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ARTICLE INFO ABSTRACT

Edited by Dr. Caterina Faggio To investigate the effect of estrogen deficiency on the small intestinal mucosal barrier induced by fluoride (F), F
exposure models of ovariectomy (OVX) rats (surgically removed ovaries) and non-OVX rats (normal condition)
were established by adding sodium fluoride (NaF) (0, 25, 50, and 100 mg/L, calculated by F ion) in drinking
water for 90 days. The intestinal mucosal histomorphology, mucosal barrier function, and protein expression
levels of tight junctions (TJs), adhesion junctions (AJs), and desmosomes were evaluated in the duodenum,
jejunum, and ileum. Hematoxylin-eosin (HE) staining and 5-Bromo-2-deoxyUridine (BrdU) measurement showed
that excessive F-induced damage to intestinal epithelial cells and inhibited the proliferation of intestinal
epithelial cells, eventually decreasing the number of goblet cells and decreasing glycoprotein secretion, as
indicated by Alcian blue and periodic acid-Schiff (AB-PAS) and periodic acid-Schiff (PAS) staining. Further
immunofluorescence analysis demonstrated that excessive F decreased the protein expression levels of occludin,
zonula occludens-1 (ZO-1), E-cadherin, and desmoplakin (P < 0.05, P < 0.01) and enhanced the expression of
claudin-2 (P < 0.01), suggesting that cell-to-cell junctions were disrupted. Collectively, F exposure impaired the
small intestinal mucosal barrier by inducing damage to intestinal epithelial cells and inhibiting intestinal
epithelial cell proliferation. Disorders in the junctional complex protein expression blocked the synergy between
intercellular communication and aggravated mucosal injury. In particular, estrogen deficiency exacerbated F-
induced enterotoxicity, which provides new explanations for the development and severity of intestinal disease
in postmenopausal women with high-F areas.
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1. Introduction

The intestinal epithelium, which contains different types of polarized
epithelial cells, is the key bridge connecting the body and the external
environment (McCarty and Lerner, 2021). Intestinal epithelial cells
(IECs) can distinguish between commensal and pathogenic bacteria,
which affect immune homeostasis in the intestinal microenvironment
(Artis, 2008). As the primary functional unit of IECs, junctional com-
plexes, generally including tight junctions (TJs), adhesion junctions
(AJs), and desmosomes, have been paid more attention. Abundant data
indicate that dysfunction of junctional complexes is the main determi-
nant of changes in intestinal epithelial permeability (Turner, 2009;
Buckley and Turner, 2018). Damage or defects in epithelial permeability
hinder the distinguishing ability of epithelial cells and cause

displacement of bacteria or toxins (Artis, 2008), which seriously disturbs
the balance of intestinal flora, resulting in disruption of homeostasis of
the intestinal microenvironment, thereby causing inflammatory disor-
ders, diabetes, and other diseases (Chelakkot et al., 2018).

In addition to naturally high fluoride (F) groundwater, the F
contamination crisis, which is also present in industrial wastewater and
air, leaves humans and animals confronting an ever-deepening global
health risk as the industry develops (Mondal and Chattopadhyay, 2020).
Epidemiological investigations have shown that long-term intake of high
levels of F can cause damage to human health, impairing the normal
physiological functions of skeletal and non-skeletal tissues (Liu et al.,
2021). It is worth noting that F pollution caused by the body mainly
stems from absorption by the digestive tract, and the small intestine
bears its brunt, usually manifesting as motion sickness, vomiting,
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diarrhea, and abdominal pain (Fu et al., 2022). Based on TJ dysfunction
is directly related to the atypical opening of paracellular pathways,
which is a key factor in the occurrence of intestinal diseases (Turner,
2009; Landy et al., 2016). And TJs are pivotal to the passage of F through
the intestinal mucosa into the body (Buzalaf and Whitford, 2011). Thus,
the mechanism of specific intestinal changes after F enters the digestive
tract is an attractive problem. Previous studies have shown that oxida-
tive stress, lipid peroxidation, and pyroptosis are some factors respon-
sible for the impairment of gut morphology and structure in response to
external F exposure (Chauhan et al., 2011, 2013; Guimaraes de Souza
Melo et al., 2021). However, there are little published data on the mo-
lecular basis of F-induced structural changes in the intestinal
morphology. Here, we provide an in-depth dissection of the junctional
mechanisms between epithelial cells, elaborating how F affects gut
barrier function through cell-to-cell junctions.

