin histochemistry, the expression 
of intestinal stem cell markers, secretory cell differentiation factors, and glycosylation of 
secretory granules in Paneth cells differed in the DSS model. DSS-treatment did not influ-
ence the barrier function in the ileum, and FITC-dextran did not diffuse via the paracellular 
pathway into the mucosa. However, cells incorporating FITC appeared even under normal 
conditions. The number of FITC-positive Paneth cells was lower in the DSS group than the 
control group. Our results showed morphological and functional alterations in ileal epithelial 
cells, especially secretory cells, in the DSS colitis model.
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I. Introduction
The small intestine is essential for digestion and 

absorption through its mucosa. The mucous membranes 
contain numerous villi and crypts. Crypts are areas of cell 
proliferation at the base of villi. Epithelial cells actively 
proliferate and are renewed approximately every 5 days in 
the crypts. Intestinal stem cells (ISC) are Lgr5-positive 
crypt base columnar (CBC) cells located at the crypt base 
[3]. Cells located at the fourth position from the crypt base 
(+4 cells) are also considered ISC [28, 29]. These +4 cells 
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work as backup ISCs when Lgr5 cells are dysfunctional [1, 
6, 24]. Lgr5-positive stem cells are self-renewing and 
multi-potent cells that differentiate into various small 
intestinal epithelial cells [4], including absorptive, goblet, 
Paneth, endocrine, tuft, and M cells.

Goblet cells secrete mucin, a glycoprotein that is the 
main component of mucus, to maintain homeostasis in the 
intestinal mucosa. The mucous layer prevents the invasion 
of bacteria into the epithelium, thereby playing a role in 
innate immunity. Goblet cells are also active regulators of 
the acquired immune system, accumulating antigens in the 
lumen through endocytosis and transmitting signals to spe-
cific dendritic cells [21, 22, 27]. Goblet cells have been 
reported to interact with the bacterial flora and immune 
system [40]. Many studies have investigated the relation-
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ship between bacterial infections, inflammation, and goblet 
cells [27]. Bacterial (Vibrio parahaemolyticus and Vibrio 
cholerae), viral, and parasitic infections can affect the gob-
let cell number and secretion of mucus into the small 
intestinal lumen [31, 32, 45]. Ulcerative colitis (UC) is an 
inflammatory bowel disease (IBD) characterized by a 
decrease in the number of goblet cells and mucus in the 
colon during the active phase [10]. A decrease in goblet 
cells is thought to a result from suppression of normal dif-
ferentiation, leading to abnormal mucus secretion [26, 46]. 
In UC and Crohn’s disease (CD), colonic goblet cells pro-
duce abnormal glycosylated mucin, which tends to acidify 
[23, 30, 33, 45].

Paneth cells are another type of secretory cells in the 
small intestinal crypts. They secrete antimicrobial peptides 
such as α-defensin and participate in host defense and 
maintain homeostasis through the intestinal flora [7]. 
Paneth cells also express epidermal growth factor (EGF), 
Wnt3, and the cell surface molecule Dll4, and play an 
important role in the establishment of a niche that main-
tains ISCs [34]. Paneth cells are found in the cecum and 
ascending colon of humans as well as in small intestinal 
crypts, but are uncommon in the descending colon and rec-
tum. However, in patients with UC and CD, there was a 
significant increase in Paneth cells in the large intestine, 
excluding the cecum, compared to healthy controls [37]. 
Loss or reduction of Paneth cells has been reported in cases 
of ileal CD, ischemic enteritis, necrotizing enterocolitis, 
pathogenic bacterial enteritis, graft-versus-host disease 
(GVHD), and HIV-associated cryptosporidiosis [9, 18, 36]. 
Abnormal Paneth cell function (autophagy abnormalities, 
abnormal granule secretion, impaired pathogen-associated 
molecular patterns (PAMP) recognition, altered defensin 
production, or aberrant endoplasmic reticulum (ER) stress) 
has been reported to be associated with the onset of CD 
[36, 44].

Oral administration of dextran sodium sulphate (DSS) 
in drinking water is widely used to induce colitis in mice 
and rats [8, 41]. In DSS-induced colitis, severe symptoms 
(epithelial damage, crypt disappearance, and inflammation) 
are observed in the large intestine. Therefore, the useful-
ness of such mice and rats as models for research on large 
bowel inflammation has been evaluated. The small intestine 
of the DSS-colitis model is believed to be unaffected and 
has not been extensively investigated. It has been reported 
that DSS-colitis does not change the number of Paneth cells 
in the small intestine [30]. However, a close relationship 
between colitis and Paneth cells has been suggested by the 
metaplasia of Paneth cells observed in colonic inflamma-
tion, although the correlation between small intestinal 
Paneth cells and colitis during inflammation has not been 
explored.

