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taken oral contraceptives or undergone postmenopausal 
hormone replacement therapy (HRT) have exhibited a 
20-40% lower risk of CRC compared to those who have 
not undergone these treatments [4]. Moreover, post-
menopausal patients tend to have lower levels of serum 
free estradiol and total 17β-estradiol (E2), which cor-
relates with later tumor stagese [4–6]. These clinical 
findings underscore the protective effect of estrogen, 
particularly E2, in reducing CRC risk in women. How-
ever, the role of E2 in CRC remains controversial. Some 
studies have found no significant association between E2 
levels and CRC risk [7–9], while others suggest that E2 
might contribute to malignant progression and poorer 
outcomes in CRC [10, 11]. Despite most evidence sup-
porting the link between HRT and reduced CRC risk 
in women, conflicting reports exist, indicating that the 
protective effect may vary among specific molecular 

Introduction
Colorectal cancer (CRC) represents a significant pub-
lic health challenge worldwide, with high rates of mor-
bidity and mortality [1]. Epidemiological studies have 
shown significant sex differences in CRC incidence and 
outcomes [2, 3]. From 2015 to 2019, men have shown 
approximately 30–40% higher annual incidence and 
mortality rates compared to women, along with slightly 
lower five-year survival rates [1, 3]. Individuals who have 
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Abstract
Colorectal cancer (CRC) is a common gastrointestinal malignancy with higher incidence and mortality rates in men 
compared to women, potentially due to the effects of estrogen signaling. There is substantial evidence supporting 
the significant role of 17β-Estradiol (E2) in reducing CRC risk in females, although this perspective remains debated. 
E2 has been demonstrated to inhibit CRC cell proliferation and migration at the cellular level by enhancing DNA 
mismatch repair, modulating key gene expression, triggering cell cycle arrest, and reducing activity of migration 
factors. Furthermore, E2 contributes to promote a tumor microenvironment unfavorable for CRC growth by 
stimulating ERβ expression, reducing inflammatory responses, reversing immunosuppression, and altering the 
gut microbiome composition. Conversely, under conditions of high oxidative stress, hypoxia, and nutritional 
deficiencies, E2 may facilitate CRC development through GPER-mediated non-genomic signaling. E2’s influence on 
CRC involves the genomic and non-genomic signals mediated by ERβ and GPER, respectively, leading to its dual 
roles in anticancer activity and carcinogenesis. This review aims to summarize the potential mechanisms by which 
E2 directly or indirectly impacts CRC development, providing insights into the phenomenon of sexual dimorphism 
in CRC and suggesting potential strategies for prevention and treatment.
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subgroups [12, 13]. The intricate relationship between 
CRC and estrogen, coupled with limited and conflicting 
data on the association between endogenous estrogen 
and CRC incidence, underscores the need for a more 
thorough and scientific understanding of estrogen’s 
pathobiological role in CRC.

E2 is a principal estrogen in females, playing various 
physiological roles. Its molecular structure consists of an 
18-carbon steroidal framework with the 17th hydroxyl 
group in the β-configuration, contributing to its impor-
tant biological functions [14]. The synthesis and metabo-
lism of E2 involve a complex series of enzymatic reactions 
[15]. Specifically, steroid sulfatase (STS) converts estrone 
sulfate (E1S) into estrone (E1), which is then reduced to 
E2 by the action of 17β-hydroxysteroid dehydrogenases 
(HSD17B1, HSD17B7, and HSD17B12) [14]. Conversely, 
E2 can be metabolized back to E1 via HSD17B2. As the 
most potent estrogen, E2 mediates its effects by binding 
to nuclear estrogen receptors (ERα, ERβ) and the mem-
brane-associated G protein-coupled estrogen receptor 

(GPER). Recent studies have shown that intestinal epi-
thelial cells possess the capability to metabolize estrogen, 
and fluctuations in E2 levels are closely associated with 
the onset and progression of CRC. In this review, we first 
outline the structures of the three principal ERs. Then, we 
discuss the detailed molecular and cellular mechanisms 
through which E2 promotes DNA mismatch repair, influ-
ences epigenetic modifications, triggers cell cycle arrest, 
initiates apoptosis, and suppresses cell proliferation and 
migration. Furthermore, we review the impact of E2 on 
the colorectal tumor microenvironment (TME), focus-
ing on its effects on inflammation, immunity, and the gut 
microbiome. Lastly, we discuss the non-genomic effects 
of GPER-mediated E2 signaling on CRC. Overall, this 
review aims to explore both the direct and indirect, as 
well as genomic and non-genomic, actions of E2 in CRC 
development to offer novel insights into the sex differ-
ences in CRC risk and outline implications for prevention 
and treatment strategies.

Graphical Abstract
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Estrogen receptors: ERα, ERβ and GPER
ERα, ERβ
Classical estrogen receptors (ERs) are categorized into 
two types, ERα and ERβ, serving as nuclear transcrip-
tion factors that play a role in regulating various intricate 
physiological processes in humans. The ERα gene is sit-
uated on chromosome 6, while the ERβ gene is located 
on chromosome 14. Upon E2 stimulation, these recep-
tors can activate distinct gene expressions [16]. Both 
ERα and ERβ comprise three functional domains: the 
NH2-terminal domain (NTD), the DNA-binding domain 
(DBD), and the ligand-binding domain (LBD), encom-
passing six regions (A-F) from the N- to the C-terminus 
[17] (Fig. 1a). The NTD, situated in the N-terminal A/B 
region, contains a ligand-independent activation func-
tion domain (AF-1) that plays a role in regulating the 
transcriptional activity of target genes. ERα and ERβ 
exhibit a 30% similarity in this region [18]. The DBD (C 
region) facilitates the specific binding of ERs to estro-
gen-responsive element (ERE) in the DNA helix, thereby 
regulating the expression of target genes [17, 18]. ERα 
and ERβ are highly conserved in this region, displaying a 

97% homology [17]. The D structural domain comprises 
a series of amino acids that separate the DBD from the 
LBD, promoting post-translational modifications in ERs. 
The LBD, located in the C-terminal E/F region, includes 
a hormone-dependent AF-2, the hormone-binding cav-
ity, and the dimerization interface. The LBDs of ERα and 
ERβ share a 59% similarity [19, 21]. Despite this, there are 
still minor structural discrepancies between the ligand-
binding pockets of these two isoforms, primarily due to 
distinct amino acids in the ERα/β binding cavities [18].

The ligand-dependent pathway is one of the major 
mechanisms that regulates ERs through two distinct acti-
vation domains, AF-1 and AF-2 [19]. Typically, AF-1 and 
AF-2 work synergistically to control the transcriptional 
activity of ERs. AF-1 is notably highly expressed in ERα 
[18]. ERs modulate transcription by recruiting various 
transcriptional co-regulators (co-activators or co-repres-
sors) that play crucial roles in activating or repressing 
target genes [19]. More than half of the transcriptional 
co-regulators differ between ERα and ERβ, potentially 
explaining the distinct roles of the two receptor sub-
types [20]. Upon binding to E2 (ligand), ERs undergo 

Fig. 1 Structure and function of the estrogen receptors. (a) Structures of the ERα and ERβ isoforms. (b) E2 binds to ERα/β and GPER to activate genomic 
(purple arrows) and non-genomic signaling (blue arrows), respectively. DBD DNA binding domain, E2 17β-estradiol, ERE estrogen-responsive element, ERs 
estrogen receptors, GPER G protein-coupled estrogen receptor, LBD ligand binding domain, MMP matrix metalloproteinases, NTD NH2-terminal domain
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conformational changes, detach from chaperone pro-
teins, homodimerize, and bind to specific DNA response 
elements (ERE) near target genes [21, 22] (Fig.  1a, b). 
DNA-binding receptors interact with the transcrip-
tional apparatus through cofactor proteins, leading to 
the expression of downstream target genes. However, the 
precise mechanism by which the activating functional 
domains of ERs regulate their transcriptional activity 
remains unclear [18]. Genetic studies on the DNA-bind-
ing domain have revealed significant overlap in the 
binding sites of ERα and ERβ, suggesting high similar-
ity in this domain [17, 23]. Nevertheless, differences also 
exist in the DNA-binding domain of the two ERs. Gene 
expression analyses indicate that ERα upregulates genes 
associated with cell proliferation, while ERβ enriches 
genes controlling cell cycle progression and apoptosis 
[24, 25]. In breast cancer cells, ERβ suppresses around 
70% of ERα-regulated genes linked to proliferation and 
metabolism [17]. These findings imply that structural and 
functional variances between ERα and ERβ underlie their 
activation of distinct genes and signaling pathways.