The incidence and severity of various digestive diseases, such as in-
flammatory bowel disease and intestinal cancer, have been confirmed to
have significant gender differences (Nie et al., 2018). Epidemiological
surveys have shown that men are more prone to developing intestinal
metabolic diseases than women, and postmenopausal women have an
increased prevalence of bowel disease compared with age-matched men
(Tuo et al., 2011). Obviously, the absence of circulating estrogen in-
creases the risk of intestinal dysfunction (Collins et al., 2017). F has a
strong female reproductive toxicity. Excessive F can damage
morphology and inhibit cell proliferation by inducing oxidative stress
and apoptosis in the ovary, leading to follicular developmental dysplasia
(Wang et al., 2017; Bai et al., 2020). Estrogens have been proven to exert
a protective effect on the female reproductive system by activating
antioxidant enzyme activity and anti-apoptotic pathways (Moor et al.,
2004). Combined with our previous experimental studies, microenvi-
ronmental destruction is the main mechanism of intestinal epithelial
barrier damage and intestinal flora imbalance after F exposure (Liu
et al., 2019; Wang et al., 2020). Special attention should be given to the
role of the presence of estrogen in the enterotoxicity of F. To date,
however, studies on intestinal histopathology and function following
high-dose F exposure after estrogen loss have been extremely limited.

To determine the aetiology and potential mechanism of intestinal
disease in postmenopausal women with fluorosis areas, this study used
ovariectomy (OVX) models to evaluate the effect of estrogen deficiency
on the changes in intestinal junctional complex-related proteins in F
exposed rats. By further investigating and comparing the specific
mechanism of F-induced intestinal mucosal barrier injury, this study
provided new views on the potential toxicity of F from the perspective of
estrogen.

2. Materials and methods
2.1. Experimental design

A total of 72 healthy female SD rats aged 90-day-old were adaptively
fed for a week in the standard animal room with good hygienic and
ventilation conditions at 22 °C + 2 °C under a 12 h light/dark cycle.
Similar to our previous study, F exposure models of OVX rats removing
the ovaries surgically and non-OVX rats after adding sodium fluoride
(NaF) (0, 25, 50, and 100 mg/L, calculated by F ion) in drinking water
were treated for 90 days (Yu et al., 2021). That is, all experimental
animals were divided into eight groups (n = 9): non-OVX control group,
non-OVX F 25 group, non-OVX F 50 group, non-OVX F 100 group, OVX
control group, OVX F 25 group, OVX F 50 group, and OVX F 100 group.
All animal experiments were approved by the Institutional Animal
Experiment Committee of Henan University of Science and Technology,
China.

2.2. Histopathological observation

The collected fresh duodenum, jejunum, and ileum were fixed in 4%
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paraformaldehyde solution for 48 h at room temperature and then taken
out, dehydrated by ethanol, and embedded in paraffin. 4 ym serial slices
were prepared for hematoxylin-eosin (HE) staining. The stained slides
were observed under a light microscope. In each section, six visual fields
which randomly selected were used to measure developmental param-
eters of villus height (VH), crypt depth (CD), and muscle layer thickness.

2.3. Immunohistochemical assay

According to the instructions of the commercialized BrdU staining kit
(Servicebio, China), on the 89th day of F treatment, the rats were
intraperitoneally injected with 0.2 ml of BrdU solution (10 mg/ml,
WGB8010, Servicebio, China) 4 times with an interval of 2 h (Chen et al.,
2014; Liu et al., 2019). All experimental rats were sacrificed after the
last injection of BrdU for 24 h, and the small intestine tissue were taken
for sections preparation. Small intestinal tissue sections were incubated
with primary rabbit anti-rat 5-bromo-2-deoxyuridine (BrdU) antibody
(1:300 in PBS, GB12051, Servicebio, China) and HRP labeled goat
anti-rabbit antibody (1:200 in TBST, GB23301, Servicebio, China).
Subsequently, the slices were added with diaminobenzidine (DAB) color
solution (G1212, Servicebio, China) after washing three times and were
counterstained with hematoxylin (G1004, Servicebio, China). The
brown-yellow particles observed indicated that the cells were in the
proliferation stage.