A small number of UC patients have an inflammation 
of the terminal ileum, called backwash ileitis. The patho-
genesis of the disease is not clearly understood. Ileitis 
occurred even in patients with ulcerative proctitis and left-

sided UC [15, 43]. In these cases, the hypothesis of ileoce-
cal valve dysfunction is not applicable and other pathogenic 
mechanisms that interact the small intestine and colitis, 
have been suggested.

In this study, we investigated how secretory cells of 
the small intestine, including goblet and Paneth cells, are 
affected by DSS-induced colitis.

II. Materials and Methods
Animals

In this study, 8-week-old male C57BL/6 J mice 
(CLEA Japan, Tokyo, Japan) were used. DSS (M.W. = 
36,000–50,000; MP Biomedicals, Fountain Parkway Solon, 
OH, USA) was dissolved in autoclaved water to produce a 
2% DSS solution. Mice were provided with the solution ad 
libitum for 7 days, and from day 8, they were allowed to 
drink autoclaved water (Fig. 1A). Mice were checked daily 
for body weight, fecal condition, and hematochezia. The 
inflammatory phase was evaluated on the 7th day of DSS 
administration, and the recovery phase was evaluated on 
the 14th day, compared to control mice. For the control, 
mice that were kept untreated for 14 days were used.

Fig. 1. A) Experimental design for the DSS colitis mouse model. Mice 
were euthanized on day 7 in the inflammation phase and on day 14 in 
the recovery phase. B) Percent mean ± standard error of the original 
body weight for 14 days.
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For morphological analysis, mice were injected 
intraperitoneally with a mixture of anesthetics (medetomi-
dine, midazolam, and butorphanol), the abdominal wall was 
longitudinally incised, and the ileum and distal colon were 
excised. To examine epithelial barrier function, mice were 
injected with FITC-dextran 40 kDa (Sigma-Aldrich, St. 
Louis, MO, USA) into the intestinal lumen for 1 hr under 
anesthesia. FITC-dextran was used at a concentration of 0.3 
mg/g body weight in 200 μl of 0.1 M sodium phosphate 
buffer (PBS; pH 7.4). Other mice were injected with 
sodium fluorescein (FITC, FUJIFILM Wako Pure 
Chemicals, Osaka, Japan) alone or FITC in combination 
with dextran 40 kDa (FUJIFILM Wako Pure Chemicals). 
The research protocol was approved by the Ethics Commit-
tee of the University of Occupational and Environmental 
Health (Institutional Review Board approval number: 
AE20-009) and was conducted in accordance with the regu-
lations of the 1995 Declaration of Helsinki (revised in 
Edinburgh in 2000).

Hematoxylin and eosin staining
The ileal and distal colon tissues were fixed with 4% 

paraformaldehyde in PBS at 4°C for 16 hr. The tissues were 
embedded in paraffin, and 5-µm sections were prepared. 
Samples were subjected to hematoxylin and eosin (H-E) 
staining according to standard methods [2]. Briefly, speci-
mens were deparaffinized with xylene and alcohol, stained 
with hematoxylin for 15 min, and washed under running 
water for 15 min. After eosin staining for 7 min, the 
samples were dehydrated with ethanol and xylene and 
mounted.

Immunohistochemistry
The specimens were deparaffinized, immersed in 10 

mM citrate buffer (pH 6.0), and antigen retrieval was per-
formed for 15 min in a microwave (MI-33, Azumaya, 
Tokyo, Japan). Non-specific reactions were blocked with 
Blocking One Histo solution (Nacalai Tesque, Kyoto, 
Japan) for 10 min at 25°C. After washing with 0.1% 
tween20-PBS (PBS-T), the primary antibody (Table 1) was 
reacted at 4°C for 16 hr and the secondary antibody at 25°C 
for 1 hr. Tyramid signal amplification (Tyramid Super 
Boost Kit, Invitrogen, Thermo Fisher Scientific, Waltham, 
MA, USA) and microwave irradiation were performed for 
multiple immunostaining [38]. Briefly, the specimens were 
incubated with primary antibody for 1 hr at 25°C. After 