The expression levels of ERα and ERβ exhibit signifi-
cant variation in normal intestinal epithelial cells, intes-
tinal tumor cells, and across different tumor stages. ERβ 
is the predominant ER in colonic epithelium, with lower 
mRNA levels in CRC compared to normal tissues [16, 
26]. Conversely, ERα is expressed at much lower lev-
els than ERβ in normal colonic mucosal cells [27, 28]. 
Research indicates that ERα expression may act as a 
tumor promoter in the early stages of CRC, while ERβ 
tends to decrease during CRC progression [16, 29]. 
Clinical evidence shows that CRC tissues with high ERβ 
expression exhibit elevated levels of anti-tumor proteins 
like CysLT2R and 15-PGDH, alongside lower levels of 
pro-tumor proteins such as nuclear β-catenin, COX-2, 
and CysLT1R [26]. Patients with high ERβ expression 
and ERα negativity generally have improved overall sur-
vival, disease-free survival, and prognosis compared 
to those with low ERβ expression and ERα positivity in 
CRC [27]. Low ERβ levels are associated with local CRC 
recurrence, while high ERα levels may promote distant 
metastasis, particularly liver metastasis [26, 28]. Studies 
in ApcMin/+ mice and CRC cell lines have demonstrated 
the protective role of ERβ in CRC development, where 
ERβ deletion leads to increased colonic adenomas, while 
ERβ-specific agonists exhibit tumor-suppressive effects 
[30]. In contrast, ERα expression was elevated in mice 
with wild-type CysLT1R, and ERα-selective agonists pro-
moted HT-29 and Caco-2 cell survival by activating the 
Wnt/β-catenin pathway. Inhibition or knockdown of ERα 
reduces its ability to promote cell survival and metasta-
sis [28]. These findings provide evidence for the potential 
antitumor effects of ERβ in colorectal cancer (CRC), sug-
gesting that the expression levels of ERα and ERβ could 

serve as biomarkers for assessing the risk and prognosis 
of CRC. While ERβ shows promise as a therapeutic tar-
get, conflicting reports on its expression and function in 
CRC exist. These discrepancies may stem from individual 
variations or a weak correlation between ERβ protein and 
mRNA levels. Thus, further comprehensive investiga-
tions are required to solidify the understanding of ERβ’s 
role in CRC.

GPER
In addition to ERα and ERβ, GPER, also known as GPER1 
and GPR30, is a membrane estrogen receptor that has 
attracted much attention in recent years [25].The human 
GPER gene is situated on chromosome 7, and GPER plays 
a role in the rapid signaling of estrogen and can indi-
rectly enhance its transcriptional effects through multi-
ple pathways [31]. GPER is localized on the endoplasmic 
reticulum and Golgi membranes, featuring seven trans-
membrane domains [31, 32]. It consists of 375 amino 
acids, with ligand binding and receptor activation pri-
marily occurring in the N-terminal region; the C-termi-
nal PDZ domain interacts with other plasma membrane 
proteins and determines the receptors’ placement on the 
cell membrane [18]. GPER transmits signals by interact-
ing with various G proteins, including Gαs, Gαi, Gβγ, and 
Gαq/11 proteins, forming heterotrimeric G proteins [33]. 
When GPER binds to Gαs, it directly activates adenylate 
cyclase, leading to the conversion of ATP to cAMP [34]. 
Binding of GPER to Gβγ prompts the release of intracel-
lular calcium ions and activates matrix metalloproteinase 
(MMP), subsequently triggering the release of heparin-
bound EGF from the outer plasma membrane. EGF then 
binds and activates the EGFR family, initiating down-
stream signaling through ERK1/2 [34]. Moreover, GPER’s 
non-genomic signaling in response to E2 can activate 
various signaling pathways such as PI3K/Akt, MAPK, 
and others, indirectly influencing transcriptional activity 
[31, 32] (Fig. 1b).

Clinical and experimental evidence regarding the pro- 
and anticancer activities of GPER is conflicting, mak-
ing its role in CRC development controversial [35]. For 
instance, significant downregulation of GPER expres-
sion was observed in human CRC tissues, and Kaplan-
Meier analysis indicated that high expression of GPER 
was associated with a favorable prognosis for CRC [36]. 
In contrast, analysis of The Cancer Genome Atlas dataset 
revealed that high expression of GPER was significantly 
associated with survival in female CRC patients at stage 
III-IV but not in female CRC patients at stage I-II or male 
CRC patients at any stage [35, 37–39]. Experimental data 
indicated that GPER expression was downregulated in 
HCT-8 and SW480 cells [36], while strong expression of 
both GPER mRNA and protein was detected in HT29, 
DLD1, SW620, and T84 cell lines [37]. Specific activation 
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of GPER inhibits progression in the xenograft tumor 
model in vivo and suppresses CRC cell proliferation, ini-
tiates cell cycle arrest, induces endoplasmic reticulum 
stress, and mitochondria-associated apoptosis in vitro 
[36]. Additionally, GPER can inhibit the upregulation of 
the oncogene JUN and exert oncostatic effects by reduc-
ing the over-activated Wnt/β-catenin pathway in CRC 
[37]. At first glance, these results may seem contradic-
tory. However, it is essential to note that Kaplan-Meier 
analyses performed on clinical tissues are observational, 
and a causal relationship cannot necessarily be inferred. 
Moreover, since these CRC cell lines originated from 
patients with differing genders, ages, tumor stages, or 
comorbidities, the GPER expression levels, GPER-medi-
ated signaling pathways, and oxygen content in cells also 
varied [40]. Therefore, GPER expression in CRC cell lines 
is not entirely consistent with their tumorigenicity or 
metastatic potential.

Precise molecular and cellular mechanisms by 
which E2 exerts its anti-CRC effects
Enhancing DNA mismatch repair and regulating epigenetic 
events
The mismatch repair (MMR) system, encoded by MMR 
genes, maintains genomic stability by correcting base-
pair mismatches that occur during DNA replication. 
Mutations in these genes often lead to microsatellite 
instability (MSI) [41], a hallmark of certain types of CRC 
characterized by an accumulation of mutations due to 
the failure of the MMR system, primarily involving the 
loss of MLH1, MSH2, MSH6 and PMS2 protein func-
tion [42]. In the functional state, MLH1 and MSH2 com-
bine to form heterodimers known as MutLα and MutSβ, 
respectively, with PMS2 and MSH6. MLH1 and MSH2 
act as chaperone proteins for their respective heterodi-
mers. Mutations in the MLH1 or MSH2 genes can result 
in the degradation of these dimerized proteins, leading to 
the loss of essential proteins and chaperone proteins [41, 
42]. Research indicates that E2 can induce the expression 
of MLH1 in both colon epithelial and breast cancer cells 
[43, 44]. In CRC cell lines, free E2 was found to increase 
MLH1 expression at both the mRNA and protein levels, 
while BSA-conjugated E2 had a lesser effect. This sug-
gests that E2 regulates MLH1 expression through the 
typical ERs pathway [45]. Moreover, research has dem-
onstrated that overexpression of ERβ can enhance MLH1 
expression at both the mRNA and protein levels, whereas 
ERα does not impact MLH1 gene expression. Interest-
ingly, treatment with E2 failed to induce MLH1 expres-
sion when ERα was overexpressed or ERβ was knocked 
down. Additionally, Western blotting analysis revealed 
that treating colorectal cancer cells with ERβ agonists 
significantly raised MLH1 protein levels [45]. Clinical 
data have also shown that the cytosine-adenine repeat 

genotype in the ERβ gene (ESR2) and resultant ERβ 
expression levels, along with estrogen activation, may 
influence MMR status in CRC [46]. These findings indi-
cate that E2 specifically enhances MLH1 expression via 
ERβ rather than ERα. Upon E2 stimulation, the increased 
MLH1 activity leads to the formation of a functional 
complex with PMS2, known as MutLα, which plays a 
role in repairing mismatched bases and single nucleotide 
insertions [42]. In addition, E2 increases the sensitivity of 
CRC cells to the chemotherapeutic drug 5-FU and inhib-
its tumor proliferation in vivo and in vitro [45].

MicroRNAs (miRNAs) are small, non-coding RNAs 
that regulate various critical cellular processes, including 
cell differentiation, proliferation, apoptosis, cell cycle and 
inflammation [47]. Alterations in miRNA expression can 
lead to oncogenic or tumor-suppressive effects [48, 49]. 
E2 has been found to modulate the expression of specific 
miRNAs and MMR genes in CRC cells through ERβ [50]. 
In ERβ over-expression COLO205 cells, E2 reduced the 
expression of miR-135b, miR-31, and miR-155 while up-
regulating hMLH1 expression in a time- and dose-depen-
dent manner. Treatment of COLO205 cells with estrogen 
antagonists ICI182,780 reversed the E2-induced down-
regulation of miRNAs and increase in hMLH1 expres-
sion. However, varying concentrations of E2 did not 
affect the expression of miRNAs or hMLH1 in SW480 
cells with low ERβ expression [50]. Furthermore, E2 did 
not appear to influence other core MMR genes such as 
hMSH2. In human CRC tissues, miR-135b expression 
was notably higher in cancer tissues compared to nor-
mal tissues. A strong positive correlation between serum 
E2 levels above 45 pg/ml and hMLH1 expression was 
observed; whereas, no significant correlation was found 
when E2 levels were lower. Additionally, serum E2 levels 
showed a significant negative correlation with miR-31 
and miR-135b expression in CRC tissues, and a positive 
correlation with ERβ, but not with miR-155 expression. 
Conversely, hMLH1 levels were negatively correlated 
with miR-155 and miR-135b expression in cancer tissues 
[50]. Studies have suggested that changes in the target 
binding sites of certain miRNAs in the MMR gene could 
potentially predict CRC risk and prognosis, and specific 
miRNAs may play a role in regulating the core heterolo-
gous proteins of the MMR [51–54]. These findings indi-
cate that E2 down-regulates the expression of oncogenic 
miRNAs (especially miR-135b) through ERβ, potentially 
leading to the up-regulation of MMR activity. The differ-
ential effects of E2 on miRNA expression in CRC tissues 
or different cell lines appear to be associated with the 
level of ERβ.

