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ABSTRACT
G protein–coupled estrogen receptor (GPER) might be involved
in ulcerative colitis (UC), but the direct effect of GPER on UC is
still unclear. We used male C57BL/6 mice to establish the acute
colitis model with administration of dextran sulfate sodium and
explored the effect of GPER on acute colitis and its possible
mechanism. The selective GPER agonist G-1 inhibited weight
loss and colon shortening and decreased the disease activity
index for colitis and histologic damage in mice with colitis. All of
these effects were prevented by a selective GPER blocker. G-1
administration prevented the dysfunction of tight junction
protein expression and goblet cells in colitis model and thus
inhibited the increase of mucosal permeability in colitissuffering mice significantly. GPER activation reduced expression of glucose-regulating peptide-78 and anti-CCAAT/
enhancer-binding protein homologous protein and attenuated the three arms of the unfolded protein response in
colitis. G-1 therapy inhibited the increase of cleavage
caspase-3– and TUNEL-positive cells in colonic crypts
in the colitis model, increased the number of Ki67- and

Introduction
Ulcerative colitis (UC) is one of two major types of inflammatory bowel disease (IBD), which leads to chronic,
recurrent, and intermittent inflammatory mucosal lesions of
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bromodeoxyuridine-positive cells in crypts, and reversed the
decrease of cyclin D1 and cyclin B1 expression in colitis,
indicating its protective effect on crypt cells. In cultured
CCD841 cells, G-1 treatment fought against cell injury
induced by endoplasmic reticulum stress. These findings
demonstrate that GPER activation prevents colitis by protecting the colonic crypt cells, which are associated with
inhibition of endoplasmic reticulum stress.
SIGNIFICANCE STATEMENT
We demonstrate that G protein–coupled estrogen receptor
(GPER) activation prevents dextran sulfate sodium–induced
acute colitis by protecting the crypt cells, showing that it
inhibited the crypt cell apoptosis and protected proliferation of
crypt cells, which resulted in protection of the intestinal mucosal
barrier. This protective effect was achieved (at least in part) by
inhibiting endoplasmic reticulum stress. Mucosal healing is
regarded as a key therapeutic target for colitis, and GPER is
expected to become a new therapeutic target for colitis.

the distal colon, characterized by hematochezia, diarrhea,
weight loss, and abdominal pain (Adams and Bornemann,
2013). A paper published in 2018 showed that the highest
reported prevalence values of UC were in Europe (5.05 per
100,000 in Norway) and North America (2.86 per 100,000 in
the United States). The incidence rate was also accelerating in
the newly industrialized countries of Asia, South America, and
Africa in the 21st century (Ng et al., 2018). In addition to antiinflammatory and immunomodulatory therapies, mucosal
healing, which is closely related to long-term remission and
prevention of recurrence, might be another goal of IBD
therapy (Bernstein, 2015).

ABBREVIATIONS: ATF6, activating transcription factor 6; BrdU, bromodeoxyuridine; CCK-8, cell counting kit-8; CHOP, CCAAT/enhancer-binding
protein homologous protein; DAI, disease activity index; DAPI, 4,6-diamidino-2-phenylindole; DSS, dextran sulfate sodium; EdU, 5-ethynyl-29deoxyuridine; EGFP, enhanced GFP; ER, endoplasmic reticulum; ERS, endoplasmic reticulum stress; FITC, fluorescein isothiocyanate; GPER, G
protein–coupled estrogen receptor; GRP78, glucose-regulating peptide 78; IBD, inflammatory bowel disease; IRE1, inositol requiring enzyme 1;
ISC, intestinal stem cell; JAM-1, junctional adhesion molecule 1; Lgr5, leucine-rich repeat containing G protein–coupled receptor 5; Lgr5-EGFP,
Lgr5-EGFP-IRES-CreERT2; Muc-2, Mucin-2; PAS, periodic acid–Schiff; PERK, double-stranded RNA-dependent protein kinase–like ER kinase;
PVDF, polyvinylidene difluoride; TA, transit amplifying; TG, thapsigargin; TJ, tight junction protein; UC, ulcerative colitis; UPR, unfolded protein
response.
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(Jacenik et al., 2019b). Here we aimed to explore the effect of
GPER on acute colitis and its possible mechanism, rather
than the gender differences, on GPER function. Therefore,
to exclude the possibility that the effect we found might be
due to potential changes in estrogen levels, we established
the dextran sulfate sodium (DSS)–induced UC model in
male mice.