washing, the slides were incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibody for 30 min, and 
tyramid amplification was performed. The samples were 
then immersed in citrate buffer and microwaved for 15 min 
to eliminate the primary antibody reactions. The antibody 
reaction was performed three times with different primary 
antibodies. The tyramid reagents used were Alexa Fluor 
488, 555, and 647. Autofluorescence of the samples was 
suppressed using a Vector TrueVIEW Autofluorescence 
Quenching Kit (Vector Laboratories, Burlingame, CA, 
USA). Coverslips were mounted with a mounting medium 
containing 4',6-diamidino-2-phenylindole (DAPI). After 
mounting, the specimens were observed under a fluores-
cence microscope (Axio Imager M2, ApoTome.2, Carl 
Zeiss AG, Jena, Germany).

In situ hybridization
In situ hybridization was performed to detect gene 

expression [17]. We used the RNAscope system (Advanced 
Cell Diagnostics, Newark, CA, USA) according to the 
method provided in the manufacturer’s instructions. The 
sections were hybridized with a specific c-RNA probe for 
mice, Atoh1 (Mm-Atoh1, 40879) or Lgr5 (Mm-Lgr5-01, 
542031), and reacted with the alkaline phosphatase sub-
strate Fast Red. We also immunohistochemically stained 
the same sections with anti-lysozyme and anti-OLFM4 
antibodies and reacted them with the HRP substrate 
diaminobenzidine (DAB).

Lectin histochemistry
To analyze the glycosylation of secreted substances by 

secretory cells, deparaffinized sections were reacted with 
labeled lectin (Table 1) for 1 hr at 25°C [14]. After washing 
three times with PBS-T, coverslips were mounted with a 
mounting medium. After mounting, the specimens were 
observed under a fluorescence microscope (Axio Imager 
M2, ApoTome.2, Carl Zeiss AG, Jena, Germany). As a 
negative control experiment, we replaced lectins with PBS 
and performed the same reaction to confirm that there was 
no non-specific binding of lectins.

Statistical analysis
Data are expressed as the mean ± standard error. Dif-

ferences between groups were evaluated using the Games-
Howell test. Differences were considered statistically 
significant at a p-value of less than 0.05.

Table 1. Antibodies and lectins 

Bender Dilution RRID

OLFM4 Rabbit monoclonal Cell Signaling Technology (Danvers, MA, USA) 1:200 RRID:AB_2798465
Mucin 2 (MUC2) Rabbit polyclonal Santa Cruz Biotechnology (Santa Cruz, CA, USA) 1:200 RRID:AB_2146667
Lysozyme Rabbit monoclonal Abcam (Cambridge, UK) 1:1000 RRID:AB_10861277
Wheat Germ Agglutinin (WGA) 
Alexa350 conjugate

Specifically recognizes 
N-acetylglucosamine ThermoFisher Scientific (Waltham, MA, USA) 1:300

Ulex Europaeus Agglutinin 1 
(UEA 1) Rhodamine

Specifically recognizes 
α-1,2-fucose Vector Laboratories (Burlingame, CA, USA) 1:300
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III. Results
DSS-induced colitis model mice

Mice administered DSS (n = 9) drank a 2% DSS solu-
tion at a rate of approximately 4.69 ml/mouse/day. The 
mice in the control group showed a slight increase in body 
weight during the experiment. In the DSS group, body 
weight decreased from the fifth day of the experiment and 
was approximately 75% of the initial body weight on the 
eleventh day. Subsequently, on the 12th day, the body 
weight began to increase and eventually recovered to 85% 
(Fig. 1B). Histological analysis showed that crypt struc-
tures in the mucosa were abolished, and muscular hypertro-
phy occurred in the distal colon on day 7. On day 14, the 
surface of the lumen was covered with columnar epithelial 
cells, and crypt-like structures (arrowheads) appeared. 
However, the distal colon of the day 14 did not recover to 
the morphology of the control (Fig. 2A).

Compared to the distal colon, there was no significant 
damage to the ileal structure, such as reduced villi or 
epithelial cell shedding, on days 7 and 14 (Fig. 2B). How-
ever, the crypts were enlarged in the ileum on day 7 com-
pared to the control (Fig. 2B, arrowheads), and the crypt 
size of the ileum on day 14 was almost the same as that of 
the control. The enlarged crypts exhibited hypertrophic 
epithelial cells.