Emerging evidence shows that the circadian system 
appears to influence cancer progression in a gender-
dependent manner [55–58]. ERβ was found to be a regu-
lator of the clock genes bmal1 and Npas2, and a high-fat 
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diet (HFD) altered the expression of key clock genes 
bmal1 and Npas2 in colon epithelial cells, with sex dif-
ferences [58]. E2 can regulate HFD-induced alterations 
in core clock genes via ERβ, thereby inhibiting colon cell 
proliferation [58]. The clock gene per2 is one of the tar-
get genes of the tumor suppressor miR-34a [59]. Recent 
reports have shown that miR-34a significantly inhib-
ited the expression of clock genes (per2 and bmal1) and 
clock control genes (rev-ERβa, cyclin D1, and sirt1) in 
DLD1 and LoVo cell lines, but did not affect the expres-
sion of ERβ [49]. While E2 reduced the proliferative and 
migratory activity of DLD1 cells, it did not significantly 
impact the expression of mature miR-34a. Interestingly, 
the combined administration of E2 and miR-34a did not 
synergistically enhance oncogenic effects, potentially due 
to miR-34a not influencing ERβ expression [49]. These 
findings indicate that E2’s inhibitory effect on CRC cells 
seems to be unrelated to the miR-34a-mediated pathway, 
despite its potential regulation of certain clock genes. In 

addition to regulating core clock genes, previous stud-
ies have identified cannabinoid receptor 1 (CB1) as an 
estrogen-responsive gene in CRC cell lines [60, 61]. E2 
significantly inhibits the proliferation of CRC cell lines 
by activating the CB1-promoting region in exon 1 of the 
CNR1 gene, which induces ERβ to bind to the CNR1-pro-
moting region and upregulates CB1 expression [60, 61].

Taken together, at the genetic level, the protec-
tive effects of E2 on CRC are usually accomplished by 
increasing DNA mismatch repair or through epigenetic 
regulation mediated by miRNAs, core clock genes, and 
certain estrogen-responsive genes (Fig. 2a; Table 1).

Triggering cell cycle arrest and inducing apoptosis
Studies have shown that in both male and female CRC 
cell lines, treatment with E2 alone or in combina-
tion with progesterone or 5-FU inhibits ERα expres-
sion while upregulating ERβ expression, promoting 
cell cycle arrest and apoptosis [62–64]. Genome-wide 

Fig. 2 Precise molecular mechanisms by Which E2 inhibits CRC cells proliferation, migration and induces apoptosis. (a) E2 enhances DNA mismatch re-
pair, regulates miRNA and core clock gene expression. (b) E2 initiates cell cycle arrest in sub-G1 phase and induces apoptosis. (c) E2 inhibits cell migration 
by downregulating the activity of MMPs and PAs and restoring the integrity of intercellular adhesions. However, E2 promotes CSCs migration by decreas-
ing their affinity for endothelial cells on the surface of vascular lumen. CSCs cancer stem cells, CRC colorectal cancer, E2 17β-estradiol, ECM extracellular 
matrix, ERs estrogen receptors, HFD high-fat diet, MMPs matrix metalloproteinases, MMR mismatch repair, dMMR deficient MMR, pMMR proficient MMR, 
MSI microsatellite instability, PAs plasminogen activators
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Model organism Findings Ref.
Enhancing DNA mismatch repair and regulating epigenetic events
HT29, SW480 and 
LoVo cells

E2 enhances DNA mismatch repair and tumor suppression by inducing ERβ-mediated MLH1 expression  [45]

OVX_CDX mice E2 also enhanced the sensitivity of CRC cells to 5-FU and inhibits tumor proliferation in vivo and in vitro
Human CRC tissue Germline ESR2-CA genotype and resulting ERβ expression, as well as estrogen activation can influence MMR status in 

human CRC
 [46]

DLD1 and Lovo cells miR-34a strongly influences the expression of clock (per2) and clock controlled genes. E2 inhibits the migration and 
proliferation of DLD1 cells independently of miR-34a-mediated actions

 [49]

COLO205 and 
SW480 cells

E2 regulates the expression of miRNAs and MMR genes through ERβ in CRC cells, thus exerting anticancer effects  [50]

Human CRC tissue
HFD ERβ_KO mice ERβ is a regulator of bmal1 and Npas2, and E2 can regulate HFD-induced alterations in core clock genes via ERβ, thereby 

inhibiting colon cell proliferation
 [58]

DLD1 and SW620 
cells

E2 significantly inhibits the proliferation of CRC cell lines by activating the CB1-promoting region located in exon 1 of 
the CNR1 gene, inducing the binding of ERβ to the CNR1-promoting region, and increasing the expression of the CB1

 [60]

DLD1, HT29 and 
SW620 cells

E2 exerts antiproliferative properties by upregulating CB1 gene expression in CRC cells  [61]

Initiating cell cycle arrest and inducing apoptosis
SW480 and SW620 
cells

E2-alone or combined with progesterone promotes cell cycle arrest in sub-G1 phase and apoptosis by stimulating the 
expression of ERβ and inhibiting ERα-regulated oncogenic pathways

 [62]

male-AOM mice
HT29, SW480 and 
SW620 cells

E2 monotherapy or in combination with 5-FU therapy has the potential to arrest the cell cycle progression at the sub-
G1 phase and induce apoptosis in both female and male CRC cells, with the smallest effect in SW620 metastatic cells

 [63]

Human CRC tissue ERα proteins increased, whilst ERβ declined markedly in malignant specimens  [64]
SW480 and HT29 
cells

E2 monotherapy induces cell cycle arrest and apoptosis in SW480 and HT29 cells, and pretreatment with ERα-blockers 
potentiates the effects of E2, whereas ERβ-blockers inhibits the E2 anti-cancer actions

LoVo cells E2 treatment reduces the expression of cell cycle regulatory proteins cyclin A, cyclin D1, cyclin E, and PCNA in a time-
dependent manner, thereby inhibiting LoVo cell proliferation

 [65]

COLO205 cells E2 treatment reduces the expression of c-myb and its transcriptional target Bcl-2, thereby promoting COLO-205 cell 
apoptosis

 [66]

Inhibiting cell migration
DLD1 cells E2 alone or in combination with tamoxifen inhibits DLD1 cells viability and migration, promotes apoptosis, and de-

creases survivin mRNA and protein expression levels in a dose- and time-dependent manner
 [67]

LoVo cells E2 treatment significantly inhibits LoVo cell migration by downregulating the expression of cell migration-associated 
factor via activating E2/ERs-p38a MAPK and p53 signaling pathways

 [65, 
71]

LoVo cells E2 inhibited the activities of uPA, MMP-9, and COX-2 by suppressing the JNK1/2, Akt and ERK1/2 pathways, therby inhib-
iting prostaglandin E2-induced LoVo cell migration.

 [72, 
73]

Apc (Min/+ _OVX) 
mice

E2 prevent intestinal tumorigenesis and ameliorate enterocyte migration and intercellular adhesion in the ApcMin/+ 
mouse model of CRC

 [75]

Colon CSCs E2 has no effect on the viability and proliferation of CSCs, but inhibits the exocytosis and exosome biogenesis, as well as 
reduces the affinity of CSCs for endothelial cells on the surface of the vascular lumen, leading to CSCs migration

 [76]

Stimulating ERβ expression and reducing inflammatory response
YAMC and YAMC-Ras 
cells

E2 inhibits nonmalignant YAMC cells growth and induces apoptosis, but has no effect on YAMC-Ras cells  [77]

OVX_ERβ_KO mice E2 treatment inhibits the formation of ACFs in mouse colonic epithelium and shows higher apoptotic activity, which 
greatly reduces the occurrence of colonic preneoplastic lesions

OVX_ERβ_KO AOM/
DSS mice

Administration of E2 treatment after the onset of DNA damage reduces colon tumor formation. When colon epithelial 
cells progressed from a non-malignant to a cancerous state, decreased ERβ expression accompanied by upregulated 
ERα expression, and the presence of E2 did not affect the reduction in ERβ expression

 [78]

DLD1 cells E2 induces short-term translation and late transcriptional enhancement of ERβ mRNA in DLD1 cells through activation 
of p38/MAPK signaling.

