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Abstract 24 

Estrogen and its receptors are involved in the pathogenesis of gastrointestinal diseases such as 25 

colitis. However, the role of the membrane estrogen receptor G-protein–coupled receptor 30 26 

(GPR30) in colitis is poorly understood. We therefore investigated the effect of estrogen in dextran 27 

sulfate sodium (DSS)-induced colitis. Male C57BL/6 mice were administered 1.5% DSS for 5 days 28 

and treated with 17β-estradiol (E2), GPR30 agonist (G1), or GPR30 antagonist (G15) for 8 days. 29 

Inflammation grade was evaluated by disease activity index (DAI) and histomorphological score. 30 

Colon tissues were immunohistochemically analyzed and revealed high expression of membrane 31 

GPR30, histone 3 lysine 36 dimethylation, and lysine 79 trimethylation in normal mouse colon 32 

epithelial cells but significantly decreased expression in DSS-treated mice, whereas the expression 33 

was partially preserved after treatment with E2 or G1. Colon shortening and DAI were significantly 34 

lower in E2- and G1-treated mice compared to DSS-treated mice. Caudal type homeobox 2 (CDX2) 35 

expression and cell proliferation differed in normal colon epithelial cells but overlapped in those 36 

of DSS-treated mice. Administration of E2 and G1 reduced CDX2 expression and cell proliferation. 37 

Altered expression of claudin-2 and occludin were observed in the colonic epithelium of DSS-38 

treated mice, and these changes were significantly lower in the colon of E2- and G1-treated mice. 39 

These results indicate that estrogen regulates histone modification, cell proliferation, and CDX2 40 

expression through GPR30, which affects intestinal epithelial barrier function. We conclude that 41 

estrogen protects against intestinal epithelial damage through GPR30 by enhancing intestinal 42 

epithelial barrier function in DSS-induced colitis in mice. 43 

 44 

Keywords: Estrogen, GPR30, colitis, histone modification, CDX2 45 
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Introduction 47 

Inflammatory bowel disease (IBD) is an inflammation of the gastrointestinal tract caused 48 

by imbalances in several factors, including the environment, intestinal microbes, and epigenetic 49 

modifications (Ali et al. 2018; Dalal and Chang 2014). Numerous studies have investigated the 50 

pathways affected by inflammation as a target of potential epigenetic changes and their relationship 51 

to IBD pathogenesis (Mateos et al. 2019). Therefore, treating IBD via epigenetic regulation may 52 

be a promising target therapy. The incidence of ulcerative colitis, a type of IBD, is reportedly 53 

increasing and is associated with a more severe clinical course in males than females (Forss et al. 54 

2022; Shivashankar et al. 2017), suggesting that the sex hormone estrogen and its receptor may be 55 

involved (Bábíčková et al. 2015; Goodman et al. 2018; Verdú et al. 2002). The membrane estrogen 56 

receptor G-protein–coupled receptor 30 (GPR30) is expressed in the gastrointestinal tract and plays 57 

an important role in the physiology and pathophysiology of the colon, including conditions such 58 

as IBD (Jacenik et al. 2019; Zielińska et al. 2017). However, the functional role of GPR30 and its 59 

relationship to epigenetic regulation in colitis remain poorly understood. 60 

The pathogenesis of colitis begins with a leaky gut, which allows bacterial-derived 61 

compounds to enter the mucosa and trigger inflammation through the phosphatidylinositol-3-62 

kinase (PI3K) and mitogen-activated protein kinase/extracellular signal–regulated kinase 63 

(MAPK/ERK) signaling pathways (Chelakkot et al. 2018; Heller et al. 2008; Mankertz et al. 2009). 64 

Activation of these pathways results in increased expression of the transcription factor caudal type 65 

homeobox 2 (CDX2), which regulates intestinal barrier function (Kaimaktchiev et al. 2004; Suzuki 66 

et al. 2011). In addition, the expression of tight-junction proteins that maintain intestinal 67 

permeability is altered in ulcerative colitis compared to normal human colon (Tan et al. 2019). The 68 

change in CDX2 expression leads to the disruption of intestinal epithelial homeostasis (Luettig et 69 

al. 2015). Therefore, CDX2-targeted treatments could become promising novel therapies for IBD. 70 
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In this study, we investigated the protective role of estrogen by examining the function of 71 