Changes in ileal epithelial cells of DSS-induced colitis
To identify cell types affected by DSS, immunohisto-

chemistry was performed using cell markers (Fig. 3). In the 
control, Muc2-positive epithelial cells were scattered 
throughout the villi and crypts, and lysozyme-positive cells 
were found at the bottom of the crypts (Fig. 3A). Moreover, 
stem cell marker (OLFM4)-positive cells were found as 
narrow cytoplasm between and above the cells with large 
cytoplasm (Fig. 3B). Secreted OLFM4 was also observed 

Fig. 2. A) Hematoxylin and eosin (H-E) staining of the distal colon from control and DSS mice on days 7 and 14. On day 7, crypts disappeared. The 
arrowhead indicates a crypt-like structure. B) H-E staining of the ileum from control and DSS mice on days 7 and 14. On day 7, crypts showed a round 
and expanding shape (arrowhead). Bars = 50 µm.
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in the lumen of the crypts (Fig. 3B, arrowhead). On day 7, 
Muc2-positive secretions were observed in the lumen. 
Compared to the control, larger Muc2-positive structures 
were found in epithelial cells. Hypertrophic epithelial cells 
in the crypts were positive for lysozyme, and OLFM4-
positive cells decreased, but their positions were the same 
as those in the control. On day 14, lysozyme- and OLFM4-
positive cells had a similar morphology to those in the con-
trol, but Muc2-positive structures within epithelial cells 
were smaller than those in the control.

To investigate the state of cell differentiation in the 
ileal epithelium, in situ hybridization was performed (Fig. 
4). Secretory cell differentiation factor (Atoh1)-positive 
cells were present in the crypts and villi in the control 
group. On day 7, the number of positive cells was low and 
the reaction was weak. However, on day 14, the number of 
positive cells increased and the reaction was enhanced (Fig. 
4A). In the control, stem cell marker (Lgr5)-positive cells 
were located at the bottom of the crypt in the control, and 
on day 14 of the ileum. On day 7, few Lgr5-positive cells 
were observed between and above Paneth cells with charac-
teristic granules. There were no coincidence Lgr5-positive 
cells and OLFM4-positive cells (Fig. 4B).

We also examined the effect of DSS-induced colitis on 
the glycosylation of secretory cell products (Fig. 5). 
Sections were reacted with lectins that recognize N-
acetylglucosamine (WGA) and α-1,2-fucose (UEA 1). In 

the control, mucus granules in goblet cells reacted with 
WGA alone (line arrow) or with WGA and UEA 1 (arrow; 
Fig. 5 upper panels). In contrast, secretory granules of 
Paneth cells reacted with both WGA and UEA 1 (Fig. 5A, 
arrowhead and Fig. 5B). On day 7, the reaction of UEA 1 
was weaker in Paneth cells; yet, the reaction in goblet cells 
was the same as that in the control. On day 14, the glycosy-
lation of Paneth cells recovered to the same level as that of 
the control mice (Fig. 5B).

FITC-dextran uptake by ileal epithelial cells in DSS-induced 
colitis

To determine the protective barrier of the epithelium, 
FITC-dextran was administered to the intestinal tract. 
FITC-dextran did not penetrate the epithelium, both in the 
control and DSS-treated mice. However, some cells took up 
FITC-dextran, even under normal conditions. FITC-
dextran–positive epithelial cells were dispersed in the villi 
and crypts. The distribution of FITC-positive cells in con-
trol mice varied among the crypts.

To identify the cell type of FITC-positive cells, spe-
cific cell markers were detected using immunohistochem-
istry. FITC-positive cells in the crypt base corresponded to 
OLFM4-positive cells with narrow cytoplasm (Fig. 6A, line 
arrow). Regarding secretary-type cells, Muc2 single-
positive (arrow) cells in crypts and villi or lysozyme and 
Muc2 double-positive (arrowhead) cells at the base of 

Fig. 3. A) Immunofluorescence analysis of the ileum from control and DSS mice on days 7 and 14. Merged images of the Paneth cell marker lysozyme 
(magenta), goblet cell marker Muc2 (orange), and nuclei (DAPI). B) Images of the intestinal stem cell marker OLFM4 (green) and nuclei (DAPI). Bars 
= 50 µm.
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Fig. 4. A) In situ hybridization of Atoh1 (red) and immunohistochemistry of lysozyme (brown) in the ileum. B) In situ hybridization of Lgr5 (red) and 
immunohistochemistry of OLFM4 (brown) in the ileum. Bars = 20 µm.