 [80]

OVX_ERβ_KO mice E2 has different protective effects against chemical carcinogen-induced acute colitis and colon tumor formation in the 
presence or absence of ERβ

 [81]

Table 1 Potential mechanisms by which E2 signaling inhibits or promotes CRC progression
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Model organism Findings Ref.
OVX_AOM/DSS mice The protective effect of E2 against OVX_AOM/ DSS-induced colitis and carcinogenesis may involve in decreasing the 

levels of ERα but enhancing the expression of ERβ
 [79]

E2 inhibits the NF-κB pathway, enhances the expression of Nrf2 and Nrf2-associated antioxidant enzyme genes, and 
significantly increases the expression of NLRP3 inflammasome, thereby reducing the histological severity of colitis and 
preventing colorectal carcinogenesis

 [82]

Nrf2_KO AOM/DSS 
mice

In the absence of Nrf2, E2 significantly inhibits the development of distal colon tumors through ERβ-related pathways.  [83]

CCD 841 CoN E2 may inhibit inflammation in CCD841CoN cells by down-regulating the expression of inflammatory factors NF-κB and 
COX-2 as well as inducing the expression of the antioxidant enzymes HO-1 and NQO-1. And E2 treatment induced the 
expression of ERβ but had no effect on ERα

 [84]

DLD1 cells E2 stimulation upregulates neuroglobin expression in DLD1 cells. Neuroglobin serves as an oxidative stress sensor and 
facilitates E2-induced apoptosis in the absence of oxidative stress. However, under high oxidative stress conditions, 
neuroglobulin upregulation blocked the pro-apoptotic effect of E2

 [85]

OVX_AOM/DSS mice E2 promotes intestinal tumor development in the context of inflammatory injury. And ERα mediates a worsening of 
inflammation, whereas ERβ mediates pro-tumorigenic effects unrelated to inflammation

 [86]

Modulating immunosuppressive microenvironment
Nrf2_KO AOM/DSS 
mice

E2 treatment significantly reduces PD-L1, iNOS and COX-2 expression in Nrf2_KO AOM/DSS mice  [87]

MC38 cells Different concentrations of E2 does not affect cell proliferation and apoptosis, nor does it affect the expression of PD-L1 
in MC38 cells

 [89]

OVX_MC38 tumor 
model mice

E2 may indirectly inhibit MC38 tumor growth by regulating the TIME through MC38-EVs

OVX_MC38 tumor 
model mice

E2 is a facilitator of the pro-metastatic immune microenvironment in CRC liver lesions  [90]

MC38 tumor model 
mice

E2 inhibits MC38 tumor growth by reducing PD-L1 expression and regulating tumor-associated cell populations  [91]

OVX_MC38 tumor 
model mice

Lack of estrogen induced the formation of more tumor-promoting macrophages and accelerated tumor growth in HFD 
OVX_mice

 [92]

HFD ERβ_KO mice E2 inhibits HFD-induced F4/80+ macrophage infiltration and colon epithelial cell proliferation in male mice via ERβ, 
while reducing body weight and improving colon metabolic profile via ERα

 [58]

Regulating the gut microbiome composition and diversity
MC38 tumor model 
mice

E2 pre-treatment prior to anti-PD-L1 therapy increases the abundance of commensal bacteria while decreases the op-
portunistic pathogens, thereby contributing to anti-tumor therapy

 [95]

AOM/DSS mice E2 increases gut microbial diversity and the ratio of intestinal commensal bacteria to opportunistic pathogens, as well 
as decreases Firmicutes/Bacteroidetes ratios, thereby reducing the risk of CRC

 [96]

ApcMin/+ and AOM/
DSS mice

E2 enhances C. maltaromaticum attachment and intestinal colonization by up-regulating colonic SLC3A2 expression. C. 
maltaromaticum together with other microbiome to activate the vitamin D receptor signaling to inhibit CRC

 [97]

NCM460 cells
AOM/DSS mice Intestinal ERβ contributes to a more favorable microbiome and assists E2 in delaying the progression of CAC  [98]
AOM/DSS mice The estrogenic mycotoxin zearalenone increases SCFAs-producing intestinal microbiome with good inhibitory effects 

on CRC
 [99]

GPER-mediated non-genomic signaling of E2
HT29, HCT116 and 
DLD1 cells

E2, acting through GPER, inhibits ERβ-negative CRC cell migration and proliferation under normoxic conditions but 
produces opposite tumor-promoting effects under hypoxic conditions

 [38]

Human CRC tissue High GPER expression is significantly associated with shorter survival in female CRC patients at stage III-IV, but not in 
male CRC patients at any stage

3D organoid model 
of KRAS MT and KRAS 
WT CRC cells

E2 inhibits KRAS WT cells growth but has no effect on KRAS MT cells. KRAS MT cells resist the protective effect of E2 
through GPER1 under nutrient-depleted conditions

 [35]

SW480 and 
COLO205 cells

E2 does not significantly affect GPER expression in SW480 and COLO205 cells  
[114]

HCT116 and CCD-
841CoN cells

GPER1 activated by high concentrations of E2 induces excessive centrosome amplification in CRC cells, leading to tran-
sient production of multipolar mitotic spindles, alignment-defective and lagging chromosomes

 
[115]

Table 1 (continued) 
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analysis showed that pathological processes like apop-
tosis, cell differentiation, and cell cycle regulation were 
significantly impacted in CRC cells re-expressing ERβ 
[54]. This aligns with previous research indicating that 
gene expression profiling of ERβ displayed an enrich-
ment of genes that regulate cell cycle progression and 
apoptosis [24, 25]. E2 treatment alone or in combina-
tion with progesterone downregulated the expression 
of cell cycle sub-G1 phase markers CCND1/3 and cell 
survival marker survivin proteins by promoting the ERβ 
pathway. It also significantly increased apoptotic indices 
and p21, p27, cyto-C and casp-3 proteins expression in 
male-AOM model mice and human male CRC cell lines. 
Flow cytometry assays indicated that treatment with E2, 
either alone or in combination, led to a notable increase 
in the number of cells in the G0/G1 phase [62]. Studies 
by Mahbub et al. [63]. and Refaat et al. [64]. also dem-
onstrated that E2 monotherapy significantly increased 
the number of male-SW480, female-HT29, and SW620 
metastatic cells in the sub-G1 phase. These findings sug-
gest that E2 prompts cell cycle arrest in the sub-G1 phase 
and initiates apoptosis by upregulating ERβ expression. 
Moreover, E2 alone or in combination with ERα-blockers 
also induced cell cycle arrest in the S- and G2/M-phases 
in male-SW480 cells, whereas it promoted only G2/M-
phase arrest in female-HT29 cells. When combined with 
ERβ-blockers, E2 seemed to induce SW480 cells to arrest 
in the S-phase, with no effect observed on HT29 cells 
[64]. Furthermore, supplementation with ERβ-blockers 
inhibited, while ERα-blockers significantly enhanced, 
the pro-apoptotic effects of E2 [64]. These results sug-
gest that ERα-blockers enhance the anticancer properties 
of E2, while ERβ-blockers diminish them. However, the 
impact of E2 on different cell cycle phases appears to be 
influenced by the cell source, particularly gender, and the 
expression status of ERs.

Dual treatment using E2 combined with 5-FU signifi-
cantly induced apoptosis in male-SW480 and female-
HT29 cells but had little effect in SW620 metastatic cells 
[63]. Furthermore, in terms of the period of intervention, 

E2 monotherapy could be more effective in treating 
advanced CRC, whereas the E2 plus 5-FU combination 
regimen represents a promising therapeutic strategy for 
early CRC [63]. Earlier studies also found that E2 reduced 
the expression of cell cycle regulatory proteins cyclin A, 
cyclin D1, cyclin E, PCNA, c-myb and Bcl-2 in a time-
dependent manner, thereby inhibiting LoVo cell prolif-
eration and promoting COLO-205 cell apoptosis [65, 66]. 
These findings suggest that E2 can induce cell cycle arrest 
and apoptosis in CRC cell lines (Fig. 2b; Table 1). How-
ever, the type of CRC cells, the concentration and dura-
tion of E2 treatment, and the drugs used in combination 
with E2 varied among the different literature. Therefore, 
these results do not fully account for the mechanism by 
which E2 exerts its protective effects.

