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ARTICLE INFO ABSTRACT

Original paper This study aimed to observe the effect of anterior gradient protein 2 (AGR2) levels on intestinal barrier func-
tion in HFD animal models. For this purpose, thirty healthy male clean-grade C57BL/6 mice were randomly

Article history: separated into a normal control group and a high-fat group. The normal control group was fed a normal diet,
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while the high-fat group was fed an HFD for a total of 8 weeks. It collected body weight changes before and
after modeling of two groups of rats and serum samples and detected fasting blood glucose, total cholesterol,
triglycerides, AGR2, and diamine oxidase (DAQO) concentrations. It collected the expression levels of AGR2

in the colon of rats after modeling, evaluated the permeability of the colon and small intestine barrier by
Keywords: Ussing chamber and Evan's blue (EB) methods, and analyzed the correlation between AGR2 levels and intes-

tinal barrier function using Pearson correlation. Results showed that when the two groups of mice were fed
Animal models, antioxidant pro-

tein 2, high-fat diet, intestinal bar-
rier function, inflammation

for 8 weeks, their body weight, fasting blood glucose, total cholesterol, and triglycerides all met the charac-
teristics of an HFD mouse model, and the model was successfully established. When the two groups of mice
were fed for 8 weeks, the serum AGR2 concentration, relative expression of AGR2 in colon tissue, Gt, and
EB content of the high-fat group mice were higher than those of the normal control group, and the difference
was significant (P<0.05); Meanwhile, the serum DAO concentration and Isc of the high-fat group mice were
lower than those of the normal control group, with statistically significant differences (P<0.05); The relative
expression levels of serum AFR2 and colon AGR2 were negatively correlated with Isc (r=-0.503, -0.623,
P<0.05), and positively correlated with Gt (r=0.461, 0.560, P<0.05). There was a homogeneous distribution
characteristic between the relative expression levels of serum AFR2 and serum DAO, colon AGR2, and Isc
variables. It was concluded that HFD could upregulate the expression of AGR2 in mice, downregulate the
level of DAO, and damage the intestinal barrier function of mice. Both serum AGR2 concentration and colo-
nic AGR?2 relative expression can participate in the regulation of colonic intestinal barrier function and can
serve as potential indicators for evaluating intestinal barrier damage.

Doi: http://dx.doi.org/10.14715/cmb/2023.69.15.20 Copyright: © 2023 by the C.M.B. Association. All rights reserved.

Introduction

High-fat diet (HFD) is one of the important pathogenic
factors for intestinal barrier dysfunction. Antioxidant pro-
tein 2 (AGR?2) is a glandular secreted protein widely ex-
pressed in the intestine and closely related to the intestinal
barrier (IB). However, the effect of AGR2 on the increase
in IB permeability caused by HFD is not yet clear. Stu-
dies have shown that HFD can cause denaturation of the
small intestinal tight junction protein inhaling, increasing
intestinal permeability (1,2). AGR2 has a great influence
on maintaining intestinal homeostasis in patients with
ulcerative colon cancer and is crucial for maintaining the
integrity of the IB. Based on this, it speculates that AGR2
may be involved in regulating IB dysfunction caused by
HFD. Studies have found that HFD and overnutrition are
critical initiating factors that may change intestinal flora,

lipid metabolism and systemic inflammation (3). HFD can
reduce the expression of AGR2 and tight junction-related
proteins in the colon, and increase colonic epithelial per-
meability, and AGR2 is negatively correlated with colonic
permeability. This suggests that AGR2 may participate in
maintaining intestinal barrier function (IBF) by upregula-
ting tight junction proteins. Al Shaibi et al. (4) found that
enteropathy caused by AGR2 deficiency, spherical cell
loss and endoplasmic reticulum stress led to the defect of
the mucous barrier and could not alleviate endoplasmic
reticulum stress. And it could lead to inflammatory bowel
disease in infancy, which in turn leads to abnormal intes-
tinal mucosal barrier function. However, further research
is needed on how the barrier function of animal models
under HFD is affected by serum AGR2 levels. To verify
this hypothesis, SD rats were fed with HFD for 8 weeks
to establish a model. It detected serum and colon tissue
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AGR?2 levels and evaluated changes in colon permeabi-
lity. This study established an HFD rat model and obser-
ved the possible involvement of AGR2 in maintaining IBF
by regulating tight junction proteins. This provided a new
understanding of the effect of AGR2 on IB permeability
and opened up new ideas for the treatment of metabolic-
related intestinal diseases.