GPR30, its involvement in epigenetic regulation, and the effect on CDX2 and impact on intestinal 72 

permeability in a dextran sulfate sodium (DSS) -induced colitis mouse model. First, we performed 73 

immunohistochemistry analyses to determine the localization of GPR30, histone 3 lysine 36 74 

dimethylation (H3K36me2), and histone 3 lysine 79 trimethylation (H3K79me3) in colon epithelial 75 

cells of DSS-treated mice. Expression of CDX2 and its co-localization with a marker of 76 

proliferating cells was examined using double immunofluorescence analysis. Finally, the 77 

expression of claudin-2 and occludin was analyzed to examine the effect of estrogen treatment on 78 

epithelial tight junction proteins.  79 

  80 
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Materials and methods 81 

Chemicals and biochemicals 82 

DSS (molecular weight 36,000-50,000) was purchased from MP Biomedicals (Solon, OH, 83 

USA); 17β-estradiol (E2), bovine serum albumin (BSA), 3-aminopropyl-triethoxysilane, and Brij 84 

L23 were obtained from Sigma-Aldrich (St. Louis, MO, USA); and GPR30 agonist (G1) and 85 

GPR30 antagonist (G15) were obtained from Tocris Bioscience (Bristol, UK). Paraformaldehyde 86 

(PFA) was purchased from Merck (Darmstadt, Germany); 3,3′-diaminobenzidine–4 HCl (DAB) 87 

was purchased from Dojindo Chemicals (Kumamoto, Japan), and all other chemicals used in this 88 

study were obtained from Fujifilm Wako Pure Chemicals (Osaka, Japan). 89 

 90 

Animals and tissue preparation 91 

Male C57BL/6 mice (8 weeks old) were used in this study (Japan SLC Inc.) and kept under 92 

constant 12-h dark/light conditions and fed standard chow with drinking water ad libitum with a 1-93 

week acclimation period. The experimental protocol was approved by the Animal Ethics Review 94 

Committee of the University of Miyazaki (2021-521-2). The experimental animals were divided 95 

into control, DSS, DSS+E2, DSS+E2+G15, DSS+G1, and DSS+G1+G15 groups; each group 96 

consisted of 3-5 mice. Drinking water containing 1.5% DSS was given for 5 consecutive days to 97 

induce acute colitis in the mice. On day 5, the DSS solution was replaced with drinking water and 98 

continued for 3 days. Control mice received normal drinking water. 99 

E2 powder was dissolved in 100% ethanol (EtOH) and administered with saline daily via 100 

intraperitoneal (i.p.) injection at 100 µg/kg body weight from 1 day before DSS was given until 101 

day 8. Control and DSS-treated mice received daily i.p. injections of EtOH in saline. G1 and G15 102 

powder was dissolved in dimethyl sulfoxide (DMSO)/saline. G1 was delivered by i.p. injection at 103 

1 mg/kg body weight, while the dose of G15 was approximately 7-fold excess to E2 and G1, as 104 
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described in a previous study (De Francesco et al. 2014). The disease activity index (DAI) score, 105 

consisting of scores for weight loss, stool consistency, and rectal bleeding, was evaluated every 2 106 

days (Gonçalves et al. 2013). Mice were sacrificed on day 8, the colon was removed from the 107 

cecum to the rectum, and then the length was measured. The colon was opened longitudinally, fixed 108 

in 4% PFA in PBS overnight at room temperature, and embedded in paraffin. 109 

 110 

Histological analysis 111 

Paraffin-embedded colon tissue was sectioned on a microtome at 4-µm thickness. The 112 

microscopic morphology of the tissue was analyzed by hematoxylin and eosin (HE) staining. 113 