Inhibiting cell migration
In addition to its role in regulating the cell cycle and 
promoting apoptosis, Transwell migration assays dem-
onstrated that E2, both alone and in combination with 
tamoxifen, reduced the viability and migratory capacity 
of DLD-1 cells, enhanced apoptosis, and diminished sur-
vivin protein expression in a dose- and time-dependent 
manner [67]. The degradation of the extracellular matrix 
(ECM) by extracellular proteases, leading to the release 
of growth factors and pro-angiogenic molecules, acceler-
ates cancer cell invasion and migration [68]. MMPs and 
plasminogen activators (PAs) are the primary proteolytic 
systems responsible for ECM degradation [69, 70]. E2 
significantly reduced LoVo cell migration by downregu-
lating uPA, tPA, MMP-2 and MMP-9 expression through 
the activation of the E2/ERs-p38a MAPK and p53 signal-
ing pathways [65, 71]. Furthermore, ER antagonists com-
pletely negated E2’s inhibitory effects, while ER agonists, 
in conjunction with E2, further reduced the activity of 
cell migration factors [65, 71]. Notably, ERβ isoforms play 
a pivotal role in the suppression of migration-associated 
proteins mediated by E2/ERs or ER complexes [65]. E2 
also markedly inhibited prostaglandin E2-induced LoVo 
cell migration. This effect was achieved by suppressing 

Model organism Findings Ref.
Col205, Caco2, 
HCT116 and HT29 
cells

Elevated STS activity in CRC promotes the pathway of E1S hydrolysis and subsequent E2 synthesis. STS-activated E2 
stimulates GPER and promotes CTGF expression, thereby driving cell proliferation

 [39, 
116]

CDX
Human CRC tissue
LoVo cells E2 induces fatty acid synthase expression in ERs-negative CRC cells and CAFs through the GPER-mediated EGFR/ERK/c-

Fos/AP1 transduction signaling, thereby stimulating cancer cell proliferation and migration
 
[117]

Note ACFs aberrant crypt focis, CAC colitis-associated cancer, CAFs cancer-associated fibroblasts, CB1 cannabinoid receptor 1, CSCs cancer stem cells, CDX cell line-
derived xenograft, CRC colorectal cancer, CTGF connective tissue growth factor, E1S estrone sulfate, E2 17β-estradiol, ERs estrogen receptors, EVs extracellular vesicles, 
F/B Firmicutes/Bacteroidetes, GPER G protein-coupled estrogen receptor, HFD high-fat diet, HRT Hormone replacement therapy, IGF-1 insulin-like growth factor 1, KO 
knockout, MMPs matrix metalloproteinases, MMR mismatch repair gene, MT mutant, OVX ovariectomized, PAs plasminogen activators, PD-L1 programmed death-
ligand 1, SCFAs short chain fatty acids, STS steroid sulfatase, TIME tumor immune microenvironment, TME tumor microenvironment, WT wild-type, YAMC young adult 
mouse colonocytes

Table 1 (continued) 
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the activities of uPA, MMP-9, and COX-2 through the 
inhibition of the JNK1/2, Akt, and ERK1/2 pathways [72, 
73] (Fig.  2c). However, these studies have limitations, 
such as their exclusive focus on the impact of E2 on the 
migratory activities of LoVo and DLD-1 colon cancer 
cells without observing other CRC cell lines. Therefore, 
these findings may not be applicable to all CRC cell lines.

Normal enterocyte migration is usually accompa-
nied by a switch to a functional cell state dependent on 
the formation of cell-cell contacts mediated by cadherin 
[74]. A previous study concluded that E2 improves crypt-
villus migration of enterocytes in ApcMin/+ CRC model 
mice, which plays an important preventive role in the 
early stages of intestinal carcinogenesis [75]. Mechanis-
tically, E2 enhanced the association between E-cadherin 
and β-catenin in the intestinal mucosa and induced 
E-cadherin expression on the lateral cell membranes of 
enterocytes. This contributed to restoring the integrity 
of the lateral membrane adherens junctions and normal-
izing defects in intercellular adhesion and cell migration 
[75]. While E2 appears to play a protective role in early 
intestinal tumor formation by promoting enterocyte 
migration, it produces the opposite effect in colon cancer 
stem cells (CCSCs). A recent study showed that E2 had 
no effect on the viability and proliferation of CCSCs but 
inhibited exocytosis, exosome biogenesis, and enhanced 
cell migration [76]. Mechanistically, E2 upregulated both 
pro- and anti-apoptotic factors in CCSCs, stimulated the 
expression of homologous ERs and SQSTM1 protein, and 
inhibited the expression of SIRT1 and exosome biogene-
sis-related genes. Additionally, E2 reduced the affinity of 
CCSCs for endothelial cells on the surface of the vascular 
lumen, leading to CCSC migration [76] (Fig. 2c).

In summary, E2 can resist the proliferation, invasion 
and migration of CRC cells mainly by enhancing DNA 
mismatch repair, regulating miRNA and core clock gene 
expression, initiating cell cycle arrest in the sub-G1 
phase, inducing apoptosis, and inhibiting the activity of 
cell migration factors (Fig.  2; Table  1). However, these 
observations require further validation in future studies 
due to variability in study methods, the CRC cell types 
and different E2 treatment concentrations and duration 
used.

Effects of E2 signaling on colorectal tumor 
microenvironment
Above, we discussed the molecular mechanisms at the 
cellular level, and now, we summarize the impacts of E2 
treatment on the colorectal TME in the following sec-
tions, specifically focusing on early lesions, inflammation, 
immunity, and the gut microbiome (Fig. 3; Table 1).

Stimulating ERβ expression and reducing inflammatory 
response
Previous studies have demonstrated that E2 inhibits 
growth and promotes apoptosis in non-cancerous young 
adult mouse colonocytes (YAMC), yet exhibits no effect 
on the isogenic YAMC-Ras cell line, which undergoes 
malignant transformation [77]. At the level of ovariec-
tomized (OVX) animals, E2 treatment in both wild-type 
(WT) and ERβ knockout (ERβ_KO) mice resulted in 
fewer aberrant crypt foci (ACFs) and increased apoptotic 
activity in the colonic epithelium of WT mice [77]. In the 
OVX_AOM/DSS model, initiating E2 treatment after 
DNA damage onset was found to reduce colon tumor 
formation [78, 79]. However, E2 treatment did not influ-
ence the proliferation and apoptosis of colon tumors or 
undamaged colon crypt cells in ERβ_KO mice. Addition-
ally, while ERβ is highly expressed in normal colon cells 
and promotes apoptosis, its expression decreases as colon 
epithelial cells transition from a non-malignant to a can-
cerous state, accompanied by an increase in ERα expres-
sion [78]. The presence of E2 did not alter the reduction 
in ERβ expression. Conversely, an earlier study indicated 
that E2 could induce short-term translation and late 
transcriptional enhancement of ERβ mRNA in DLD-1 
cells via activation of p38/MAPK signaling [80]. These 
observations suggest that E2 exerts a protective effect in 
the early stages of CRC development but depends on the 
presence of ERβ.

E2 was reported to exhibit varied protective impacts 
against chemical carcinogen-induced acute colitis and 
colon tumor formation, influenced by the presence of 
ERβ [81]. These protective effects were different between 
ERβ_KO and WT mice concerning the inflammatory fac-
tor expression profile and the injury protection site. After 
E2 treatment, reductions in IL-6 and IFN-γ levels were 
observed in both groups, but in WT mice, the levels of 
IL-12/17, TNF-α, GMCSF, and MIP-1α also decreased. 
The site of inflammatory injury alleviation varied, with 
ERβ_KO/E2 mice showing improvements primarily in 
the distal colon and WT/E2 mice in the mid-colon. Addi-
tionally, ERβ_KO/E2 mice exhibited increased crypt 
proliferative activity in the distal colon’s one-third and 
decreased apoptosis in the proximal colon. Following E2 
administration, no proliferative alterations were noted in 
the proximal colon crypts of either group [81]. Similarly, 
E2’s protective role against colitis and proximal colon car-
cinogenesis was validated in the OVX_AOM/DSS model. 
E2 supplementation markedly lowered the incidence of 
proximal colon tumors prompted by OVX [79]. Mecha-
nistically, E2 mitigated colitis-associated cancer (CAC) 
by diminishing ERα and NF-κB signaling pro-inflamma-
tory markers (such as COX-2, TNF-α, and IL-6) and by 
increasing the expression of ERβ, Nrf2 and related anti-
oxidant enzyme genes (like HO-1, NQO1, GCLC, and 
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GCLM) [79, 82] (Fig.  3a). E2’s anti-inflammatory action 
in early colitis stages is facilitated through Nrf2; nonethe-
less, this effect alone may not prevent distal colon tumor 
development. Conversely, in the absence of Nrf2, E2 sig-
nificantly obstructed distal colon tumor development via 
ERβ-dependent pathways [83]. Additionally, E2 notably 
elevated the expression of NLRP3 inflammasome, along 
with its associated phosphorylated caspase-1 and IL-1β 
in AOM/DSS mice [82]. At the cellular level, E2 sup-
pressed the inflammatory response in female human 
colonic epithelial CCD841CoN cells by reducing NF-κB 
and COX-2 expression and by upregulating the antioxi-
dant enzymes HO-1 and NQO-1. Conversely, E2 treat-
ment increased ERβ expression but did not affect ERα 
in CCD841CoN cells [84]. These findings indicate that 
mitigating chronic intestinal inflammation by inhibiting 
inflammation-associated signaling and enhancing anti-
oxidant enzyme expression could be among the mecha-
nisms through which E2 lowers CAC risk (Fig. 3a).