2.4. Alcian blue and periodic acid-schiff (AB-PAS) and Periodic acid-
schiff (PAS) staining

After the duodenum, jejunum, and ileum tissue sections were dew-
axed and rehydrated, they were stained with Alcian blue staining solu-
tion (G1049-3, Servicebio, China) for 5 min, periodic acid staining
solution (G1049-2, Servicebio, China) for 15 min, Chevron staining
solution (G1049-1, Servicebio, China) for 30 min in the dark, and he-
matoxylin staining solution for 3-5 min (Osho et al., 2017). Eventually,
the slices were dehydrated and sealed for observation.

The tissue sections of the duodenum, jejunum, and ileum were
directly stained with periodic acid staining solution (G1008-2, Serv-
icebio, China) for 15 min after dewaxing and rehydration (Shi et al.,
2017), the following steps were consistent with AB-PAS staining.

2.5. Immunofluorescence analysis

Tissue sections of the duodenum, jejunum, and ileum were dewaxed
in xylene and dehydrated with ethanol. After antigen repair in EDTA
buffer (pH 8.0), the sections were incubated with 3% BSA for 30 min for
removing nonspecific reactions. Afterward, the sections were incubated
with primary antibodies claudin-2 (1:500, GB11972, Servicebio, China),
occludin (1:500, GB111401, Servicebio, China), zonula occludens-1(ZO-
1) (1:500, GB111402, Servicebio, China), E-cadherin (1:500, GB12082,
Servicebio, China), and desmoplakin (1:500, GB113491, Servicebio,
China) overnight at 4 °C and corresponding secondary antibody for 50
min. The nuclei were counterstained with DAPI for 10 min in the dark.
Finally, the slides were sealed with an anti-fluorescence quencher and
took images under a fluorescence microscope.

2.6. Statistical analysis

Statistical analysis was carried out to perform multi-group compar-
ison and the comparison between non-OVX groups and OVX groups
using one-way ANOVA (Tukey post-hoc test) and Student’s t-test in SPSS
22 software (Inc., Chicago, IL, USA), respectively. All data were
expressed as the mean =+ SD (standard deviation). P < 0.05 and P < 0.01
were thought to be statistically significant.
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Table 1
Changes in developmental parameters of the duodenum, jejunum, and ileum.
Intestines Parameters Non-OVX OovVX
Control F 25 group F 50 group F 100 group Control group F 25 group F 50 group F 100 group
group
Duodenum  VH (um) 482.52 + 351.67 + 332.42 + 280.62 + 381.12 + 342.55 + 293.97 + 222.28 +
24.68 35.00 * * 19.78 * * 27.86 * * 15.54"% 14.93 * 26.43 * *# 14.69 * **#
CD (um) 175.90 + 129.95 + 128.80 + 115.35 + 173.97 + 126.58 + 8.09 118.50 + 9.40 98.80 + 11.86
9.54 14.50 * * 15.02 * * 10.94 * * 20.25 *x i * x#
VH/CD 2.75 £0.22 2.72 £0.24 2.62 £0.38 2.47 £0.41 2.23 + 0.35% 2.72 £0.22 2.51 £0.37 2.27 £0.22
Muscle thickness 100.07 + 90.63 + 4.69 68.87 + 6.65 59.83 + 86.00 + 69.63 + 3.05 61.08 + 4.81 36.23 + 4.44
(um) 8.21 41.41 * * 5.94% * w## *x w##
Jejunum VH (um) 371.13 + 338.08 + 306.30 + 270.27 + 360.22 + 335.20 + 304.20 £+ 9.08 239.55 +
18.39 23.96 * 4,53 * * 13.78 * * 13.45 10.83 o 23.82 % *#
CD (um) 135.12 + 119.43 £9.78 102.98 + 96.03 + 9.02 123.83 + 117.97 £ 6.74 101.08 + 5.98 92.60 + 3.53 *
12.70 1213 * * * 6.02 * w#
VH/CD 2.76 £0.21 2.84 £0.20 3.02 £ 0.40 2.83 £0.23 292 £0.19 2.85+£0.19 3.02 £0.16 2.58 £0.21 *
Muscle thickness 82.38 + 64.38 £ 1.71 59.48 + 4.79 48.17 + 6.47 66.80 + 58.92 + 49.68 + 4.17 38.80 £+ 4.71 *
(um) 3.16 % x % % % 6.41%% 2.34%%# w xHH# st
Ileum VH (um) 322.82 + 301.05 + 290.02 + 266.28 + 322.78 + 310.43 £ 5.62 288.58 + 260.82 +
13.97 8.05 * * 431 * * 5.43 * * 8.36 10.42 * * 19.17 * *
CD (um) 133.88 + 123.92 £6.70 108.78 + 98.12 + 4.79 127.98 + 110.68 + 5.95 103.05 + 6.78 97.45 + 8.62 *
13.51 5.90 * * *x 7.16 * whE *x
VH/CD 243 £0.24 2.44 £0.18 2.67 £0.13 2.72 £0.10 2.53 £0.12 2.81 £0.15 2.81 £0.11 * 2.69 £ 0.22
wHH
Muscle thickness 72.70 + 63.30 + 2.06 58.42 + 4.27 42.32 +£1.35 64.15 + 47.77 £ 4.15 39.75 + 3.43 36.72 £ 4.51 *
(pm) 2.64 * % w* % 2'42## s w#H# s st # w#