Histomorphologic scoring was determined using three parameters: pathological crypt changes, 114 

extent of involvement in the hyperplastic epithelium, and infiltration of inflammatory cells (Cooper 115 

et al. 1993). 116 

 117 

Immunohistochemistry analysis 118 

Tissue sections were deparaffinized with toluene and rehydrated with a graded ethanol 119 

series before being autoclaved in 10 mM citrate buffer for 15 min at 120°C (pH 6.0) (Yamaguma 120 

et al. 2022; Yano et al. 2022). Endogenous peroxidase activity was blocked by incubation with 3% 121 

hydrogen peroxide (H2O2) in methanol for 15 min for the anti-GPR30 antibody and 0.3% H2O2 for 122 

other antibodies then rinsed with PBS three times for 5 min each. To block non-specific binding of 123 

antibodies, tissue sections were treated with 500 µg/ml of normal goat IgG and 1% BSA in PBS 124 

for 1 h. After blocking, the sections were reacted overnight with the following primary antibodies: 125 

GPR30 (Abcam, #ab39742), H3K36me2 (Cell Signaling, 2901), H3K79me3 (Cell Signaling, 126 

4260), CDX2 (Abcam, #ab76541), PCNA (Dako, M0879), claudin-2 (Abcam, #ab39742), and 127 

occludin (Abcam, #ab216327). The sections were then washed in 0.075% Brij/PBS and incubated 128 



 

7 
 

with horseradish peroxidase–labeled secondary antibodies (Dako, P0447, P0048) for 1 h. After 129 

washing with 0.075% Brij/PBS, sections were visualized using DAB and H2O2 (brown). For 130 

immunofluorescence analysis, sections were reacted with FITC-conjugated tyramide, Alexa-546–131 

conjugated goat anti-mouse IgG for PCNA, or Alexa-488–conjugated goat anti-rabbit IgG for 132 

CDX2 and then counterstained with DAPI (Choijookhuu et al. 2022; Shirouzu et al. 2022). As a 133 

negative control, a normal mouse and rabbit IgG were used at the same concentration instead of 134 

the primary antibody in each experiment. Microphotographs were taken using an Olympus DP74 135 

camera and Olympus BX53 light microscope (CellSens Imaging Software, version 3.1). 136 

Fluorescent micrographs were taken using DAPI (excitation 360 nm), FITC (excitation 470 nm), 137 

and TRITC (excitation 545 nm) filters with a Keyence BZ-X700 microscope. 138 

 139 

Quantitative analysis 140 

The ratio of membrane and nuclear expression of GPR30 was determined in 3 mice per 141 

experimental group. In each mouse, 6 micrographs including the middle and distal colon areas were 142 

used for quantitative analysis. Expression of GPR30, CDX2, claudin-2, and occludin (brown color 143 

in DAB staining) was measured using ImageJ software, version 1.53 (NIH, USA), with red color 144 

assigned to positive cells using WinROOF software, version 7.0 (Mitani, Tokyo, Japan). Five fields 145 

were randomly selected for analysis for each sample. Nuclear expression was measured by 146 

numbering each positive epithelial cell, and then the number of the marked area was calculated. 147 

For cell membranes, positive staining was evaluated based on the staining density over the level of 148 

staining in the control group. 149 

 150 

Statistical analysis 151 
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All data are expressed as the mean ± standard error of the mean (SEM). The One-way 152 

ANOVA test was used to determine statistical significance among the groups, set as p<0.05. We 153 

continued with the Tukey HSD test to analyze differences between groups.  The Statistical Package 154 

for Social Sciences (SPSS version 20, Chicago, IL, USA) was used for all analyses. 155 

  156 
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Results 157 

Estrogen treatment decreased the severity of inflammation in DSS-induced colitis 158 

A schematic representation of DSS-induce colitis in mice is shown in Figure 1a. Colon 159 

length was measured in all experimental groups to examine the gross morphological changes (Fig. 160 

1b). The DSS group showed the shortest colon length (5.5 ± 0.1 cm). The E2 and G1 administration 161 

groups (DSS+E2; DSS+G1) exhibited less shortening of the colon length (6.9 ± 0.2 cm and 7.0 ± 162 

0.1 cm, respectively), but the antagonist G15 administration groups (DSS+E2+G15; 163 

DSS+G1+G15) exhibited shortened colon length similar to that of the DSS treatment group (Fig. 164 