Pro-inflammatory substances produced by oxidative 
stress can trigger inflammatory response. Along with 
upregulating the expression of antioxidant enzymes to 
reduce oxidative stress damage, ERβ-mediated E2 activa-
tion can enhance neuroglobin expression in DLD-1 cells. 
Neuroglobin serves as an oxidative stress sensor and 
facilitates E2-induced apoptosis in the absence of oxida-
tive stress. Conversely, under conditions of high oxidative 
stress (100 µM H2O2), neuroglobin interacts with cyto-
chrome c, inhibiting its release into the cytoplasm and 
preventing the ensuing apoptotic process, thus obstruct-
ing E2’s pro-apoptotic effects [85]. This finding suggests 
that the upregulation of neuroglobulin in CRC cells may 
serve as a defense mechanism against oxidative stress 
damage. Furthermore, this defense mechanism appears 
to counteract the antioxidant effects of E2. While many 
studies have verified E2’s protective role against colitis 
and CRC, contrasting evidence exists. A specific study 
found that E2 facilitated intestinal tumor growth in the 
context of inflammatory injury [86]. E2 administration 

Fig. 3 Effects of E2 signaling on the colorectal TME, i.e., inflammation, immunity, and the gut microbiome. (a) E2 inhibits early CRC progression by at-
tenuating the inflammatory response, reducing ACFs formation and oxidative stress injury via ERβ. (b) E2 reverses immunosuppressive microenvironment 
chiefly through downregulating PD-L1 expression and regulating the ratios of infiltrating immune cells and tumor-associated cell populations. (c) E2 may 
alter the gut microbiome composition and diversity by modulating C/O ratio, F/B ratio, enhancing probiotics intestinal colonization, and increasing the 
abundance of SCFAs-producing bacteria, thereby maintaining the integrity of the intestinal barrier and reducing the risk of CRC. The gut microbiota, in 
turn, can influence E2 levels through multiple pathways. CAFs cancer-associated fibroblasts, CRC colorectal cancer, C/O commensal bacteria/opportu-
nistic pathogens, E2 17β-estradiol, ERβ estrogen receptor beta, EVs extracellular vesicles, F/B Firmicutes/Bacteroidetes, HFD high-fat diet, IGF-1 insulin-like 
growth factor 1, MDSCs myeloid-derived suppressor cells, PD-L1 programmed death-ligand 1, SCFAs short chain fatty acids
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notably exacerbated colitis-related symptoms and 
increased the number of polyps in OVX_AOM/DSS 
mice, significantly driving the development and progres-
sion of invasive adenocarcinoma. At the molecular level, 
E2 substantially boosted Il-6 production and the count of 
Ki67-positive cells while reducing the number of active 
caspase-3-positive cells (indicative of apoptosis). Addi-
tionally, the pro-tumorigenic effects of E2 were found to 
be contingent upon both ERα and ERβ, with ERα exac-
erbating inflammation and ERβ promoting tumorigen-
esis in a manner not directly linked to inflammation [86]. 
However, the study did not extensively investigate the 
specific pathways through which ERβ facilitates tumori-
genesis, and the available evidence is insufficient to con-
clusively support its contentious findings.

Collectively, maintenance of ERβ expression is one of 
the most important mechanisms by which E2 plays a 
protective role in CRC. E2 typically hinders early CRC 
progression by decreasing the inflammatory response, 
lowering the formation of ACFs, and reducing oxidative 
stress through ERβ activation (Fig. 3a). However, in cases 
where there is pre-existing inflammatory damage, the 
expression levels of ERs may change, leading E2 to poten-
tially have pro-inflammatory effects. Therefore, admin-
istering E2 before the onset of inflammation is more 
beneficial for it to exert its anti-inflammatory properties.

Modulating immunosuppressive microenvironment
Previous studies have indicated that E2 may protect nor-
mal intestinal epithelial cells from inflammation-induced 
carcinogenesis by enhancing the expression of Nrf2 and 
associated antioxidant enzymes, thereby maintaining 
redox homeostasis [79, 82]. In contrast, other research 
has shown that knocking down Nrf2 enhances the anti-
tumor immune effects of E2 [83, 87]. AOM/DSS treat-
ment led to significant upregulation of programmed 
death-ligand 1 (PD-L1) in colonic tissues of both WT 
and Nrf2_KO male mice [87]. Expression of PD-L1 in 
tumor cells or tumor-infiltrating immune cells reduces 
T cell activation, inhibiting T cell cytotoxicity and the 
resulting anti-tumor immune responses [88]. Addition-
ally, E2 supplementation significantly decreased PD-L1 
expression as well as iNOS and COX-2 levels in Nrf2_KO 
AOM/DSS male mice [87]. These pro-inflammatory fac-
tors are known to induce PD-L1 expression in tumor 
cells and attract PD-L1-positive immune cells to the 
tumor site, contributing to an immunosuppressive TME 
[87]. In the OVX_MC38 colon tumor model, the popu-
lation of cytotoxic CD8+ T cells was found to be lower, 
while the population of PD-L1-positive M2-like macro-
phages, myeloid-derived suppressor cells (MDSCs), and 
Treg cells was significantly higher [89]. This indicates 
that the tumor immune microenvironment (TIME) is 
suppressed following estrogen deprivation, and this 

suppression can be reversed with E2 supplementation. 
However, in the CRC liver metastasis model, E2 was 
found to promote the accumulation of TNFR2, F4/80+ 
tumor-associated macrophages (TAMs), and MDSCs in 
the hepatic immune microenvironment. It also decreased 
the proportion of CD8+ T cells, ultimately leading to 
the promotion of liver metastasis [90]. Notably, varying 
concentrations of E2 did not influence cell proliferation 
or apoptosis in vitro, nor did it alter PD-L1 expression 
in MC38 cells [89]. Further investigations revealed that 
most extracellular vesicles (EVs) in MC38 colon tumors 
originated from the tumor cells themselves rather than 
immune cells. These EVs contributed to establish-
ing an immunosuppressive TME. E2 supplementation 
diminished the level of the immunosuppressive factor 
TGF-β1 in EVs and its capacity to induce Treg cells, sug-
gesting E2 might indirectly hinder MC38 tumor growth 
by modulating the TIME via MC38-derived EVs [89]. In 
this model, male mice demonstrated accelerated tumor 
growth, elevated PD-L1 protein levels in MC38 tumor 
sections, and higher proportions of PD-L1-expressing 
tumor cells, M2-phenotyped TAMs, and cancer-asso-
ciated fibroblasts (CAFs) compared to female mice [91]. 
Moreover, combining E2 with anti-PD-L1 treatment syn-
ergistically reduced PD-L1 expression in tumor tissues, 
diminished the population of PD-L1-expressing tumor 
cells and TAMs (CD11b+F4/80+), and significantly inhib-
ited MC38 tumor growth in male mice. This study also 
observed that E2 treatment prior to MC38 cell injection 
significantly decreased tumor weight, whereas post-
injection E2 treatment had no impact on tumor size [91], 
suggesting the timing of E2 intervention is crucial for its 
effectiveness in inhibiting tumor growth. These findings 
align with prior research indicating that E2’s effects on 
CRC, whether protective or pro-metastatic, are primarily 
mediated through modifications in the colonic immune 
microenvironment rather than direct actions on MC38 
tumor cells [89–91]. Collectively, these findings suggest 
that E2 indirectly inhibits the progression of CRC by 
modulating the immune microenvironment. This is pri-
marily achieved through reducing PD-L1 expression and 
adjusting the populations of infiltrating immune cells like 
TAMs, MDSCs, Treg, CD8+ T cells, and CAFs within the 
tumor (Fig. 3b). Notably, E2 appears to have contrasting 
effects on the immune microenvironments of the intes-
tines and liver, possibly due to distinct compositions and 
functions within their microenvironments.

Obesity is recognized as a significant risk factor for 
CRC, particularly in men, and this association appears 
to be linked to estrogen. Recent studies have demon-
strated that HFD-fed mice had dysregulated metabolism, 
increased macrophage infiltration, enhanced prolif-
eration of colonic crypts, and accelerated tumor growth 
[58, 92]. In models of HFD-fed MC38 tumor-bearing 
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mice, OVX_females had greater inflammation associ-
ated with macrophages in subcutaneous adipose tissue, 
elevated levels of insulin-like growth factor 1 (IGF-1), 
and a higher prevalence of M2-like TAMs compared to 
their female counterparts [92]. Further analysis of TAM 
gene expression in OVX mice revealed an upregulation 
of the M2-like macrophage marker (CD206) and a signifi-
cant downregulation of the M1-like macrophage marker 
(CD11c) [92], indicating that the absence of estrogen pro-
motes the development of tumor-favoring macrophages 
in OVX_MC38 mice. Moreover, E2 was found to coun-
teract HFD-induced infiltration of F4/80+ macrophages 
and proliferation of colon epithelial cells in male mice 
through ERβ while concurrently decreasing body weight 
and enhancing the metabolic profile of the colon via ERα 
[58]. These findings suggest that estrogen signaling can 
mitigate some of the adverse effects induced by HFD on 
the colonic immune microenvironment. Therefore, obe-
sity, macrophage-associated inflammation, and TAMs 
constitute potential pathways through which CRC devel-
ops in both men and women with estrogen deficiency 
(Fig. 3b). This knowledge offers valuable insights for the 
prevention and management of obesity-related CRC.