Materials and Methods

Experimental animals

30 healthy male clean-grade C57BL/6 mice were se-
lected and purchased from Moulaibao Biotechnology Co.,
Ltd. The age range is 6-7 weeks, with a body weight of
18-22g.

Methods

Main instruments and reagents

Scale: METTLER TOLEDO XS204 precision scale;
Microplate reader: BioTek Synergy HTX multimode rea-
der, produced by Boten Instruments Co., Ltd. in the United
States; Protein blotting instrument and image analysis
system: Bio-Rad ChemiDoc MP imaging system; Ussing
chamber equipment: Physiological Instruments U2500
Ussing chamber system, including Ussing chamber, inter-
lock compensator, ventilator and other equipment; Serum
enzyme total cholesterol test kit, triglyceride enzyme
test kit, double antibody sandwich ELISA AGR?2 test kit,
double antibody sandwich ELISA DAO test kit; Fully au-
tomatic biochemical analyzer (BK-600 model, Jinan Taiyi
Biotechnology Co., Ltd.).

Preparation of the HFD model

Feeding conditions: The mice are raised in cages, pro-
viding them with free eating, drinking water, and pipeline
activity space. The room temperature is controlled at 23
+ 2 ° C, the relative humidity is 40% -60%, and the light
cycle is 12 hours. They are fed a normal diet and distil-
led pure water to ensure the growth and development of
mice. After one week of adaptive feeding, the experiment
will conducted. 30 mice are numbered and separated into
anormal control group (NCG) and a high-fat group (HFG)
of 15 each. The NCGis fed a normal diet, while the HFGis
fed high-fat feed. The fat content in the high-fat feed is
20%, mainly from lard and soybean oil. Other nutritional
components are similar to a normal diet. Normal diet: 184
g of casein, 156.8 g of wheat bran, 276 g of corn starch,
138 g of soybean flour, 55.2 g of vegetable oil, 32 g of
vitamin mixture, 32 g of mineral mixture, 46 g of cellulose
were prepared into 920 g of mixed feed; High-fat feed:
920g basic feed, 40g lard, 40g soybean oil, 2g choles-
terol, and 10g cellulose. Feeding for a total of 8 weeks.
Each mouse is raised in a single cage and can freely drink
water. During the study period, weight monitoring will be
conducted, and the weight of mice measured once a week
to observe the trend of weight changes in both groups of
mice.

Sample collection

Collection of serum samples: It collects samples using
the mouse tail vein blood collection method. Blood col-
lection steps: It selects healthy mice to check the tail vein
blood vessels to ensure that they are visible. Fasting should

last for 12 hours before the examination. It needs to pull
the hair out to expose the vein blood vessels after 75%
alcohol disinfection and warm the tail of mice to make the
tail vein congest. A 27G needle is put into the vein, and it
connects a 1ml syringe to gently draw 0.3-0.5ml blood.
After bleeding 0.1-0.2ml to relieve pressure, then blood
extraction starts. After blood collection, it removes the
needle and briefly compresses the needle hole to stop blee-
ding. It removes the syringe and immediately compresses
the needle hole with a cotton ball for 30-60 seconds to stop
bleeding. Let the whole blood stand for 1 hour, centrifuge
for 10 minutes, at 3000 rpm, 4 ° C, and take the superna-
tant serum for backup.