VH: villus height. CD: crypt depth. VH/CD: the ratio of villi area to crypt depth. All data were expressed as mean + SD (n = 6). “* ” indicates statistically significant
difference between the control group and the F exposure group by using one-way ANOVA, followed by Tukey post-hoc test (*P < 0.05 and **P < 0.01); “#” indicates
statistically significant difference between the non-OVX group and the OVX group under the same F treatment by using Student’s t-test (#P < 0.05 and ##P < 0.01).

3. Results

3.1. Effect of F on the development parameters in the duodenum, jejunum,
and ileum

In Table 1, F exposure significantly reduced duodenal VH and CD (P
< 0.01) by 27.12% and 26.12% in the non-OVX F 25 group, 31.11% and
26.78% in the non-OVX F 50 group and 41.84% and 34.42% in the non-
OVX F 100 group, respectively. Duodenal VH and CD were also reduced
in OVX all F treated groups (P < 0.05 or P < 0.01), by 10.12% and
27.24%, 22.87% and 31.88%, and 41.68% and 43.21%, respectively.
Likewise, the duodenal muscle thickness was decreased by 31.18% and
40.21% in the non-OVX F 50 and 100 groups (P < 0.01); while that of
OVX F all treatment groups was decreased by 19.03%, 28.97%, and
57.87%, respectively (P < 0.01). Additionally, in the presence of es-
trogen deficiency, duodenal VH was further reduced by 21.01% in the
control group (P < 0.01), 11.57% in the F 50 group (P < 0.05), and
20.79% (P < 0.01) in the F 100 group. CD from duodenum in the OVX
groups was significantly decreased by 14.35% than that of non-OVX
groups with the addition of 100 mg/L F (P < 0.05). Estrogen defi-
ciency further reduced duodenal villus height/crypt depth (VH/CD) by
18.99% in the control group and significantly decreased muscle thick-
ness by 14.06% in the control, 23.17% in the F 25%, and 39.44% in the F
100 groups (P < 0.05 or P < 0.01), respectively.

In the jejunum, F exposure significantly reduced VH and muscle
thickness by 8.91% and 21.85% in the non-OVX F 25 group (P < 0.05 or
P <0.01),17.47% and 27.8% in the non-OVX F 50 group (P < 0.01), and
27.18% and 41.53% in the non-OVX F 100 group (P < 0.01), respec-
tively; the VH and muscle thickness of OVX groups were also markedly
decreased (P < 0.01), especially by 15.55% and 25.62% in the OVX F 50
group and 33.5% and 41.92% in the OVX F 100 group. When adding 50
and 100 mg/L F, CD was significantly decreased by 23.78% and 28.93%
in the non-OVX groups (P < 0.01) and by 18.37% and 25.22% in OVX
groups (P < 0.01), respectively. VH/CD was significantly reduced by
11.41% in the OVX F 100 group compared to the OVX control group (P
< 0.05). Furthermore, adding 100 mg/L of F, the lack of estrogen further
reduced VH by 11.37% and CD by 3.58% in jejunum (P < 0.05). Muscle
thickness was further reduced by 18.92% in the control group, 8.49% in

the F 25, 16.48% in the F 50%, and 19.45% in the F 100 group with the
presence of estrogen deficiency (P < 0.05 or P < 0.01).