Materials and Methods
Animals. Male C57BL/6 mice were purchased from the Animal
Center of Shandong University. The Lgr5-EGFP-IRES-CreERT2
(Lgr5-EGFP) mice, which were obtained from the Model Animal
Research Center of Nanjing University (Nanjing, China), are
generated by integrating an enhanced GFP (EGFP)–IRES-CreERT2
cassette at the ATG codon of leucine-rich repeat containing G
protein–coupled receptor 5 (Lgr5) (Barker et al., 2007). The Lgr5positive intestinal stem cells of Lgr5-EGFP mice could be specifically
labeled with GFP immunofluorescence staining. Each box contained
four mice, which were housed under a 12-hour dark-light cycle in
a temperature-controlled room. Mice had free access to food and
water unless specified otherwise in the text. All animal experiments
were approved by Medical Ethics Committee for Experimental
Animals, Medical School, Shandong University (Shandong, China)
(Ethics Statement number LL-201502061).
Creation of the Acute Colitis Model and Study Protocol.
Colitis was induced by administration of 2.5% DSS (molecular weight,
36,000–50,000; MP Biomedicals, Santa Ana, CA) dissolved in drinking
water and given for 7 consecutive days, as described previously
(Takagi et al., 2019). During animal model preparation, each mouse
was given 8 ml of water daily with or without DSS. According to the
requirement of the in vivo experiment, several groups were created:
control group (tap water, 0.2 ml of 1% DMSO, i.p), DSS group
(2.5% DSS in drinking water, 0.2 ml of 1% DMSO, i.p.), DSS + G-1
(selective GPER agonist) group (2.5% DSS in drinking water, G-1
30 mg kg21 in 0.2 ml of 1% DMSO, i.p.), and DSS + G-1 and G15
(selective GPER blocker) group (2.5% DSS in drinking water, G-1
30 mg kg21 in 0.1 ml of 1% DMSO, and G15 300 mg kg21 in 0.1 ml of
1% DMSO, i.p.) (Li et al., 2016; Chai et al., 2019). In addition, control
mice were administered G-1 (30 mg kg21) for 7 days to evaluate the
effect of G-1 on the physiologic proliferation of crypt cell. All the
intraperitoneal injections were performed at 9:00 AM every day.
Preliminary experiments showed that intraperitoneal injection of this
dose of DMSO had no effect on the colon.
Mice were monitored daily for weight, stool consistency, and fecal
bleeding. The disease activity index (DAI) for colitis was evaluated by
weight loss, stool consistency, and blood in stools (Takagi et al., 2019).
Animals were deeply anesthetized with 4% to 5% isoflurane on day 7,
and the entire colon was collected and its length measured. The distal
colon was fixed in 4% paraformaldehyde for 24 hours and embedded in
paraffin for histology, or frozen quickly in liquid nitrogen for Western
blotting. Finally, mice were euthanized by inhaling excessive
isoflurane.
H&E Staining. Paraffin slices (4 mm) of the distal colon were
stained with H&E following the manufacturer’s instructions. An
epithelium score and infiltration score were calculated according to
a scoring system described previously (Hausmann et al., 2007)
(Table 1). The histology score was the sum of the epithelium score
and infiltration score. A higher score denoted more severe damage.
Measurements were made by an observer blinded to the experimental
protocol. Three measurements were taken and a mean value obtained.
Immunohistochemical and Immunofluorescence Assays.
Paraffin sections (4 mm) of the distal colon were dewaxed and
rehydrated. Then, they were immersed in 10 mM citrate buffer (pH
6.0) and heated in a microwave oven for antigen retrieval. Endogenous
peroxidase activity was quenched by incubation with 3% H2O2 for
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Growing evidence links endoplasmic reticulum stress (ERS)
and UC (McGuckin et al., 2010; Bogaert et al., 2011). ERS
means the accumulation of unfolded/misfolded proteins in the
endoplasmic reticulum (ER) lumen, which dissociates glucoseregulating peptide 78 (GRP78) from ER-localized transmembrane protein sensors—inositol requiring enzyme 1 (IRE1),
double-stranded RNA-dependent protein kinase–like ER kinase (PERK), and activating transcription factor 6 (ATF6)—
thereby activating the unfolded protein response (UPR)
(McGuckin et al., 2010). Physiologic activation of UPR is an
adaptive response for mammalian animals to restore ER
homeostasis and maintain epithelial homeostasis (Kaser and
Blumberg, 2010). Conversely, prolonged and unmitigated
ERS causes mucosal inflammation in UC via multiple mechanisms, such as increased colonic epithelium apoptosis, decreased mucin secretion of goblet cells, and injury of intestinal
epithelial stemness and, consequently, impairs mucosal barrier function and mucosal innate immunity (McGuckin et al.,
2010; Cao, 2016; Liu et al., 2018). Modulation of ERS and UPR
is a potential therapeutic target for UC, and its protective
effect upon the epithelial cell is worthwhile (Wu et al., 2010;
Bernstein, 2015; Désir-Vignéet al., 2018).
Estrogen plays a crucial role in UC by binding to specific
estrogen receptors, the classic nuclear estrogen receptor and
membrane estrogen receptor (Harnish et al., 2004; Bábícková
et al., 2015; Jacenik et al., 2019b). The abnormal expression of
various estrogen receptors in the colon of patients with UC
was not completely the same, suggesting estrogen receptor
mediated the effect of estrogen in colitis through a specific
signaling pathway (Jacenik et al., 2019b). ERb was involved in
the architectural maintenance of the colon (Wada-Hiraike
et al., 2006), and its activation protected against colitis and
colitis-associated neoplasia in mice (Saleiro et al., 2012;
Goodman et al., 2017), whereas ERa deletion protected
against colitis development (Goodman et al., 2017; Mohammad et al., 2018). The membrane estrogen receptor, G
protein–coupled estrogen receptor (GPER), is expressed in
the colon (Li et al., 2016); its activation mediates rapid
intracellular transduction of signals, known as “nongenomic
effects” (Prossnitz and Barton, 2014). Very recently, van der
Giessen J et al. provided evidence that estrogen improved the
barrier function in cultured Caco-2 cells by reducing ERS (van
der Giessen et al., 2019). GPER is located not only on the
plasma membrane but also the membrane of the ER (Revankar et al., 2005); its activation caused inhibition or promotion
of cell apoptosis/death by regulating ERS with a celldependent pattern (Kooptiwut et al., 2014; Han et al., 2019;
Lee et al., 2019; Vo et al., 2019). In colorectal cancer cells,
GPER took part in cell cycle regulation, proliferation, apoptosis, cell migration, and the regulation of ERS (Jacenik et al.,
2019a). GPER activation protected proliferation of jejunum
crypt cells from ischemia–reperfusion injury (Chai et al.,
2019). Rapid proliferation of crypt cells is essential for intact
intestinal epithelial barrier. GPER might be an estrogen
receptor involved in the epithelial homeostasis in UC
(Włodarczyk et al., 2017; Jacenik et al., 2019b). However,
there are no direct studies confirming the role of GPER in
colitis.
Fluctuation of estrogen in female animals during the estrus
cycle affected GPER expression (Spary et al., 2013; Cheng
et al., 2014). Moreover, dysregulation of GPER expression
showed gender and age dependence in patients with UC
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TABLE 1
Scoring system for histologic assessment of colitis (from Hausmann et al., 2007)
Epithelium