Collection of intestinal tissue samples: After the col-
lection of serum samples, 10% chloral is injected into
the abdominal cavity at a weight of 0.3ml/100g, and the
open site is disinfected. The abdomen is directly cut open,
exposing the colon, jejunum, and related blood vessels.
Approximately 4cm of the colon is removed from the
proximal end of the spine, and approximately 8cm is re-
moved from the distal end of the jejunum to remove fecal
material. Exposed blood vessels are ligated or clamped
to reduce bleeding within the tissue. The excised tissue is
immediately placed in physiological saline and stored at 4
° C to avoid tissue drying. It should be transported to the
laboratory within 30 minutes. A circular incision should
be made on the colon and the small intestine should be put
into a sac. Then, the outer layer of the mucosa should be
removed to facilitate drug penetration. Some tissues are
preserved in liquid nitrogen for qPCR, while the rest are
used for the Ussing chamber and EB detection. After tis-
sue collection, the animals are euthanized and dissected
to check for abnormalities in other organs. The process of
collecting intestinal tissue specimens is carried out on ice.

Serological index examination

Serological samples were collected at the beginning of
modeling (T0) and at 8 weeks of feeding (T1), and whole
blood glucose, total cholesterol, and triglycerides were de-
tected using enzymatic methods; ELISA is used to deter-
mine the concentration of AGR2 and DAO.

Intestinal tissue examination

It collects colon tissue from model rats and uses real-
time fluorescence quantitative PCR to determine the ex-
pression of AGR2 mRNA in colon tissue. After extracting
total RNA from colon tissue, it should be determined whe-
ther the quality and concentration meet the requirements,
and then reverse transcription is performed. Synthesizing
cDNA uses M-MLYV reverse transcriptase. PCR primers
and fluorescent probes are designed based on the AGR2
mRNA sequence. Primer sequence: upstream 5-GCC
AGA AAA TGC TGG AGA AG-3; Downstream 5-AGG
TCATCC ACA GGC TCA TT-3. A gPCR reaction system
is prepared according to the instructions of the kit, inclu-
ding primers, probes, and cDNA. It uses a real-time fluo-
rescence quantitative PCR instrument for qPCR, the fluo-
rescence signal is read to determine the Ct value. The 2-
AACt is used to work out the relative expression of AGR2.
The expression changes of AGR2 mRNA in the HFG were
obtained using the internal reference gene as internal refe-
rence and the control group as calibration. Each sample
is set up with 3 multiple wells for qPCR, with Ct values
within 0.5. The experiment is repeated 3 times.
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Functional examination of 1B

The colon of the mouse is cut into slices and the tissue
is placed in two and a half of the ichiometric chambers
in the Ussing chamber. Krebs Ringer solution with 95%
oxygen -5% CO2 is perfused both internally and external-
ly, at 37 © C and pH 7.4. After connecting the micro rotary
injector and injecting glucose, glycine, or hydrochloric
acid into the inner and outer chambers respectively, the
changes in fluid flow in both chambers are recorded. It
measures the short-circuit current value (Isc) and conduc-
tivity difference (Gt) using a current clamp, reflecting
Na+permeability and epithelial tight junction integrity. Isc
changes can reflect Na+ transport, while Gt changes can
reflect epithelial permeability. The indicators are measu-
red once every 15 minutes, and the experimental process
lasts for 60-120 minutes. Summarizing, recording, and
analyzing data by computer software Arcus Bio Purchase
and Analysis instruments is to compare the mean values.
After the experiment, the animals are euthanized and the
sampling site is checked for bleeding or damage, as well
as other factors that can affect the results.

It needs to prepare a small intestine sac by taking a
section of small intestine tissue that has been cleaned and
separated from fecal matter, approximately 7 cm long (lea-
ving 1 cm long segments at each end of the excised jeju-
num, and suturing the remaining 5 cm jejunum with a loop
of hanging thread to create an empty tubular structure). It
injects 0.2ml of 1.5% EB solution into the intestinal sac
in a 37 © C water bath and opens the sac after 30 minutes,
and rinses repeatedly with low-temperature PBS until the
rinse solution is clear. After drying at 50 °C for 24 hours,
the dry mass of the intestinal sac is recorded. Formamide
solution is added and incubated at 50 °C for 24 hours. The
supernatant is detected using a microplate reader and the
optical density (OD) value at a wavelength of 650 nm is
read. The content of Evan's blue (EB) in intestinal tissue
is calculated based on the OD (650) value. The calculation
expression is shown in Formula 1.