In the ileum, excessive F significantly decreased VH and muscle
thickness by 6.74% and 12.93%, 10.16% and 19.65%, and 17.51% and
41.79% in non-OVX all F treatment groups, respectively; CD by 18.75%
in the non-OVX F 50 group and 26.71% in the non-OVX F 100 group (P
< 0.01). F also reduced VH by 10.6% in the OVX F 50 group and 19.2%
in the OVX F 100 group; CD and muscle thickness by 13.52% and
25.54% in the OVX F 25, 19.48% and 38.04% in the OVX F 50%, and
23.86% and 42.76% in the OVX F100 group (P < 0.01). Excessive F
changed VH/CD in the OVX F 25 and 50 groups (P < 0.05). Likewise,
estrogen deficiency further changed VH/CD and decreased CD by
10.68% when adding 25 mg/L of F (P < 0.01). Meanwhile, muscle
thickness was also further reduced by 11.76% in the control group,
24.54% in the F 25, 31.95% in the F 50%, and 13.23% in the F 100 group
when estrogen was absent (P < 0.05 or P < 0.01).

3.2. Morphological structure of the duodenum, jejunum, and ileum in
response to F exposure

As shown in Fig. S1, the intestinal mucosa of the duodenum,
jejunum, and ileum in the non-OVX control group atrophied with
increasing doses of F, specifically as villi became shorter and thinner,
and crypts became shallower. Muscle thickness decreased significantly
after adding the dose of 100 mg/L of F. F exposure induced histopath-
ological lesions of the small intestine tissues were aggravated in the OVX
groups compared with those in the non-OVX groups.

3.3. Proliferation of intestinal epithelial cells in the duodenum, jejunum,
and ileum after F exposure

The analysis of BrdU in the duodenum, jejunum, and ileum tissues
was shown in Fig. 1. In the non-OVX control groups, BrdU-labelled the
duodenum, jejunum, and ileum tissues presented positive expression in
the nucleus (Fig. S2). F exposure markedly decreased the percentage of
positive expression in the small intestine (P < 0.01), by 23.18%, 34.46%
and 41.32% in the duodenal non-OVX F 25 group, F 50 group and F 100
group, 23.86%, 35.47% and 54.69% in the jejunal non-OVX all F
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Fig. 1. Analysis of small intestinal cells proliferation ability in female rats by BrdU labeling. (A), (C), and (E) are relative densities of BrdU labelled positive
expression in the duodenum, jejunum, and ileum of non-OVX and OVX rats. (B), (D), and (F) are the comparison between non-OVX and OVX groups of BrdU labelled

positive expression in the duodenum, jejunum, and ileum. All data were expressed as mean + SD (n = 6).
control group and the F exposure group by using one-way ANOVA, followed by Tukey post-hoc test (* P < 0.05 and ** P < 0.01);

PP

indicates statistically significant difference between the
“*» indicates statistically significant

difference between the non-OVX group and the OVX group under the same F treatment by using Student’s t-test (*P < 0.05 and *#P < 0:01).

treatment groups, and 18.32%, 28.18%, and 36.1% in the ileal non-OVX
all F treatment groups, respectively; by 36.99% and 43.21% in the du-
odenum OVX F 50 and F 100 groups, 17.58% and 29.26% in the jejunum
OVX F 50 and 100 groups, and 31.21%, 38.84% and 42.54% in the ileal
OVX F treatment group, respectively (Fig. S2, Fig. 1A, C, and E). In
addition, the proportion of positive expression of BrdU in the OVX
groups was decreased more than that in the non-OVX groups, especially

by 9.85% and 13.8% in the duodenum control and F 50 groups, 30.82%
and 15.27% in the jejunum control and F 25 groups, and 13.66% and
13.14% in the ileum F 25 and 50 groups (P < 0.05 or P < 0.01) (Fig. S2,
Fig. 1B, D, and F), suggesting that estrogen deficiency further inhibited
the proliferation of intestinal epithelial cells.
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Fig. 2. Effect of F on the goblet cells number of the small intestine in female rats by AB-PAS staining. (A), (C), and (E) are relative densities of goblet cells in the
duodenum, jejunum, and ileum of non-OVX and OVX rats. (B), (D), and (F) are the comparison between non-OVX and OVX groups of goblet cells in the duodenum,
jejunum, and ileum. All data were expressed as mean =+ SD (n = 6). “* ” indicates statistically significant difference between the control group and the F exposure
group by using one-way ANOVA, followed by Tukey post-hoc test (* P < 0.05 and ** P < 0.01); “* indicates statistically significant difference between the non-OVX
group and the OVX group under the same F treatment by using Student’s t-test (“P < 0.05 and *#P < 0-01).