Score

Normal morphology
Loss of goblet cells
Loss of goblet cells in large areas
Loss of crypts
Loss of crypts in large areas
Infiltration
No infiltrates
Infiltrate around crypt basis
Infiltrate reaching to lamina muscularis mucosae
Extensive infiltration reaching the lamina muscularis mucosae and thickening of mucosa with severe edema
Infiltration of the lamina submucosa

0
1
2
3
4

10 ml per microgram of tissue and 100 ml per well of cells to lyse the
tissue or cell. Tissue and cell proteins were extracted, and the protein
concentration was measured using a Bicinchoninic Acid Protein Assay
kit (Beyotime Institute of Biotechnology, Beijing, China). About 40 mg
tissue protein or 20 mg cellular protein was used per lane. Protein
extracts were separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore, Bedford, MA). Then, PVDF membranes were
rinsed and blocked with 5% nonfat dry milk for 2 hours at room
temperature. PVDF membranes were incubated overnight with specific
primary antibodies at 4°C.
The primary antibodies were mouse polyclonal anti–b-actin (1:
5000; 66009-1-Ig; Proteintech), rabbit polyclonal anti–cyclin D1 (1:
10000; ab134175; Abcam), rabbit polyclonal anti–cyclin B1 (1:1000,
ab181593; Abcam), rabbit polyclonal anti-GRP78 (1:1000; 11587-1-Ap;
Proteintech), mouse polyclonal anti–CCAAT/enhancer-binding protein homologous protein (CHOP; 1:1000; 2895S; Cell Signaling
Technology), rabbit polyclonal anti-PERK (1:800; AF5304; Affinity
Biosciences, Columbus, OH), rabbit polyclonal anti–phosphorylated
PERK (1:800; DF7576; Affinity Biosciences), rabbit polyclonal antiIRE1a (1:1000; 3294; Cell Signaling Technology), rabbit polyclonal
anti–phosphorylated IRE1a (1:1000; ab48187; Abcam), and rabbit
polyclonal anti-ATF6 (1:1000; 24169-1; Proteintech).
The next day, after washing with Tris-buffered saline with Tween
20, PVDF membranes were incubated with peroxidase-conjugated
goat anti-rabbit IgG (1:5000; SA00004-8; Proteintech) or peroxidaseconjugated goat anti-mouse IgG (1:5000; SA00001-1; Proteintech) for
1 hour at room temperature. Bands were visualized with BeyoECL
Plus (Beyotime Institute of Biotechnology) and quantified using
a ChemiDoc XRS system and ImageLab (Bio-Rad Laboratories,
Hercules, CA) by comparison with the intensity of an internal control.
TUNEL Assay. The TUNEL assay was employed to assess apoptosis using an In-Situ Cell Death Detection kit (Roche, Basel, Switzerland). After dewaxing and rehydration, paraffin-embedded tissue
sections were treated with protease K solution (20 mg/ml in 1 PBS) for
30 minutes at 37°C. Then, 3% H2O2 was used to inhibit endogenous
peroxidase activity. Next, sections were washed with PBS and incubated
with a TUNEL reaction mixture for 60 minutes at 37°C. Nuclei were
counterstained with DAPI. Under a fluorescence microscope (Nikon,
Tokyo, Japan), two 200 fields were captured randomly for each section
to obtain the mean percentage of TUNEL-positive cells per field. Measurements were made by an observer blinded to the experimental protocol.
Culture and Treatment of Cells In Vitro. Normal human
colonic epithelial cells (CCD841 cells) were purchased from Beijing
Beina Chuanglian Biotechnology Institute (Beijing, China) and were
used to identify the effect of G-1 on ERS-induced cell injury. Cells were
cultured in 4.5 g/l glucose–Dulbecco’s modified Eagle’s medium with
10% fetal calf serum, 100 U/ml penicillin, and 100 mg/ml streptomycin
in humidified air containing 5% CO2 at 37°C.
Preliminary experiments showed that thapsigargin (TG) stimulation for 6 hours upregulated the GRP78 and CHOP expression in
CCD841 cells in a dose-dependent manner (data not shown).
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30 minutes. After rinsing with PBS, the sections were blocked with
normal goat serum (ZSGB-BIO, Beijing, China) for 30 minutes.
For immunohistochemical assays, sections were incubated with
rabbit polyclonal anti–junctional adhesion molecule 1 (JAM-1) (1:200;
ab180821; Abcam, Cambridge, UK), rabbit polyclonal anti-occludin (1:
200; ab168986; Abcam), rabbit polyclonal anti–mucin-2 (1:100; SC515032; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal
anti-Ki67 (1:300; 12202S; Cell Signaling Technology, Danvers, MA),
mouse polyclonal anti-bromodeoxyuridine (BrdU; 1:300; 66241-1-Ig;
Proteintech, Chicago), or rabbit polyclonal anti–cleaved caspase-3 (1:
300; 9661S; Cell Signaling Technology) at 4°C overnight followed by
biotin-labeled secondary antibodies (ZSGB-BIO) for 1 hour at 37°C.
Fifteen minutes after labeling with streptomyces avidin peroxidase
(ZSGB-BIO) at room temperature, tissues sections were visualized
using a 3,39-diaminobenzidine tetrahydrochloride kit following the
manufacturer’s (ZSGB-BIO) protocols. Nuclei were counterstained
with hematoxylin. Measurements were undertaken by an observer
blinded to the experimental protocol.
To colocate GPER and Lgr5-positive intestinal stem cells (ISCs),
double immunofluorescence was carried out on sections from Lgr5EGFP mice. Sections were incubated with rabbit polyclonal antiGPER (1:50; GTX107748; GeneTex, Irvine, CA) and chicken polyclonal
anti-GFP (1:500; GFP-1010; Aves Laboratories, Davis, CA). This was
followed by incubation with secondary antibodies against rhodamine
(Tetramethyl Rhodamin Isothiocyanate )–conjugated goat anti-rabbit
IgG (1:50; SA00007-2; Proteintech) and Alexa Fluor 488–labeled goat
anti-chicken IgG (1:1000; 1691381; Invitrogen, Carlsbad, CA) in
a humid box for 60 minutes in the dark at 37°C. Nuclei were
counterstained with 4,6-diamidino-2-phenylindole (DAPI; Solarbio
Life Sciences, Beijing, China).
Periodic Acid–Schiff Staining. Periodic acid–Schiff (PAS)
staining was done according to the protocol of a PAS kit (Maixin
Biotechnology, Fuzhou, China). Briefly, sections were incubated with
0.5% PAS solution for 10 minutes. After washing with water, sections
were stained with Schiff solution for 10 minutes. Nuclei were counterstained with hematoxylin.
Measurement of Intestinal Permeability In Vivo. Intestinal
permeability in vivo was evaluated according to the concentration of
fluorescein isothiocyanate (FITC)–dextran (molecular weight, 4000
Da; Sigma-Aldrich, Saint Louis, MO) in blood. After 6 days of DSS
administration, mice were fasted overnight. The next morning, mice
underwent gavage with FITC-dextran (400 mg/kg body weight,
dissolved in PBS at 100 mg/ml) 4 hours before collecting the blood.
After deep inhalation anesthesia with isoflurane, blood samples were
drawn from the orbit and centrifuged to collect serum. The FITCdextran concentration in serum was determined by a microplate
reader (Molecular Devices, Silicon Valley, CA) at an excitation
wavelength of 488 nm and emission wavelength of 520 nm.
Protein Extraction and Western Blotting. Colon tissue or
CCD841 cells cultured in a 6-well plate were placed into the Eppendorf
tubes. RIPA lysate (Solarbio Life Sciences, Beijing, China) containing
1 mM PMSF and 1 mM phosphatase inhibitor was added at a dose of