EE content(pg/g Stem tissue) = D % 0.6 X V/Wx 0.622x 10 [1]

In the formula: D represents the absorbance measured
by the microplate reader, and a wavelength of 650nm is
selected to read its absorbance value; V is the volume of
EB solution, which is 0.2ml in this experiment; W is the
dry weight of the organization.

Statistical processing

SPSS 26.0 software is applied for data statistics. Mea-
surement data of normal distribution is represented in X +
s. Independent sample #-test is utilized for comparison wit-

hin groups, and paired sample #-test is adopted for compa-
rison within groups at different time points. The test level
is a= 0.05. Pearson correlation analysis and scatter plots
are used for correlation analysis.

Results

Modeling situation of two groups of mice

The body weight of the NCG and the HFG mice showed
an upward trend, with the HFG having higher body weight
at the 4th and 8th weeks, with a statistically significant
difference (P<0.05) (Figure 1). From the changes in fas-
ting blood glucose, total cholesterol, and triglycerides of
mice, all indicators of the two groups of mice were higher
than before the start of modeling after 8 weeks of feeding.
However, the fasting blood glucose, total cholesterol, and
triglycerides of the HFG mice were higher, and the diffe-
rence had statistical significance (P<0.05) (Table 1). Both
groups of mice were successfully modeled.

Comparison of serum AGR2 and DAO concentrations
between two groups of mice

From the changes in serum AGR2 and DAO concentra-
tions of mice, the serum AGR2 concentrations of the two
groups of mice after 8§ weeks of feeding were higher than
before the start of modeling, but the AGR2 concentrations
of the HFG mice were higher, with a statistically signifi-
cant difference (P<0.05); When the mice in the two groups
were fed for 8 weeks, there was no statistically significant
difference in serum DAO concentration compared to be-
fore the start of modeling (P>0.05). The DAO concentra-
tion of the HFG mice was lower than the NCG, and the
difference had statistical significance (P<0.05) (Table 2).

LU
> mm nomal control
* = High fat group
3 404 —
el
E
2
&
= 204
0- T
é\".‘h ‘_hn ‘-‘h
& & ¢
& & S
&
Times
Figure 1. Comparison of weight changes between two groups.

Table 1. Comparison of serological indicators between two groups of mice (x £ s, mmol/L).

Fasting blood glucose Total cholesterol Triglyceride
Group (n)
TO T1 TO T1 TO T1
NCG (15) 4.71£0.55  5.06+0.62  1.75+0.21 1.83+£0.31  0.81+£0.14  0.84+0.22
HFG (15) 4.69+0.64 5.67+0.82" 1.72+0.32  3.12+0.57"  0.88+0.24 1.70+0.5
t 0.089 -2.331 0.215 -7.703 -0.851 -5.924
P 0.930 0.027 0.831 0.000 0.402 0.000

Note: TO is before the start of modeling, and T1 is at 8 weeks of feeding. Compared with TO in this group,

* P<0.05.
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Table 2. Comparison of serum AGR2 and DAO concentrations between two groups of mice.

Serum AGR2 (ng/mL) DAO (U/mL)
Group (n)
TO T1 T0 T1
NCG (15) 14.06+3.66 17.37+£3.42" 13.4642.55 12.42+3.18
HFG (15) 16.05+4.06 23.20+5.61 " 11.32+1.91 10.54+1.54
t -1.412 -3.435 -2.584 2.057
P 0.169 0.002 0.169 0.049

Note: TO is before the start of modeling, and T1 is at 8 weeks of feeding. Compared with TO

in this group, * P<0.05.

Table 3. Colon tissue AGR2 levels and intestinal permeability of two groups of mice.