Fig. 5. A) Merged image of WGA-Alexa fluor 350 (blue), UEA 1-rhodamine (magenta), and phase-contrast image. Bars = 50 µm. B) High-
magnification images of lectin histochemistry of WGA-Alexa 350 conjugate or UEA 1-rhodamine. Bars = 10 µm.
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Fig. 6. Immunofluorescence analysis of the control ileum. FITC-dextran-positive cells were consistent with OLFM4 single-positive (line arrow), Muc2 
single-positive (arrow), and lysozyme and Muc2 double-positive cells (arrowhead). A) FITC-dextran (green), lysozyme (magenta), OLFM4 (orange), 
and nuclei (DAPI). B) FITC-dextran (green), lysozyme (magenta), Muc2 (orange), and nuclei (DAPI). Crypts are outlined with a dashed line. Bars = 20 µm.

Fig. 7. Uptake of FITC, FITC in combination with dextran (FITC + Dex), or FITC-dextran (FITC-Dex) in the ileum. FITC and FITC-dextran are in 
green and nuclei are in blue (DAPI). The dashed square shows the crypt zone. Bars = 50 µm.
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crypts contained FITC in the cytoplasm (Fig. 6B).
To investigate whether the FITC-dextran uptake was 

due to dextran, we administered FITC alone and in combi-
nation with dextran, and compared it with the administra-
tion of FITC-dextran. When FITC was administered alone, 
there were almost no FITC-positive cells in the crypt; how-
ever, when FITC and dextran were administered concur-
rently, there were some FITC-positive cells, although not as 
many as with FITC-dextran (Fig. 7). We performed mor-
phometric analysis of the effect of DSS on FITC-dextran 
uptake by Paneth cells. Compared to the control, the num-
ber of FITC-dextran positive Paneth cells decreased on day 
7 and was significantly lower on day 14 (p < 0.05; Fig. 8).

IV. Discussion
This experiment was designed with an inflammatory 

phase on the seventh day, and a recovery phase on the four-
teenth day after DSS administration [41]. On day 7, severe 

damages occurred in the distal colon. However, in the 
ileum, enlarged crypts and hypertrophic Paneth cells were 
observed despite no significant changes in the number of 
Paneth cells. The amount of Muc2-positive mucus in goblet 
cells and their secretion into the lumen increased. There-
fore, we postulate that the expansion of the crypt is caused 
by a change in Paneth cell morphology with excessive 
secretory granule production and that the activity of goblet 
cells is temporarily increased to protect the epithelium dur-
ing inflammation.

In situ hybridization with Atoh1 and immunohisto-
chemistry for lysozyme revealed that the number of Atoh1-
positive cells was reduced on day 7 but increased and 
dispersed in villi and crypts on day 14. Atoh1, a secretory 
cell differentiation factor, is expressed at higher levels in 
secretory progenitor and mature goblet cells [20, 39]. 
During the inflammatory phase, the differentiation into 
secretory cells was inhibited. However, during recovery, 
differentiation and maturation of secretory cells appeared to 

Fig. 8. Uptake of FITC-dextran in control and DSS mice on days 7 and 14. A) Fluorescence microscopic images of the ileum. The dashed square shows 
the crypt zone. Bars = 50 µm. B) Quantification of the FITC-dextran-positive Paneth cell number per slide. Statistically significant differences were set 
at a p-value < 0.05 (*).
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occur in a different manner compared to normal epithelium 
turnover. In situ hybridization with Lgr5 and immunohisto-
chemistry for OLFM4, both stem cell markers, decreased 
during the inflammation phase. These findings are consis-
tent with a previous report of DSS colitis in LGR5-EGFP 
mice [35]. In our study, Lgr5-positive cells were observed 
at the +4 cell position above Paneth cells on day 7. These 
cells were thought to become a supply source of ISCs [5]. 
This mechanism might be responsible for the recovery of 
Lgr5-positive cells on day 14. It has been reported that 
Paneth cell also dedifferentiate into Lgr5+ stem cells [35]. 
However, we did not observe a marked decrease in the 
number of Paneth cells in this study. Therefore, the possi-
bility of Paneth cell dedifferentiation was considered mini-
mal. Localization of Lgr5- and OLFM4-positive cells did 
not match exactly on day 7. OLFM4 displays mucin-like 
features and has been found to protects against mucosal 
damage [11]. These inconsistencies in localization indi-
cated that the possibility of an active release and/or low 
expression level of OLFM4 protein during inflammation 
results in cellular OLFM4 decrease. TNF-α-treated 
organoids from IBD patient colons increased OLFM4 
expression, and OLFM4-positive cells did not only occur in 
crypts but also in villi during the inflammatory phase [19]. 
However, no OLFM4-positive cells were found in villi dur-
ing inflammation in our experiment, indicating that this 
was due to a difference in pathophysiology.