0
1
2
3
4
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Therefore, we chose the intermediate concentration of TG (0.5 mM)
to stimulate CCD841 cells in vitro for 6 hours to induce ERS.
CCD841 cells were cultured in 6-, 24-, or 96-well plates with a density
of 1  105/ml; 1 ml/well was added to the 6-well plate, 300 ml/well was
added to the 24-well plate, and 100 ml/well was added to the 96-well

plate. Cells were stimulated with TG in the presence or absence of G-1 (1027
M) for various times. The negative control was treated with 0.05% DMSO
only. The final DMSO concentration of each group was 0.05%.
Cell Counting Kit-8 Assay. A Cell Counting Kit-8 (CCK-8) kit
(MedChemExpress, Monmouth Junction, NJ) was used to detect the
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Fig. 1. GPER activation prevented DSS-induced colitis in mice. (A) Body weight change during the disease process within the different experimental
groups (n = 8, **P , 0.01, ***P , 0.001, vs. DSS; $$P , 0.01, $$$P , 0.001, vs. DSS + G-1 + G15; #P , 0.05, ###P , 0.001, VS.DSS vs. DSS + G-1; &P ,
0.05, &&P , 0.01, &&&P , 0.001, VS.DSS + G-1 vs. DSS + G-1+G15). (B) DAI change during the disease process within the different experimental
groups (n = 8, ***P , 0.001, vs. DSS; $$P , 0.01, $$$P , 0.001, vs. DSS + G-1 + G15; ##P , 0.01, ###P , 0.001, VS.DSS vs. DSS + G-1; &&&P , 0.001,
VS.DSS + G-1 vs. DSS + G-1 + G15). (C) Representative photograph of the colon from each group. (D) The statistical chart of colon length within the
different experimental groups (n = 6, ***P , 0.001). (E) Representative images of colonic histology (H&E staining, scale bar = 100 mm). The black arrow
indicates mucosal ulceration and necrosis. The red arrow indicates destruction, necrosis of crypt, and inflammatory cells infiltrated into the submucosa.
(F) The statistical chart for histologic score within the different experimental groups (n = 8, ***P , 0.001). The mice were divided into four groups:
control, DSS group, DSS + G-1 treatment, and DSS + G-1 and G15 treatment. Data are expressed as means 6 S.E.M. or median. Statistical analyses
were performed by one-way ANOVA or the Kruskal-Wallis test followed by the Student-Newman-Keuls method.
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TABLE 2
Body weight of each group before and 7 days after DSS administration
Colitis was induced by adding DSS (2.5%) in the animals’ drinking water for 7 days.
Data are expressed as means 6 S.E.M. (n = 8).
Body weight (g)

Group
0 day

Control
DSS
DSS + G-1
DSS + G-1 + G15

21.99
21.45
21.71
22.04

6
6
6
6

0.54
0.26
0.29
0.10

7th day

23.36
17.36
19.11
17.48

6
6
6
6

0.48
0.28***
0.52#
0.21&&

P , 0.001, vs. control.
P , 0.05, vs. DSS.
P , 0.01, vs. DSS + G-1.