Group (n) AGR2 relative expression Isc (nA/cm2) Gt (mS/cm2)  EB content (ng/g)
NCG (15) 1.04+0.25 24.78+6.90 4.97+0.91 19.31+6.14
HFG (15) 1.66+0.41 10.89+2.02 7.93+£1.94 31.66+8.77
t -5.005 7.490 -5.335 -4.469
P 0.000 0.000 0.000 0.000
Table 4. Correlation of various indicators in HFD mice.
. Isc Gt EB content
Indicators
r P r P r P
Serum AGR2 -0.503 0.005 0.461 0.010 0.357 0.053
AGR?2 relative expression  -0.623 0.000 0.560 0.001 0.177 0.350
Serum DAO 20264 0158 0485 0007 0437 0016
AGR2 levels and intestinal permeability in colon tissue
of two groups of mice relative serum @10
The relative expression levels of AGR2, Gt, and EB B b g L I
content in the colon tissue of the HFG mice were higher P I e K R o7 e |
than those of the NCG, while Isc was lower than that of ‘}l.- 73| | BR[| R “-if.n-.
the NCG, with statistical significance (P<0.05) (Table 3). s - ol ey N e
- - [ - abe . e
<] 208 . ‘3 L o® ® .; %Y 2
Correlation of various indicators in HFD mice T hll g el = 2
The relative expression of serum AFR2 and colon - e N RO
AGR2 were negatively correlated with Isc (+=-0.503, E% H E.-..,.; 3 I| R RAEY AR 1 i
-0.623, P<0.05), positively correlated with Gt (r=0.461, vLeeflee =2 * e
0.560, P<0.05), and positively correlated with serum DAO e [ R IO RN
and Gt, EB content (7=0.485, 0.437, P<0.05) (Table 4). B oy | Bl gt - ollod
From Figure 2, there was a homogeneous distribution cha- : . 3 - : .
racteristic between the relative expression of serum AFR2 £ tm o s . . RN l"c.:".‘ 8
and serum DAO, colon AGR2, and Isc variables. MR e Ii o 3 -
Discussion 1S I S - A T :
(| Sey || | || g ﬁ

HFD can induce changes in microbial composition,
thereby influencing intestinal immunity. Current evidence
suggests a connection between gut microbiota and the
production of uremic toxins, increased intestinal permea-
bility, transmural movement of bacteria and endotoxins,
and inflammation (5). HFD and lack of activity will result
in increased inflammatory response, insulin resistance,
oxidative and Nitrosation stress, and mitochondrial dys-
function (6). HFD is closely related to increased intestinal
permeability and damage to barrier function, especially
has important impacts on oxidative stress and inflamma-
tory reaction. The characteristic of HFD-induced obesity
is the chronic micro-inflammatory state of various tissues
and organs. The colon is the first tissue organ to exhibit
pro-inflammatory characteristics associated with changes
in the gut microbiota (7). Therefore, the degree of damage
to the colonic IBF is one of the indicators that clinical at-

AGR2
relative
expression

serum DAO EB content serum

AGR2

Figure 2. Characteristics of homogeneous distribution between re-
lative expression of serum AGR2 and DAO, Colon AGR2, and Isc
variables.