Regulating the gut microbiome composition and diversity
In addition to attenuating intestinal inflammation and 
modulating the immunosuppressive microenvironment, 
E2 also regulates the composition and function of the 
gut microbiome in CRC model mice. This novel research 
area, termed the “microgenderome,” explores the inter-
play between sex hormones, primarily E2, and the gut 
microbiome [93, 94], highlighting its significance in CRC 
development. Prior investigations have demonstrated 
E2’s capacity to suppress PD-L1 expression in immune 
cells infiltrating tumors and its synergistic effect with 
anti-PD-L1 antibodies in curtailing the growth of MC38 
colon tumors [89, 91]. Recent findings shed light on the 
gut microbiome’s response to treatment with E2 alone 
or in combination with anti-PD-L1 antibodies in MC38 
mice [95]. The studies revealed that treatment with either 
E2 or anti-PD-L1 influenced the β-diversity of the micro-
biota in both male and female mice, although the altera-
tions were not statistically significant. Treatment with 
anti-PD-L1 alone was observed to enhance the presence 
of the commensal bacterium Parabacteroides goldsteinii 
in both genders. Moreover, the combined therapy of E2 
and anti-PD-L1 increased the abundance of Parabacte-
roides goldsteinii and the Lactobacillus murinus group 
in male mice while concurrently reducing the presence 
of opportunistic pathogens from the Enterobacteria-
ceae family. E2 treatment alone or in combination with 
anti-PD-L1 usually modulates four microorganisms, 
resulting in an increase in the family Ruminococcaceae 
(PAC001785 and PAC001716) and a decrease in the 

family Muribaculaceae (PAC001070 and PAC00106). 
No significant impact of E2 treatment or sex differences 
was observed on the abundance ratio of the two major 
phyla, Firmicutes/Bacteroidetes (F/B). In the context 
of the MC38 colon tumor model, E2, whether applied 
alone or combined with anti-PD-L1, led to an increased 
F/B ratio in males [95]. Conversely, in the AOM/DSS 
model, E2 supplementation markedly decreased the F/B 
ratio and modified microbial diversity (Chao1, Shannon, 
and Simpson indices) in male mice [96]. Furthermore, 
while the relative abundance of both commensal bacteria 
(PAC000664 and Phocea) and opportunistic pathogens 
(Pseudoflavonifractor and Neglecta) decreased in male 
mice treated with AOM/DSS and E2, the ratio of com-
mensal bacteria to opportunistic pathogens increased 
[96]. These findings indicate that E2 may influence the 
composition of the gut microbiome, increasing the ratio 
of commensal bacteria to opportunistic pathogens and 
adjusting the F/B ratio, potentially reducing CRC risk 
and bolstering anti-tumor immunity (Fig. 3c). It is impor-
tant to acknowledge that the literature predominantly 
examines the MC38 and AOM/DSS CRC models, and 
the relative abundance and ratio of gut flora are subject 
to dynamic changes over time and space. As such, the 
apparent discrepancies in the effects of E2 on F/B ratios 
may reflect differences between animal models.

Carnobacterium maltaromaticum has been reported to 
be specifically absent in the feces of female CRC patients 
[97]. In both ApcMin/+ and AOM/DSS CRC model mice, 
treatment with C. maltaromaticum significantly reduced 
the size and number of intestinal tumors in female mice 
but not in male mice [97]. To investigate the association 
between estrogen and the anticancer effects of C. mal-
taromaticum, researchers assessed the intestinal tumor 
formation in OVX_mice receiving C. maltaromaticum 
with or without E2 supplementation and found that 
E2 supplementation restored the anticancer effects of 
C. maltaromaticum. A similar phenomenon was also 
observed in ORX_male mice supplemented with E2 and 
C. maltaromaticum. At the cellular level, E2 significantly 
increased the attachment of C. maltaromaticum to colo-
nocytes NCM460 but did not affect cell viability [97]. 
Mechanistically, E2 enhances C. maltaromaticum attach-
ment and intestinal colonization by upregulating colonic 
SLC3A2 expression. C. maltaromaticum treatment alters 
the composition of the intestinal microbiota, i.e., sig-
nificantly enriched butyrate-producing bacteria Faeca-
libacterium prausnitzii and Lachnispiraceae bacterium, 
whereas reduced the abundance of opportunistic patho-
gens Bacteroides vulgatus and Muribaculum intestinale. 
These beneficial flora directly convert C. maltaromati-
cum-derived 7-DHC into downstream vitamin D metab-
olites and activate vitamin D receptor signaling, thereby 
maintaining intestinal barrier function and reducing 
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mucosal inflammation [97]. Overall, C. maltaromaticum 
colonizes the intestinal tract in an E2-dependent man-
ner and, together with other microbiome to activate the 
vitamin D receptor signaling to inhibit CRC. As men-
tioned previously, E2 attenuates intestinal inflammation 
and inhibits CAC mainly through ERβ [79, 81, 82, 84]. It 
has been found that AOM/DSS treatment combined with 
ERβ knockdown facilitates the enrichment of microbi-
ota affecting cell motility and carbohydrate metabolism, 
and reduces the gut microbiota diversity [98]. This sug-
gests that intestinal ERβ contributes to a more favorable 
microbiome and assists E2 in delaying the progression 
of CAC. A recent study reported that zearalenone, an 
estrogenic mycotoxin, increased the abundance of short 
chain fatty acids (SCFAs)-producing bacteria (unidenti-
fied Ruminococcaceae, Blautia, and Parabacteroidies), 
which favorably inhibited the development of CRC [99]. 
These findings suggest that estrogens may exert anti-CRC 
effects by enhancing certain probiotics intestinal coloni-
zation, increasing the abundance of SCFAs-producing 
bacteria, or altering the composition of the intestinal 
flora through ERβ-mediated pathways (Fig. 3c).

E2 significantly influences the composition and diver-
sity of the gut microbiota, which in turn plays a crucial 
role in the regulation of E2 metabolism and cycling, 
thereby affecting E2 levels. This bidirectional interaction 
is termed the “sex hormone-gut microbiome axis“ [100–
102]. E2 is known to increase the abundance of bacteria 
that produce SCFAs, supporting intestinal barrier integ-
rity and improving energy metabolism by dampening 
inflammatory signaling pathways [103, 104]. Moreover, 
E2 mitigates the risk of malignant transformation from 
chronic enteritis by reducing the abundance of Proteo-
bacteria as well as lipopolysaccharide synthesis, partly 
through the upregulation of intestinal alkaline phospha-
tase activity, an antimicrobial peptide [105]. Additionally, 
E2 modulates the host immune response by influencing 
the metabolism of the gut microbiota via ERs present 
in immune cells [106]. Conversely, the gut microbiome 
regulates host E2 levels through various mechanisms. 
One pathway involves the deconjugation of conjugated 
E2 by β-glucuronidase, producing biologically active 
free E2 that is reabsorbed in the enterohepatic circula-
tion [107]. Alterations in gut microbiota composition 
can modulate β-glucuronidase activity, impacting the 
availability of free E2 and its subsequent physiological 
effects [103, 108]. Furthermore, the gut microbiota may 
harbor specific bacteria endowed with enzymes such as 
steroid reductase, hydroxysteroid dehydrogenase, and 
17, 20 lyase, which are conducive to E2 biosynthesis [109, 
110]. Additionally, the gut microbiome is implicated in 
regulating the release of neuromodulators that act on the 
hypothalamic-pituitary-gonadal axis, directly influencing 
ovarian function and endogenous E2 production. This 

complex interplay underscores the integral role of the sex 
hormone-gut microbiome axis in maintaining homeosta-
sis and its potential impact on health and disease [111] 
(Fig. 3c).

Taken together, E2 regulates the composition and 
diversity of the gut microbiota, which in turn can influ-
ence E2 levels through multiple pathways. The bidirec-
tional interactions between the two are important in 
the pathogenesis and treatment of CRC, suggesting that 
combination therapies targeting E2 and the gut microbi-
ome could have promising potential to improve the prog-
nosis of CRC patients.