***
#

&&

on DSS-induced colitis was blocked by selective GPER antagonist G15 (Fig. 1).
Location of GPER in the Colonic Epithelium and
Change of GPER Expression in DSS-Induced Colitis.
To identify the GPER expression in the colonic epithelium, we
used the Lgr5-EGFP mice to costain the Lgr5+ stem cell and
GPER. GPER was expressed in the Lgr5+ stem cell and
transit-amplifying (TA) cells in colonic crypt (Fig. 2A). GPER
expression significantly increased in acute colitis model,
whereas G-1 treatment did not affect its expression in colitis
(Fig. 2B).
GPER Activation Protected Colonic Mucosal Barrier
in DSS-Induced Colitis. Since disruption of mucosal barrier is the key pathologic change of colitis, next we tested the
effect of GPER activation on the mucosal barrier in the colitis
model. After DSS stimulation, expression of JAM-1 and
occludin (key components of tight junction proteins) decreased
obviously compared with that in the control group (Fig. 3, A
and B). The abnormal expression of JAM-1 and occludin in
mice suffering from colitis was ameliorated by G-1 administration (Fig. 3, A and B). Mucin-2 (Muc-2) secreted by goblet

Results
Activation of GPER Reduced the Severity of
DSS-Induced Acute Colitis. Mice receiving DSS exhibited
symptoms similar to colitis in humans: diarrhea, bloody stools,
and sustained weight loss. Administration of the selective
GPER agonist G-1 with DSS together alleviated all of these
symptoms, improved the DAI significantly, and inhibited
colon shortening (Fig. 1, A–D; Table 2). Mucosal erosions,
ulcerations, and infiltration with polymorphonuclear cells, as
well as distortion, destruction, and even disappearance of
crypts were found in mice suffering from colitis, all of which
were relieved by G-1 treatment, thereby resulting in a decline
in histology scores (Fig. 1, E and F). The protective effect of G-1

Fig. 2. Expression of GPER in colon epithelium and change of GPER
expression in colitis. (A) Immunofluorescence detection of GPER in crypt
from the Lgr5-EGFP mouse. The Lgr5+ intestinal stem cells were marked
by GFP. DAPI was used as a nuclear stain. The green arrow indicates the
GPER-positive Lgr5+ stem cell, and the yellow arrow indicates other
GPER-positive cells in crypt (scale bar: lower right quarter trace was 10
mm; others were 20 mm). (B) GPER expression in acute colitis model with
or without G-1 treatment (n = 4, **P , 0.01). Data are expressed as means
6 S.E.M. Statistical analyses were performed by one-way ANOVA
followed by the Student-Newman-Keuls method.
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effect of G-1 treatment on the number of viable CCD841 cells after TG
stimulation. CCD841 cells were cultured in a 96-well plate and
grouped according to the methods mentioned above. Ten microliters
CCK-8 reagent was added to each well at the indicated time and
further cultured for 2 hours at 37°C. Zero, 6, 24, 48, and 72 hours after
G-1 treatment, the optical density value of each well was measured at
450 nm with a microplate reader according to the kit instructions to
evaluate the cell survival. The higher the optical density, the more
living cells.
Labeling with 5-Ethynyl-29-Deoxyuridine in Cultured
CCD841 Cells. To assess the effect of GPER activation upon proliferation of CCD841 cells under ERS, the proliferation of CCD841
cells cultured in 24-well plates was detected by an 5-ethynyl-29deoxyuridine (EdU) Cell Proliferation Assay kit (Ruibo Biotech,
Guangzhou, China) 48 hours after G-1 administration. Briefly,
50 mM EdU was added to the culture medium 3 hours before testing.
Cells were fixed and permeabilized, and EdU staining was done
according to the manufacturer’s protocols. To count the total number
of cells, cells were incubated with 1 mg/ml Hoechst 33342 (Ruibo
Biotech) for 30 minutes at room temperature. For each sample, three
200 fields were selected randomly under a fluorescence microscope
(Nikon), the proportion of EdU-positive cells to Hoechst-positive ones
calculated, and the mean value taken.
Drugs and Chemicals. G-1 was purchased from ApexBio (Houston, TX). G15 was obtained from Cayman Chemicals (Ann Arbor, MI).
DSS was purchased from MP Biomedicals (Santa Ana, CA). TG was
obtained from Sigma-Aldrich. Isoflurane was obtained from RWD Life
Science (Shenzhen, China).
Statistical Analyses. Except for data that did not conform to
a normal distribution, data were expressed as means 6 S.E.M.
Unpaired t tests were used to compare differences between two
groups. One-way analysis of variance followed by the Student–
Newman–Keuls method was employed for multiple-group comparisons. The Kruskal–Wallis test followed by the Student–Newman–
Keuls test was used for data with a nonnormal distribution. P , 0.05
was considered significant.
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cells is the major component of the mucus barrier. PAS
staining and Muc-2 staining revealed decreased goblet cells
and reduced mucus layer in the colitis model. G-1 treatment
significantly improved mucous layer in colitis mice and
upregulated the number of Muc-2–positive goblet cells per
crypt in mice suffering from colitis (Fig. 3, C–E). Accordingly,
the increased colonic mucosal permeability in mice afflicted
with colitis was restored by G-1 treatment (Fig. 3F).
GPER Activation Depressed ERS and UPR in Acute
Colitis. The intestinal epithelial cells, particularly secretory
cells, are susceptible to ERS, and enlarged ERS is involved in
mucosal barrier disruption in UC (Kaser et al., 2010;
McGuckin et al., 2010). Compared with that in the control
group, we found upregulation of GRP78 and CHOP expression