tention must be paid. The IB includes epithelial cells and
indirect cellular complexes, which regulate epithelial ion
transport and permeability (8). However, in the past, IBF
can only be obtained through Ussing chamber technology
(9). It requires the acquisition of intestinal epithelial cells,
which is difficult to continuously and constantly monitor,
and belongs to traumatic monitoring. These deficiencies
will inevitably affect the evaluation of the patient's IBF.
AGR?2 protein is secreted in both human and rat mam-
malian epithelial cells (10). The overexpression of AGR2
is related to bad prognosis in digestive system cancer.
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AGR2 participates in the homeostasis of epithelial cells
and is secreted in both the small and large intestine (11).
Boisteau et al. (12) found that the deletion of the AGR2
gene protein led to severe intestinal inflammation. Even in
inflammatory bowel disease, the secretion of AGR2 in the
extracellular environment participated in the remodeling
of the cell microenvironment (13). At the same time, the
loss of AGR2 gene expression also led to the attenuation
of terminally differentiated cells, which were replaced by
SOX9-labeled cells. The absence of AGR2 and the expres-
sion of Sox9 are both related to progenitor cells and stem
cells, and both have similar effects on intestinal cell pro-
liferation (14). AGR2 affects intestinal homeostasis and
endoplasmic reticulum stress (15,16). AGR2 can maintain
a balance between proliferative and differentiated epithe-
lial cells. Under the induction of HFD, intestinal epithe-
lial cells exhibit insulin resistance and increased oxidative
stress, while utilizing redox regulatory mechanisms can
partially alleviate pathological changes (14,17). There-
fore, as a dynamic monitoring method, the serum concen-
tration of AGR2 can make up for the deficiencies in the
current detection of IBF.

It was proved that when the two groups of mice were
fed for 8 weeks, their body weight, fasting blood glucose,
total cholesterol, and triglycerides all met the modeling
characteristics of HFD mice, and the modeling was suc-
cessful. Persistent HFD caused intestinal microbiota im-
balance, increased cell apoptosis, decreased expression
of intercellular connections and epithelial tight junction
proteins, decreased intestinal secretion and mucus secre-
tion, and other changes in mice, leading to damage to the
structure and function of the IB, followed by weight gain,
elevated blood sugar and lipid levels. Further monitoring
of serum AGR2 concentration and DAO concentration in
this study revealed that HFD caused an increase in serum
AGR2 concentration and a decrease in DAO concentra-
tion in mice. This result was related to the involvement
of AGR2 in the MLCK/p-MLC pathway (18). DAO was
mainly used as the main amino oxidase in small intesti-
nal epithelial cells, and its activity could be used as a bio-
chemical indicator to determine small IBF (19). From the
results, in the HFD mouse model, serum AGR2 and DAO
could be used as indicators for evaluating IBF. In addition,
the relative expression level of AGR2 in mouse colon tis-
sue was similar to the changes in serum AGR2 concentra-
tion. AGR2 could also reflect the IBF of colon tissue.

The outcomes of this study expressed that AGR2 might
act as a potential biomarker for oxidative stress and epi-
thelial cell damage, closely related to evaluating changes
in IBF, and could provide new ideas for the treatment and
intervention of IB dysfunction. The relative expression of
serum AFR2 and colon AGR2 were negatively correlated
with Isc (r=-0.503, -0.623, P<0.05), positively correlated
with Gt (=0.461, 0.560, P<0.05), and positively correla-
ted with serum DAO and Gt, EB content (=0.485, 0.437,
P<0.05). There was a homogeneous distribution characte-
ristic between the relative expression of serum AFR2 and
serum DAO, colon AGR2, and Isc variables. However, the
new role of AGR2 in liver and intestinal fatty acid uptake
and activation promoted AGR2-mediated lipid accumula-
tion, indicating that AGR2 was an important regulator of
systemic lipid metabolism, and downregulation of AGR2
might counteract the development of obesity (20). The
IBF depended on intestinal permeability (21). This study

evaluated the Isc, Gt, and EB contents of colon and small
intestine tissues respectively, which could form a more
comprehensive evaluation advantage. From the outcomes,
it has no significant correlation between AGR2 and EB
content in small intestine tissue. In the future, AGR2 com-
bined with DAO can be used to further clarify the damaged
areas of IBF.

In summary, this study preliminarily confirms that
AGR2 may participate in the regulation of IBF caused by
HFD. Its changes can serve as potential biomarkers for
evaluating IB damage, providing a theoretical basis for
the pathogenesis and treatment of IB dysfunction. Howe-
ver, the specific mechanism of AGR2 in this pathological
process needs further experimental research to confirm. In
the future, with the deepening of research, it is expected
to discover that AGR2 is the main factor, providing new
ideas for the study of the pathogenesis and treatment tar-
gets of metabolic-related intestinal diseases.
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