3.4. Number of goblet cells in the duodenum, jejunum, and ileum after F
exposure

The number of goblet cells in the duodenum, jejunum, and ileum was
detected by AB-PAS staining after F exposure (Fig. S3). As illustrated in
Fig. 2, excessive F significantly reduced the number of goblet cells
(P < 0.01) by 32.03%, 52.56%, and 69.93% in the duodenal non-OVX F

25, F 50, and F 100 group and by 34.55%, 73.72%, and 81.82% in the
OVX F treatment group, respectively; and by 28.9%, 43.08%, and
53.64% in the jejunal non-OVX F treatment groups and 29.76%,
44.84%, and 58.11% in the OVX F treatment groups, respectively
(Fig. S3, Fig. 2A and C). Likewise, F exposure markedly reduced
(P < 0.01) the number of goblet cells in the ileum, particularly by
14.84%, 36.93%, and 49.67% in the non-OVX F-treated groups and by
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27.36% and 49.74% in the OVX F 50 and 100 groups (Fig. S3 and
Fig. 2E). In addition, estrogen deficiency further reduced (P < 0.01) the
number of goblet cells by 48.26% and 43.53% in the duodenum F 50 and
F 100 groups, respectively; in the jejunum control group and all F
treated groups, the reduction was 16.21%, 17.23%, 18.92% and 23.77%
(P < 0.01); while in the ileum control group, F 25 and F 100 group, the
reduction was 23.77%, 18.02% and 24.47% (P < 0.01), respectively
(Fig. S3, Fig. 2B, D, and F). These results showed F exposure reduced the

number of goblet cells in the small intestine in a dose-dependent
manner, and the reduction was more pronounced under the state of
estrogen deficiency.

3.5. Distribution of glycoproteins in the duodenum, jejunum, and ileum
after F exposure

PAS staining was employed to identify the distribution of
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glycoproteins in the duodenum, jejunum, and ileum after F exposure
(Fig. S4). As depicted in Fig. 3, the relative density of glycoproteins from
duodenum was decreased (P < 0.05 or P < 0.01) significantly with
increasing F dose by 34.13%, 53.68%, and 70.73% in the non-OVX F 25,
50, and 100 groups; 9.48%, 71.53%, and 75.31% in OVX all F treatment
groups (Fig. S4, Fig. 3A, C, and E). Similarly, the relative density of
glycoproteins in the jejunum was also reduced by 16.98%, 40.19%, and
55.76% in the non-OVX F treated groups (P < 0.01); 43.63%, 36.67%,
and 58.02% in the OVX F treated groups (P < 0.01); by 25.68%,
68.28%, and 70.16% in the ileal non-OVX F treated groups (P < 0.01)
and 13.4%, 58.7%, and 66.92% in the ileal OVX F treated groups
(P < 0.01) (Fig. S4, Fig. 3A, C, and E). In addition, in the state of es-
trogen deficiency, the relative density of glycoproteins from duodenum
was further decreased (P < 0.05 or P < 0.01), particularly by 16.85% in
the control, 48.93% in the F 50%, and 27.52% in the F 100 groups
(Fig. S4 and Fig. 3B). The expression of glycoproteins in the jejunal OVX
control and F 25 groups was decreased by 7.44% and 37.11% (P < 0.05
or P < 0.01) compared with those in the jejunal non-OVX control and F
25 groups (Fig. S4 and Fig. 3D). After OVX, glycoproteins expression was
significantly reduced (P < 0.05) by 14.81% in the ileal control group
(Fig. S4 and Fig. 3F). Obviously, the lack of estrogen further inhibited
glycoproteins secretion in the small intestine.