in the colonic tissue of the UC model, as well as the activity of
PERK, IRE1a, and expression of ATF6, suggesting the
enlarged ERS and UPR activation induced by colitis. Both
the upregulation of GRP78 and CHOP expression and the
activation of all three arms of UPR in mice afflicted with colitis
were inhibited by G-1 treatment (Fig. 4).
GPER Activation Reduced Apoptosis of Crypt Cells
and Protected the Proliferation of Crypt Cells in
DSS-Induced Colitis. Histologic staining showed that the
apoptosis of colonic epithelial cells in the colitis model was
significantly increased, and the apoptotic cells were mainly
distributed in the lower part of the crypt (Fig. 5, A and C). G-1
treatment alleviated the increase in the number of cleaved
caspase-3–positive cells and TUNEL-positive cells in the
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Fig. 3. GPER activation protected colonic mucosal barrier
in DSS-induced colitis. (A) Immunohistochemical staining
for JAM-1 in distal colon for each group (scale bars: 50 mm).
(B) Immunohistochemical staining for occludin in distal
colon for each group (scale bars: 50 mm). (C) Representative
photographs of colon sections stained for mucous layers
with PAS staining for each group (scale bars: 50 mm). (D)
Representative images for immunohistochemical staining
of Muc-2 in distal colon for each group (scale bars: 50 mm).
(E) Statistical chart of (D) (n = 6 mice per group, five crypts
were randomly calculated in each section in a blinded
fashion, and the average value was obtained; **P , 0.01,
***P , 0.001). (F) Effect of G-1 treatment on colonic
mucosal permeability in colitis mice. The permeability was
evaluated by FITC-dextran concentration in serum. The
mice received an oral gavage of FITC-dextran (400 mg/kg) 4
hours before collecting blood, and serum FITC-dextran
concentrations were determined to reflect the colonic
mucosal permeability (n = 8, **P , 0.01). The mice were
divided into three groups: control, DSS treatment group,
and DSS + G-1 treatment. Data are expressed as means 6
S.E.M. Statistical analyses were performed using one-way
ANOVA followed by the Student-Newman-Keuls method.
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Fig. 4. GPER activation inhibited the ERS and UPR in DSSinduced colitis. (A) Effect of G-1 treatment on GRP78
expression in colitis (the figure above was the original one,
and the figure below was the statistical one; n = 4, **P ,
0.01). (B) Effect of G-1 treatment on CHOP expression in
colitis (the figure above was the original one, and the figure
below was the statistical one; n = 4, ***P , 0.001, **P ,
0.01). (C) Effect of G-1 treatment on PERK activity in colitis
(the figure above was the original one, and the figure below
was the statistical one; n = 4, *P , 0.05). (D) Effect of G-1
treatment on IRE1a activity in colitis (the figure above was
the original one, and the figure below was the statistical one;
n = 4, **P , 0.01, ***P , 0.001). (E) Effect of G-1 treatment
on ATF6 expression in colitis (the figure above was the
original one, and the figure below was the statistical one; n =
4, **P , 0.01, ***P , 0.001). The mice were divided into
three groups: control, DSS treatment group, and DSS + G-1
treatment. Data are expressed as means 6 S.E.M. Statistical
analyses were performed using one-way ANOVA followed by
the Student-Newman-Keuls method.
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Consistently, downregulation of expression of cyclin D1
induced by ERS was inhibited 12 hours after G-1 treatment
in vitro (Fig. 8, D and E).

Discussion
UC is a common and recurrent disease, and its incidence is
increasing worldwide (Ng et al., 2018). We demonstrated that
selective GPER agonist G-1 inhibited weight loss, colon
shortening, and histologic injury in mice with acute colitis
and improved the DAI significantly. All these effects were
abrogated in the presence of a selective GPER antagonist.
Further studies showed that GPER activation depressed the
enlarged ERS and UPR during acute colitis, thereby inhibiting the mucosal barrier disruption by protecting colonic
crypt cells.
Estrogen modulates gut inflammation by acting on a variety
of estrogen receptors, but reports about its effect on colitis
seemed inconsistent. Males were more prone to colitis (Bernstein et al., 2006; Bábícková et al., 2015), and hormonal
replacement therapy had a protective effect for disease
activity in postmenopausal women with IBD (Kane and
Reddy, 2008). In contrary, there was a report that estrogen
supplement increased the risk of UC in postmenopausal
women (Khalili et al., 2012). The diversity of estrogen
receptor types is related to the complexity of estrogen action,
and different estrogen receptor activation might mediate
different or even completely opposite effects (Harnish et al.,
2004; Kumral et al., 2014; Jacenik et al., 2019b). Compared
with estrogen, G-1 selectively activates GPER-dependent