1c). The DAI score was higher in the DSS group (6.7 ± 0.2) compared to the control group. The E2 165 

and G1 treatment groups exhibited significantly lower DAI scores (3.1 ± 0.2 and 3.3 ± 0.1, 166 

respectively) than the DSS and antagonist groups (Fig. 1d). Histomorphological scores were also 167 

higher in the DSS (3.4 ± 0.1) and antagonist-treated groups compared with the control group. The 168 

histomorphological score was lower in the DSS+E2 (2.2 ± 0.1) and DSS+G1 treatment (1.95 ± 0.1) 169 

groups compared to DSS group (Fig. 1e, f), which confirmed that E2 and G1 protect against severe 170 

damage in DSS-induced colitis. 171 

 172 

Subcellular localization of GPR30 in DSS-induced colitis 173 

Immunohistochemical analysis was used to determine the subcellular localization of 174 

GPR30 in mouse colon epithelial cells. GPR30 expression was observed in the epithelial cell 175 

membrane and nucleus (Fig. 2a). Immunohistochemistry analysis revealed two distinct expression 176 

patterns of GPR30: predominantly in the cell membrane, and in the nucleus. In normal colon, 177 

GPR30 expression was mainly found in the cell membrane. Quantification of the 178 

immunohistochemistry results revealed that the membrane expression of GPR30 was reduced in 179 

the DSS (3762 ± 587 pixels) and antagonist groups compared with the control group (33820 ± 1545 180 



 

10 
 

pixels) (Fig. 2b). Positive cell nucleus localization of GPR30 expression was found predominantly 181 

in the DSS (122 ± 1) and antagonist groups, but the nuclear expression was lower in the control 182 

(23 ± 1), DSS+E2 (51 ± 2), and DSS+G1 (43 ± 1) groups (Fig. 2c). 183 

 184 

Alteration of histone methylation in DSS-induced colitis 185 

Our results indicated reduced H3K36me2 (Fig. 3a) and H3K79me3 (Fig. 3b) expression in 186 

the DSS group compared with the control group. In contrast, expression of both proteins was 187 

partially preserved in DSS mice treated with E2 or G1. The antagonist group also exhibited reduced 188 

H3K36me2 and H3K79me3 expression in epithelial cells. There were no significant differences in 189 

the expression of other dimethylated or trimethylated histones (H3K4me2, H3K9me2, H3K27me2, 190 

H3K79me2, H3K4me3, H3K9me3, H3K27me3, and H3K36me3; data not shown). 191 

 192 

CDX2 enhances cell proliferation in DSS-induced colitis 193 

CDX2 expression is restricted to the nucleus of colon epithelial cells, with decreasing 194 

expression in the distal part of the rectum. In the distal part of the colon, CDX2 is expressed only 195 

in the superficial cells of the crypts but deviates toward the crypt base in inflammatory states (Fig. 196 

4a). The number of CDX2-positive cells was significantly higher in the DSS group (99 ± 2) 197 

compared to the control group, but reduced in the DSS+E2 (51 ± 1) and DSS+G1 (47 ± 4) groups. 198 

The antagonist group also showed an increase in CDX2 expression (Fig. 4b). To examine the 199 

correlation between CDX2 expression and epithelial cell proliferation, double 200 

immunofluorescence analyses were performed using proliferative cell nuclear antigen (PCNA). In 201 

the control group, CDX2 and PCNA were differentially expressed, but their expression overlapped 202 

in areas of inflammation in the DSS and antagonist groups (Fig. 5). Increased expression of CDX2 203 

is associated with enhanced cell proliferation in DSS-induced colitis. 204 
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 205 

Altered expression of claudin-2 and occludin in DSS-induced colitis 206 

In colitis, increased intestinal permeability was shown to be correlated with claudin-2 207 

expression (Luettig et al. 2015). Therefore, we examined claudin-2 expression in all experimental 208 

groups (Fig. 6a). Increased expression of claudin-2 was observed in the DSS group (35006 ± 4922 209 

pixels) compared with the control group, but restrained in the DSS+E2 (15761 ± 1168 pixels) and 210 

DSS+G1 (19771 ± 1012 pixels) groups (Fig. 6b). 211 

Occludin is ubiquitously expressed in the epithelial cell membrane, localizing 212 

predominantly at apical junctions (Fig. 7a). After DSS treatment, the expression of occludin 213 

decreased compared to the control group. Occludin expression was disrupted in the DSS (3461 ± 214 