3.6. Immunofluorescence analysis the protein expression levels of TJs,
AlJs, and desmosomes in the duodenum, jejunum, and ileum

The protein expression levels of occludin, ZO-1, and claudin-2 in the
duodenum, jejunum, and ileum were analyzed by immunofluorescence
(Figs. S5 and S6). As shown in Fig. 4, in the absence of OVX, the protein
expression levels of occludin and ZO-1 were down-regulated by 36.01%
and 17.43% in duodenum, 16.49% and 48.95% in jejunum, 5.4% and

56.97% in ileum (P < 0.05 or P < 0.01), and the expression level of
claudin-2 was up-regulated by 42.69%, 61.59%, and 53.63% in the
small intestine (P < 0.01), respectively, when F 100 mg/L was added
(Fig. 4A, B, and C). F supplementation after OVX resulted in down-
regulation of occludin, ZO-1, and claudin-2 protein expression levels
by 48.39%, 55.06%, and 17.42% in the duodenum (P < 0.01); 48.52%,
33.98%, and 15.24% in the jejunum (P < 0.01); and 68.4%, 44.64%,
and 13.4% in the ileum (P < 0.01), respectively (Fig. 4A, B, and C). In
the absence of estrogen, the protein expression levels of occludin and
Z0-1 decreased by 63.92% and 24.21%, 33.19% and 70.39%, and
36.36% and 68.41% in the duodenum, jejunum, and ileum control
groups (P < 0.01); by 70.89% and 58.73%, 58.84% and 61.77%, and
78.77% and 59.24% in the duodenum, jejunum, and ileum F 100 groups
(P < 0.01) (Fig. 4A and B). Compared with the non-OVX control group,
the protein expression level of claudin-2 was increased (P < 0.01) by
30.56%, 35.96%, and 29.34% in the OVX control group of small intes-
tinal tissues, respectively. Meanwhile, the protein expression level of
claudin-2 in the OVX F 100 group of small intestinal tissues was
decreased (P < 0.01) by 24.42%, 28.68%, and 27.07% compared with
that in the non-OVX F 100 group (Fig. 4C).

The protein expression levels of E-cadherin and desmoplakin in the
duodenum, jejunum, and ileum were assessed (Fig. 4D and E). After the
100 mg/L of F was added, the protein expression levels of E-cadherin
and desmoplakin were significantly down-regulated by 37.69% and
36.02%, 60.09% and 29.38%, and 60.43% and 57.75% in the duo-
denum, jejunum, and ileum of non-OVX rats (P < 0.01), respectively;
meanwhile, they were down-regulated by 73.3% and 68.73%, 23.03%
and 62.9%, and 39.03% and 16.23% in the small intestine of OVX rats
(P < 0.05 or P < 0.01), respectively. Under the condition of estrogen
deficiency, the expression level of E-cadherin protein in the jejunal and
ileal control group was significantly decreased (P < 0.05 or P < 0.01) by
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52.07% and 31.54% (P < 0.01), while the expression level of desmo-
plakin protein in the small intestinal control group was markedly down-
regulated (P < 0.05 or P < 0.01) by 26.65%, 3.81%, and 50.36%.
Meanwhile, the protein expression levels of E-cadherin and desmoplakin
after OVX were distinctly decreased (P < 0.01) by 58.58% and 64.27%
in duodenum, 7.58% and 49.39% in jejunum.

4. Discussion

Due to dietary and geographical differences, people have different
levels of F intake. Based on the gut as the main organ that absorbs F, this
study investigated the role of estrogen deficiency in F-induced intestinal
tissue damage by adding F to drinking water. The intestinal epithelium,
as a physical barrier, is essential for maintaining intestinal homeostasis
(Maloy and Powrie, 2011). The VH and CD of the intestinal epithelium
and muscular thickness are consistently evaluated as important in-
dicators of intestinal digestive and absorptive capacity (Zhao et al.,
2021). This study showed that excessive F could seriously damage small
intestinal tissues and change intestinal development parameters, which
may weaken the absorption of nutrients in the body. In good health,
intestinal epithelial cells are constantly supplemented and renewed by
stem cells in the crypt, and move upward along the crypt-villus axis to
fill the villi, thus maintaining normal intestinal function (Luo et al.,
2013). F inhibited the proliferation of intestinal epithelial cells and
made the cells in villi unable to renew continuously, which may account
for the reduced intestinal development parameters induced by F. Dam-
age to intestinal tissues and intestinal epithelial cells may be associated
with an F-induced reduction in antioxidant capacity, leading to ROS
generate and cytochrome C release, further accelerating cell damage and
apoptosis (Sana et al., 2017; Zhou et al., 2020).