Fig. 5. G-1 treatment reduced the epithelial cell apoptosis in DSS-induced colitis model. (A) Representative immunohistochemical staining of cleaved
caspase-3 (brown) in colonic mucosa for each group (scale bar: 20 mm). (B) Bar graphs to analyze the cleaved caspase-3–positive cells per crypt within the
different experimental groups. For each mouse, five colonic crypts were randomly calculated in each section in a blinded fashion, and the average value
was obtained (n = 5, ***P , 0.001). (C) Representative images for TUNEL staining in colonic mucosa for each group (scale bar: 50 mm). (D) Bar graphs to
analyze the TUNEL-positive cells per 200 field within the different experimental groups. Percentage of TUNEL-positive cells was counted for each
slice under two random fields (200) in a blinded fashion, and the average was calculated (n = 5 mice per group, ***P , 0.001). The mice were divided
into three groups: control, DSS group, and DSS + G-1 treatment. Data are expressed as means 6 S.E.M. or medians. Statistical analyses were performed
using one-way ANOVA or the Kruskal-Wallis test followed by the Student-Newman-Keuls method.
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crypts of mice suffering from colitis (Fig. 5, A–D). Compared
with the control group, the number of proliferating cells in
crypts (measured by Ki67 staining) and the number of S-phase
cells in crypts (measured by BrdU staining) decreased significantly in the colitis group (Fig. 6, A and B). G-1 administration reversed the reduction in the number of Ki67-positive
cells and S-phase cells in mice suffering from colitis (Fig. 6, A
and B). In accordance with immunohistochemical staining
results, G-1 reversed downregulation of cyclin D1 and cyclin
B1 expression in mice suffering from colitis (Fig. 6, C–E). The
number of Ki67-positive cells in the crypt showed an increasing trend 7 days after G-1 administration in control
mice, but no statistical significance was found (Fig. 6F).
GPER Activation Fought Against the ERS-Induced
Cell Injury In Vitro. To further elucidate the protective
effect of GPER activation on cells by inhibiting ERS, we
established a TG-induced ERS model using CCD841 cells. G-1
administration reduced TG-induced upregulation of GRP78
and CHOP expression significantly (Fig. 7). In the ERS model,
compared with the control group, the number of living cells
detected by the CCK-8 method was significantly decreased at
24, 48, and 72 hours, whereas G-1 treatment improved the
decreasing of living cells induced by ERS, which was most
significant at 48 hours after G-1 treatment (Fig. 8C). Accordingly, analyses of EdU incorporation showed that the
percentage of EdU-positive cells decreased from 56.25% 6
3.092% to 26.25% 6 2.287% in the ERS group compared with
that in the control group (Fig. 8, A and B). Forty-eight hours
after G-1 treatment in the ERS group, the percentage of EdUpositive cells increased to 44.5% 6 1.658% (Fig. 8, A and B).
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Fig. 6. G-1 treatment protected the crypt cell proliferation in DSS-induced colitis. (A) Representative figures for Ki67 staining (scale bar: 50 mm) and
statistical chart of Ki67-positive cells per crypt. Five colonic crypts were randomly calculated in each section in a blinded fashion, and the average value
was obtained (n = 6, ***P , 0.001). (B) Representative figures for BrdU incorporation in crypt in colon (scale bar: 50 mm) and statistical chart of BrdUpositive cells per crypt. Five colonic crypts were randomly calculated in each section in a blinded fashion, and the average value was obtained (n = 6,
**P , 0.01, ***P , 0.001). (C) Representative Western blot photographs for cyclin D1 and cyclin B1. (D) Densitometry analysis of cyclin D1 in colonic
tissue within the different experimental groups (n = 4, **P , 0.01, ***P , 0.001). (E) Densitometry analysis of cyclin B1 in colonic tissue within the
different experimental groups (n = 4, *P , 0.05, **P , 0.01). (F) Statistical chart of Ki67-positive cells per crypt after G-1 treatment in control mice. Five
colonic crypts were randomly calculated in each section in a blinded fashion, and the average value was obtained. In addition to (F), mice were divided
into three groups: control group, DSS group, and DSS group. In (F) mice were divided into control and control + G-1 group. Data are expressed as means
6 S.E.M. Statistical analyses were performed using one-way ANOVA followed by the Student-Newman-Keuls method or unpaired t test.

downstream signaling pathway, making its effects more
precise and easily controlled. In addition, GPER activation
lacks the feminizing effects associated with agonists of the
nuclear estrogen receptor activation. GPER may be a better
therapeutic target for UC. Here, with a DSS-induced acute

colitis model, we found that G-1 treatment prevented the
development of clinical symptoms in colitis, such as weight
loss, shortened colon length, hemorrhagic diarrhea, and
morphologic changes. Its effect was blocked by selective
GPER antagonist G15. In line with previous report from
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patients with UC (Jacenik et al., 2019b), we found that GPER
expression increased significantly in the acute colitis model.
Unlike the report in the mouse model of Crohn’s disease
(Jacenik et al., 2019c), G-1 treatment did not inhibit the
upregulation of GPER expression in colitis. The difference
might be related to the mice, pathologic model, and the
method of drug administration. It seemed that the upregulation of GPER expression might be an adaptive response of
UC and that the protective effect of G-1 on colitis was
achieved by activating the downstream signaling pathway
of GPER.
Colitis is characterized by contiguous inflammation of the
colonic lamina propria, followed by injury and disruption of
the mucosal barrier, including physical barrier of intestinal
epithelial cells joined by tight junction proteins (TJs) and the
mucus barrier (Turner, 2009). Consistent with a previous
report (Ma et al., 2018), the expression of JAM-1 and occluding
(the main type of TJs) was diminished considerably in mice
suffering from colitis, whereas G-1 protected the TJs’ expression in the colitis. Patients with UC displayed decreased
numbers of goblet cells and impaired formation of mucin
granules (McGuckin et al., 2011). G-1 treatment improved the
disruption of mucus layers and inhibited the decreasing of
Muc-2–positive cells significantly in the colitis model, suggesting its beneficial effect on goblet cells. Consistent with these
morphologic changes, G-1 treatment in vivo inhibited the
increase of colonic permeability in the colitis model significantly. The mucosal barrier dysfunction facilitates invasion by
intestinal microorganisms, resulting in a rapid and profound
inflammatory immune response, colonic mucosal inflammation, and even life-threatening bacterial translocation (Fink
and Delude, 2005; Turner, 2009). GPER activation protected
the jejunal mucosal permeability in ischemia reperfusion
injury (Chai et al., 2019) and blood-brain barrier permeability
in cerebral ischemia (Lu et al., 2016). It is reasonable to
conclude that the beneficial effects of GPER on colitis were
related to protecting the mucosal barrier.
Intestinal epithelial cells, especially the high secretory cells,
are susceptible to ERS because they require a fine monitoring
and management of the ER to avoid the accumulation of