628 pixels) and antagonist groups. The abnormal expression of occludin was ameliorated by E2 215 

and G1 administration. The DSS+E2 and DSS+G1 treatment groups exhibited preserved occludin 216 

expression (14607 ± 1220 pixels and 12631 ± 1322 pixels, respectively) (Fig. 7b). 217 

  218 
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Discussion 219 

The main finding of this study was that estrogen treatment suppresses colonic epithelial 220 

damage in mice with DSS-induced colitis. Estrogen enhances the expression of membrane GPR30, 221 

H3K36me2, and H3K79me3. Moreover, E2 and G1 administration reduced cell proliferation and 222 

CDX2 expression in DSS-treated mice, thereby affecting tight junction protein expression, which 223 

regulates intestinal permeability. These results indicate that estrogen functions through GPR30 to 224 

regulate epigenetic modifications and protect the intestinal barrier function against colitis in DSS-225 

treated mice. 226 

The estrogen nuclear receptor ERα/ERβ signaling ratio is correlated with the severity of 227 

colitis in mice, although details regarding the function of GPR30 are unclear (Goodman et al. 2020). 228 

The present study revealed abundant expression of GPR30 in the membrane of cells in normal 229 

colon but decreased expression in DSS-induced colitis. The reduction of GPR30 membrane 230 

expression in DSS-treated mice was followed by increased GPR30 nuclear expression.  231 

The translocation of GPR30 was revealed by decreasing membrane expression and increasing 232 

nuclear expression in DSS-induced colitis compared with the normal colon. Nuclear GPR30 233 

expression is associated with poor survival outcomes in breast and ovarian carcinomas (Samartzis 234 

et al. 2014; Zhu et al. 2018). GPR30 is involved in activation of the PI3K and MAPK/ERK 235 

pathways, which results in the expression of transcription factors for numerous genes (Prossnitz 236 

and Maggiolini 2009). This result suggests that a correlation exists between inflammation and 237 

nuclear GPR30 expression. Treatment with E2 or G1 reduces inflammation by inhibiting nuclear 238 

GPR30 translocation. Immunohistochemistry revealed that E2 or G1 treatment partially preserved 239 

GPR30 membrane expression and reduced nuclear expression. G1 was reported to inhibit nuclear 240 

estrogen receptor activity-mediated proliferation of human breast cancer cells and suppress the 241 

proliferation of ovarian cancer cells (Smith et al. 2016; Wang et al. 2013). However, the 242 
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biochemical analyses are required to elucidate the membrane and nuclear fraction of GPR30 in 243 

DSS-induced colitis. 244 

Recent reports have shown that alteration of histone modifications, such as acetylation and 245 

methylation, in colonic epithelial cells is crucial for the onset and progression of colitis (Takeshima 246 

et al. 2012; Tsaprouni et al. 2011). An epigenetic-targeted approach using the HDAC inhibitor 247 

SAHA effectively controlled local inflammation in DSS-induced colitis by suppressing pro-248 

inflammatory cytokines and chemokines and promoting the accumulation of active inflammatory 249 

cells (Ali et al. 2018). Our analyses showed attenuated H3K36me2 and H3K79me3 expression in 250 

colonic epithelial cells in DSS-treated mice, whereas E2 and G1 treatment maintained the 251 

expression of H3K36me2 and H3K79me3. Decreased H3K36me2 and H3K79me3 expression in 252 

colitis might be caused by activation of lysine demethylase 2B (KDM2B) (Kang et al. 2018). 253 

Overexpression of KDM2B reduces the expression of H3K36me2 and H3K79me3 and promotes 254 

cell proliferation (Kang et al. 2020; Yan et al. 2018). We demonstrated that treatment with E2 or 255 

G1 significantly inhibits the proliferation of colon epithelial cells, an effect that was blocked by 256 

treatment with the antagonist G15. Binding of E2 and G1 to GPR30 could induce cell-cycle arrest 257 

and thereby inhibit cell proliferation (Liu et al. 2017; Wei et al. 2014). 258 

The increase of intestinal epithelial cells (IEC) proliferation was found to overlap with 259 