The mucus and epithelial cells of the gastrointestinal tract are the
main gatekeepers and controllers (Pelaseyed et al., 2014). Fresh mucus,
mainly composed of mucin glycoproteins, is continuously secreted from
goblet cells to serve as a mediator that protects, lubricates, and trans-
ports contents of the lumen and epithelial lining (Bhatia et al., 2015;
Diebel et al., 2015). The integrity of mucus and epithelium is essential
for resisting intestinal diseases (Luo et al., 2013; Zhu et al., 2022). Our
previous studies indicated that excessive F damages the intestinal im-
mune function in the colon, cecum, and rectum tissues (Liu et al., 2019;

Wang et al., 2020; Zhu et al., 2022). In this study, we found that both the
number of goblet cells and the ability of glycoprotein secretion were
significantly reduced. After OVX, damage to the intestinal mucosal
barrier was more pronounced. It was clear that estrogen deficiency ex-
acerbates F enterotoxicity. Estrogen alleviates cell death by activating
anti-apoptotic pathways, effectively against oxidative damage (Moor
et al.,, 2004). Estrogen deficiency aggravates the loss of F-induced
antioxidant defense system, further increasing the risk of intestinal
malabsorption and exhaustion.

TJs, which bind completely to the cytoskeleton of adjacent intestinal
cells, are apical components of intercellular junctional complexes in
epithelial cells (Sharma et al., 2018). From a microscopic viewpoint, TJ
proteins participate in the protection of intestinal epithelial cells from
microbial colonization and are involved in developmental, physiolog-
ical, and pathological processes (Lerner and Matthias, 2015). And the
realisation of its function is inseparable from the integration of TJ pro-
teins, such as occludin, ZO-1, and claudin-2 (McCarty and Lerner, 2021).
Previous studies have shown that abnormal expression of ZO-1, occlu-
din, and claudin-2 mostly occurs when intestinal homeostasis is dis-
rupted and immune function is impaired (Rosenthal et al., 2010; Slifer
and Blikslager, 2020). Our study found that high F also led to the
disturbance of TJ proteins expression and increased permeability be-
tween intestinal epithelial cells, manifested as widening intercellular
spaces, which is the cause of mucosal barrier dysfunction. The integrity
of the TJs was further destroyed after OVX, which may be related to
estrogen-dependent energy metabolism through the nuclear ER (Choi
etal., 2018; Tran et al., 2021). Among them, calcium malabsorption was
thought to be the key factor for the imbalance in claudin-2 protein
expression induced by co-treatment with F and OVX (Christakos et al.,
2011).

TJs assembly require the assistance of AJs. E-cadherin, as a repre-
sentative of AJ proteins in the epithelium, is usually significantly
involved in tumor invasiveness, metastatic dissemination, and poor
patient outcomes (Onder et al., 2008). In this study, a trend towards a
marked reduction in the distribution of E-cadherin in the gut was
observed after co-treatment with OVX and F, implying that estrogen
deficiency may increase the gap between epithelial cells. Additionally,
we found that the decline in desmoplakin may be related to the change
in E-cadherin, which is the result of the downregulation of E-cadherin
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(Shafraz et al., 2018). Imbalance in the expression of a series of proteins
in junctional complexes inevitably affects the mucosal barrier integrity.
Dysregulation of this barrier can lead to widespread adverse conse-
quences, such as inflammatory bowel disease, celiac disease, obesity,
and type I diabetes (Collins et al., 2017; Chelakkot et al., 2018). Our
study suggested that the combination of F and estrogen deficiency
aggravated intestinal mucosal damage and toxicity, which provides new
explanations for the development and severity of intestinal disease in
postmenopausal women with high-F areas (Nie et al., 2018).

5. Conclusion

In conclusion, as shown in Fig. 5, excessive F disrupted cell-to-cell
junctions by disturbing the expression of TJ, AJ, and desmosomal pro-
teins, induced intestinal epithelial cell injury and mucosal morpholog-
ical changes in the small intestine, resulting in the reduction of
glycoproteins secretion. These changes were further aggravated after
OVX. These results would provide a new explanation for the develop-
ment and severity of intestinal disease in postmenopausal women with
high-F areas.
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