unfolded/misfolded proteins (Cao, 2016). The increased ERS
localized mainly in the epithelial lining of the gut rather than
in the recruited inflammatory cells in tissue samples from
patients with IBD (Bogaert et al., 2011), which was associated
with increased intestinal permeability (Wu et al., 2010), and
alleviating ERS helps to prevent epithelial barrier dysfunction (Désir-Vigné et al., 2018). The upregulation of ERS
marker GRP78 and CHOP expression, as well as the activity
of PERK, IRE1a, and ATF6 expression, was inhibited by G-1
treatment, indicating the inhibitory effect of GPER on ERS
and UPR during acute colitis. Prolonged or severe ERS
induces the apoptosis of intestinal epithelial cells by activation of the proapoptotic UPR and the transcription factor
CHOP (Oyadomari and Mori, 2004; Wu et al., 2010; Tabas and
Ron, 2011). G-1 administration reduced the number of
caspase-3–positive cells and the number of TUNEL-positive
cells in the crypt in DSS-induced colitis. Similar to previous
reports (Iwamoto et al., 1996; Dirisina et al., 2011), the
increased apoptosis of colonic epithelial cells in colitis mice
occurred mainly in the lower crypt of the colon, occupied by
Lgr5+ ISCs and TA cells. The Lgr5+ intestinal stem cells divide
asymmetrically to produce TA cells, which divide continuously
and differentiate into mature intestinal epithelial cells
(Barker, 2014). Rapid proliferation of Lgr5+ ISCs and TA cells
is the key for regeneration and repair of intestinal mucosal
barrier. The apoptosis of crypt cells may inhibit mucosal
healing by affecting the proliferation ability of crypt cells
(Kraft et al., 2017; Désir-Vigné et al., 2018; Liu et al., 2018).
We found that G-1 administration significantly inhibited the
reduction of Ki67- and BrdU-positive cells in the crypt of the
DSS group. Cyclin D1 is a regulator of the G1 to S transition in
cell cycle (Baldin et al., 1993), whereas cyclin B1 leads to
transition from G2 to M phases (Johansson and Persson,
2008). The downregulation of cyclin D1 and cyclin B expression in DSS treatment group was prevented by G-1, which
helped mucosal regeneration in DSS-induced colitis (Deng
et al., 2018). Increased apoptosis or impaired proliferation of
crypt cells is closely related to the destruction of intestinal
mucosal barrier (Araki et al., 2012; Su et al., 2013). Immunofluorescence staining showed GPER expressed in colonic
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Fig. 7. G-1 treatment inhibited the ERS in cultured CCD841 cells. (A) Representative Western blot photographs for GRP78 and CHOP expression in
cultured CCD841 cells. (B) The statistical chart of GRP78 expression within different experimental groups (n = 3, *P , 0.05, ***P , 0.001). (C) The
statistical chart of CHOP expression within different experimental groups (n = 3, **P , 0.01). CCD841 cells were treated with TG or TG + G-1. The
control group was treated with 0.05% DMSO only. Cells were stimulated with TG for 6 hours to induce ERS, and G-1 (1027 M) was administrated for 12
hours. Data are expressed as means 6 S.E.M. Statistical analyses were performed using one-way ANOVA followed by the Student-Newman-Keuls
method.
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crypt, including the Lgr5+ ISCs and TA cells, suggesting that
crypt cells might be a target of GPER. The beneficial effect of
GPER was realized by protecting the crypt cells in the colitis.
We found that G-1 administration did not affect the physiologic proliferation of crypt cells, although the number of Ki67positive cells in the crypt showed an increasing trend. This
reminded the protective effect of GPER on crypt cell might
achieved by interfering with colitis related pathologic processes rather than direct proliferative effect on crypt cell.
Enlarged ERS not only induced the apoptosis of epithelial
cells but also damaged proliferation of ISCs and the regeneration of intestinal epithelial cells (Liu et al., 2018).

Thus, we established an in vitro ERS model to explore whether
there was a causal relationship between inhibiting ERS and
protecting crypt cells induced by GPER activation. As in vivo,
G-1 decreased the upregulation of GRP78 and CHOP in the
TG-induced ERS model in cultured CCD841 cells. The CCK-8
test showed that ERS caused a decrease in living cells, which
was inhibited by G-1, indicating that GPER activation
inhibited the ERS-induced cell injury. Consistent with the
change of cell number, the inhibition of cell proliferation and
downregulation of cyclin D1 expression caused by ERS was
inhibited by G-1 treatment, too. Combined with in vivo and
vitro results, we concluded that GPER activation protected

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 8, 2023

Fig. 8. GPER activation inhibited the cell injury induced by ERS in vitro. (A) Fluorescence image of in vitro cultured CCD841 cells treated with EdU for
3 hours to show EdU-positive cells (red) in different groups (scale bar: 50 mm). The EdU incorporation test was performed 48 hours after G-1 treatment.
(B) Quantitative results of EdU incorporation test. For each sample, three 200 fields were randomly selected under fluorescence microscope, the
proportions of EdU staining–positive cells to Hoechst staining–positive ones was calculated by a blind observer, and the mean value was taken (n = 4,
**P , 0.01, ***P , 0.001). (C) Effect of G-1 on the number viable cells proliferation under ERS. The cell was evaluated by CCK-8 test (n = 3, *P , 0.05,
***P , 0.001, vs. TG; #P , 0.05, ##P , 0.01, vs. TG + G-1; &&& P , 0.001, vs. control). (D) Representative Western blots showed specific bands for cyclin
D1. The cells were collected for Western blot 12 hours after G-1 treatment. (E) The statistical chart for (D) within different experimental groups (n = 3,
*P , 0.05). CCD841 cells were treated with TG or TG + G-1. The control group was treated with 0.05% DMSO only. Cells were stimulated with TG for 6
hours to induce ERS, and the treatment time of G-1 (1027 M) was selected according to the experimental needs. Data are expressed as means 6 SEM.
Statistical analyses were performed using one-way ANOVA followed by the Student-Newman-Keuls method.
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