CDX2 expression in DSS-treated mice. Cell proliferation and CDX2 are differentially expressed 260 

in normal epithelial cells. Our study showed that inflammation is associated with increased cell 261 

proliferation and CDX2 expression in DSS-induced colitis. CDX2 regulates the expression of 262 

ubiquitous genes that play important roles in controlling cell dynamics, including cell proliferation 263 

(Saad, 2011). Expression of CDX2 is increased in DSS-induced colitis in mice but inhibited by E2 264 

and G1 administration. Increased CDX2 expression could affect intestinal permeability by altering 265 

the expression of tight junction proteins. Previous studies have shown that increased CDX2 266 
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expression elicited by IL-6 involves the PI3K and MEK/ERK pathways in IECs, resulting in 267 

increased claudin-2 expression (Suzuki et al. 2011). Claudin-2 is predominantly expressed in leaky 268 

epithelia and contributes to diarrhea in many intestinal diseases via leak flux mechanisms (Luettig 269 

et al. 2015). In the present study, the expression of claudin-2 was increased in DSS-treated mice 270 

but inhibited by E2 and G1 treatment. Moreover, occludin expression in the epithelial cell 271 

membrane was decreased in DSS-induced colitis but maintained by E2 and G1 treatment. G1 is 272 

also reported to reduce tight junction disorders through the expression of VEGF-A after ischemia 273 

injury (Lu et al. 2016). The intestinal barrier defects in colitis associated with increased claudin-2 274 

expression accompanied by the downregulated expression of barrier-forming tight junction 275 

proteins such as occludin (Luettig et al. 2015). Based on our results, we suggest that estrogen 276 

functions through GPR30 to protect intestinal permeability by alleviating claudin-2 overexpression 277 

and maintaining occludin expression in DSS-induced colitis in mice. 278 

In conclusion, the present study demonstrated that estrogen functions through GPR30 to 279 

affect histone modifications that control cell proliferation and regulates CDX2 expression, which 280 

protects the intestinal epithelial barrier function in mice with DSS-induced colitis. This finding 281 

suggests that GPR30 plays a crucial role in maintaining intestinal epithelial homeostasis and may 282 

be an important target for colitis therapies. Further studies are required to elucidate the molecular 283 

mechanism of GPR30 in IBD. 284 
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Figure legends 425 

 426 

Fig. 1 E2 and G1 protect from intestinal tissue damage in DSS-induced colitis. 427 

a Schematic diagram of DSS-induced colitis mice treated with 17β-estradiol (E2), agonist-GPR30 428 

(G1), or antagonist-GPR30 (G15). b Macroscopic changes in colon tissue of control, DSS-, 429 

DSS+E2–, DSS+E2+G15–, DSS+G1–, and DSS+G1+G15–treated mice, colon length (c), and DAI 430 

(d). e HE staining and histomorphological evaluation (f) of colon tissues of all experimental mice. 431 

Data shown in the graphs are presented as the mean ± SEM. In each experimental group, three mice 432 

were used. Scale bar: 20 µm; magnification 400×. * p<0.05, ** p<0.01, ***p <0.001. 433 

 434 

 435 
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 436 

Fig. 2 Subcellular localization of GPR30 in DSS-induced colitis. 437 

a Immunohistochemical expression of GPR30 in colon tissue of control, DSS-, DSS+E2–, 438 

DSS+E2+G15–, DSS+G1–, and DSS+G1+G15–treated mice. Insets are magnified on right side. 439 

Black arrows indicate positive membrane expression. Red arrows indicate positive nuclear 440 

expression. b GPR30 epithelial cell expression in the membrane (pixels/field ×1,000) and nucleus 441 

(c). Data in the graphs are presented as the mean ± SEM. In each experimental group, three mice 442 

were used. Scale bar: 20 µm; magnification 400×. ** p<0.01, *** p<0.001. 443 

 444 
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 445 

Fig. 3 Expression of H3K36me2 and H3K79me3 in DSS-induced colitis. 446 

a Immunohistochemical localization of H3K36me2 and H3K79me3 (b) in the colon of control, 447 

DSS-, DSS+E2–, DSS+E2+G15–, DSS+G1–, and DSS+G1+G15–treated mice. Black arrows 448 

indicate H3K36me2- and H3K79me3-positive epithelial cells. Scale bar: 20 µm; magnification 449 

400×. 450 