On day 7, lectin histochemistry revealed that the 
WGA- and UEA 1-positive mucus granules of goblet cells 
were enlarged and aggressively released into the lumen, 
indicating goblet cell hyperactivity. Nucleotide-binding 
oligomerization domain, leucine-rich Repeat and Pyrin 
domain-containing (NLRP) 6 deletion was reported to 
impair mucus secretion and lead to goblet cell hyperplasia 
[42]. Our results suggest that these alterations are caused by 
goblet cell hyperfunction, rather than hyperplasia derived 
from the decreased secretion. In Paneth cells, secretory 
granules were positive for WGA and UEA 1 in the control 
and DSS groups on day 14, while UEA 1 reactivity 
decreased on day 7. The secretory granules of Paneth cells 
are modified with α-1,2-fucose and are known to be impor-
tant in the regulation of bacterial symbiosis [16]. The 
decrease in α-1,2 fucose modification during the inflamma-
tion phase may interfere with interactions with the bacterial 
flora.

In the DSS colitis model, the small intestine was not 
considered seriously affected. According to our findings, 
mucus hypersecretion occurs during the inflammatory 
phase, followed by an increase in differentiation into secre-
tory cells during the recovery phase. These reactions result 
in preservation of the epithelium and may be related to the 
slight change in histological morphology.

FITC-dextran and HRP (data not shown) were admin-
istered into the ileum to examine epithelial barrier function. 
The epithelium appeared to be intact, and cellular junctions 
were not affected by DSS treatment. Unexpectedly, macro-

molecular uptake was observed. Macromolecules are rarely 
taken up by mature epithelial cells except by M cells under 
normal conditions. A recent study reported that goblet cells 
incorporate 10 kDa dextran [13]. In our study, OLFM4 
positive-ISCs, lysozyme and Muc2 double positive-Paneth 
cells, and Muc2 positive-goblet cells in the ileum could 
take up 40 kDa FITC-dextran from the lumen, while HRP, 
with the same molecular weight (40 kDa), was not taken up 
(data not shown). In Paneth cells, FITC-dextran uptake may 
occur by direct membrane permeabilization, endocytosis, 
transporter-associated mechanisms, or a combination of 
these. We observed few colocalizations of FITC conjugate 
dextran and endosome markers by immunohistochemistry, 
indicating that a small portion of macromolecule uptake 
might have occurred by endocytosis (data not shown).

The number of macromolecules taken up by Paneth 
cells was lower in the inflammatory and recovery phases 
compared to the control. On day 14, the morphology of 
Paneth cells appeared to be restored to normal conditions, 
but their function did not seem to be fully recovered in the 
ileum. These results indicate that the functional maturation 
level of Paneth cells differed between the recovery phase 
and control. A previous study suggested that Paneth cell 
dysfunction causes CD and highlighted the significance of 
investigating the association between Paneth cell function 
and IBD pathogenesis [7]. Goblet cells have been reported 
to function not only in the innate immune system but also 
as regulators of acquired immunity that capture pathogens 
and transmit information to dendritic cells [21, 22]. Goblet 
cells and Paneth cells are closely related cells, and they 
have the same cell lineage of differentiation [12, 25]. As 
with goblet cells, Paneth cells may contribute to the 
immune function through macromolecule uptake. A delay 
in the recovery of the macromolecular uptake function may 
be associated with prolonged intestinal inflammation. 
However, the present approach was insufficient to uncover 
these possibilities. This study has two limitations: 1) the 
significance of Paneth cell uptake is unclear, and 2) it was 
impossible to distinguish whether the phenomena in secre-
tory cells were direct results of DSS or due to indirect 
effects from colon inflammation. Further studies on Paneth 
cell absorption using electron microscopy and intestinal 
organoids are required to clarify these points. Although 
DSS is thought to induce inflammation in the large intes-
tine without affecting the small intestine, alterations have 
been observed in secretory functions, including cellular 
morphology. Attenuation of the fucosylation of secretory 
granules and reduction in macromolecular uptake may 
affect the gut microbiota and immunological function, giv-
ing rise to the onset, exacerbation, and spread of intestinal 
inflammation.

To understand the pathogenesis of IBD, further 
research is needed to investigate how alterations in the 
secretory cells of the small intestine, including Paneth cells, 
affect the gut.
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