Non-genomic signaling of GPER-mediated E2 in 
CRC
E2 primarily exerts its anti-CRC activity through ERβ; 
however, as CRC progresses, ERβ expression is gradu-
ally lost in the hypoxic microenvironment [38]. G pro-
tein-coupled ER (GPER, also known as GPER1) remains 
expressed after the loss of ERβ and thus becomes an 
important mediator of E2’s action in CRC [112]. In 
ERα/β-negative CRC cells, it has been observed that E2 
can inhibit ATM (DNA repair gene) expression under 
both normoxic and hypoxic conditions via GPER [38]. 
Hypoxia triggers the activation of the hypoxia-inducible 
factor (HIF) pathway and subsequent downstream GPER 
signaling [113]. In normoxic conditions, E2 hinders the 
activation of HIF1α and vascular endothelial growth 
factor (VEGFA) in ERs-negative HT-29 cells, thereby 
suppressing angiogenesis. In contrast, under hypoxic 
conditions, E2 treatment enhances the hypoxia-induced 
activation of HIF and GPER signaling, resulting in the 
upregulation of VEGFA and HIF-1α expression, as well 
as promoting cell proliferation and migration. Knocking 
down GPER weakens E2’s inhibitory effect on VEGFA 
and HIF-1α, indicating its dependency on GPER [38]. 
These findings suggest that GPER mediates the antican-
cer or pro-oncogenic effects of E2 in ERs-negative CRC, 
with the former occurring under normoxic conditions 
and the latter under hypoxic conditions (Fig.  4). The 
oxygen tension within the TME might play a regulatory 
role in the interaction between E2 and GPER, with oxy-
gen levels varying according to the CRC stage and tumor 
biopsy location. This variability could help clarify the 
complex dual nature of estrogen’s impact on CRC, swing-
ing between tumor-suppressive and tumor-promoting 
actions. Beyond oxygen levels, the nutritional status 
within the TME is crucial for tumor cell proliferation. 
Using a 3D organoid model with KRAS mutant (MT) 
and KRAS wild type (WT) CRC cells, it was observed 
that glutamine deficiency curtailed the growth of both 
KRAS MT and KRAS WT cells and triggered an increase 
in GPER1 and asparagine synthase (ASNS) expression 
in KRAS MT cells. While E2 supplementation further 
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inhibited the growth of KRAS WT cells, it did not affect 
KRAS MT cells. Additionally, E2 did not influence the 
upregulation of GPER1 and ASNS expression induced 
by glutamine deficiency [35]. Mechanistically, KRAS 
MT cells adapt to a reduced nutrient supply by elevat-
ing GPER1 and ASNS expression, which in turn sup-
ports tumor proliferation. Given that advanced tumors 
often experience nutrient scarcity, high levels of GPER1 
and ASNS are linked with worse outcomes in advanced 
female CRC patients [35]. These findings imply that 
KRAS MT CRC cells may evade the protective effects of 
E2 through GPER1 under nutrient-poor conditions, posi-
tioning GPER1 and ASNS as potential therapeutic tar-
gets for KRAS MT CRC (Fig. 4). Notably, E2 did not alter 

GPER expression induced by nutritional deficiency, nor 
did it significantly affect GPER expression in CRC cells 
under normal nutritional conditions [114].

Excessive centrosome replication is closely linked 
with the onset, progression, and treatment resistance of 
CRC. A recent study found that GPER1 activated by high 
concentrations of E2 (10 nM) induces excessive centro-
some replication and amplification in CRC cells. This 
results in the transient production of multipolar mitotic 
spindles, as well as alignment-defective and lagging chro-
mosomes [115]. The knockdown or inhibition of GPER1 
led to a reduction in the number of centrosomes and an 
increase in karyotype stability in CRC cells exposed to 
E2. Furthermore, the application of E2 or other GPER1 

Fig. 4 Non-genomic signaling of GPER-mediated E2 in CRC. In CRC cells that have lost ERβ expression or contain KRAS MT, E2 interacts with GPER to 
inhibit cancer progression under normoxic conditions. However, this interaction initiates metabolic reprogramming and shifts towards promoting tumor 
growth under conditions of hypoxia and nutrient deficiency. E2-stimulated GPER activation can lead to centrosome amplification, increased STS activ-
ity, upregulated oncogene expression, and the activation of lipid metabolism pathways, ultimately promoting cell proliferation and metastasis. ASNS 
asparagine synthase, Asn asparagine, Asp aspartate, CRC colorectal cancer, CTGF connective tissue growth factor, E1S, estrone sulfate, E2 17β-estradiol, 
ERβ estrogen receptor beta, GPER G protein-coupled estrogen receptor, HRT hormone replacement therapy, MMR mismatch repair gene, MT mutant, STS 
steroid sulfatase, WT wild-type
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activators or inhibitors did not affect CRC cell prolifera-
tion, suggesting that GPER1’s role in regulating the num-
ber of centrosomes in CRC cells is distinct from its role 
in cell proliferation [115]. These findings underscore the 
essential role for E2-activated GPER1 in the malignant 
progression of intestinal susceptibility lesions. Increased 
expression of STS is also considered an indicator of poor 
prognosis in CRC. In CRC tissues and cells (HCT-116 
and HT-29), the expression levels of STS, HSD17B7, and 
HSD17B12 were found to be elevated, while the expres-
sion of HSD17B2 was significantly reduced. This suggests 
that CRC upregulates the pathway that facilitates the 
desulfation of estrone sulfate (E1S) and the subsequent E2 
synthesis [39, 116]. In HCT-116 and HT-29 cells, which 
lack ERβ and have low expression of HSD17B2, E2-stim-
ulated activation of GPER promoted the expression of 
connective tissue growth factor (CTGF), thereby driving 
cell proliferation [39, 116]. In contrast, Caco2 cells, also 
ERβ-negative but with high HSD17B2 expression, did 
not respond to E2 stimulation, suggesting that HSD17B2 
influences the local availability of E2, thus affecting the 
cancer cells’ ability to respond to E2-induced prolifera-
tion [39]. Interestingly, tamoxifen and fulvestrant, which 
are GPER agonists, also significantly increased STS activ-
ity in CRC cells [116]. These findings indicate that E2, 
GPER, STS, HSD17B2, HSD17B7, and HSD17B12 may be 
potential therapeutic targets for CRC. However, they also 
suggest that HRT, mainly consisting of estrone sulfate 
(E1S), tamoxifen and fulvestrant, could adversely affect 
CRC prognosis. Therefore, caution should be exercised 
when using these drugs in patients at high risk for CRC. 
Activation of lipid metabolism is a significant metabolic 
alteration in cancer cells. An early study discovered that 
E2 induces fatty acid synthase expression in ER-negative 
CRC cells and CAFs through GPER-mediated activation 
of the EGFR/ERK/c-Fos/AP1 signaling pathway, stimulat-
ing cancer cell proliferation and migration [117] (Fig. 4). 
While it was previously mentioned that zearalenone 
inhibits CRC growth in vivo by increasing the abundance 
of short-chain fatty acids-producing intestinal microbi-
ota [99], another study found that zearalenone enhances 
GPER expression in colon cancer cell lines and activates 
the ERK1/2 and Hippo-YAP signaling pathways, thereby 
promoting cell proliferation [118]. The discrepancy 
between in vivo and in vitro findings regarding zearale-
none’s effects might lead to seemingly contradictory con-
clusions. However, the consistent finding is GPER’s role 
in promoting CRC growth.

Collectively, the variability in GPER expression across 
different CRC cell lines indicates that GPER levels do 
not consistently correlate with tumorigenic or metastatic 
potential. High GPER expression has been specifically 
associated with a poorer prognosis in advanced female 
CRC patients. In CRC cells that have lost ERβ expression 

or contain KRAS MT, E2 interacts with GPER to inhibit 
cancer progression under normoxic conditions. How-
ever, this interaction initiates metabolic reprogramming 
and shifts towards promoting tumor growth under con-
ditions of hypoxia and nutrient deficiency. E2-stimulated 
GPER activation can lead to centrosome amplification, 
increased STS activity, upregulated oncogene expres-
sion, and the activation of lipid metabolism pathways, 
ultimately promoting cell proliferation and metastasis 
(Fig. 4; Table 1).

Conclusion and future perspectives
In conclusion, at the cellular level, E2 inhibits CRC cell 
proliferation, invasion, and migration through various 
mechanisms, including enhancing DNA mismatch repair, 
regulating miRNA and core clock gene expression, initi-
ating cell cycle arrest and apoptosis, and inhibiting cell 
migration factor activity. Notably, the stimulation of ERβ 
expression is a key mechanism through which E2 exerts 
its protective effects in CRC. E2 mitigates inflammatory 
responses and oxidative stress damage through ERβ, 
thereby impeding early CRC progression. Moreover, E2 
signaling reverses the immunosuppressive microenvi-
ronment by decreasing PD-L1 expression and regulat-
ing immune cell infiltration and tumor-associated cell 
populations. Additionally, E2 can alter the gut microbi-
ome composition to reduce CRC risk by increasing the 
ratio of commensal bacteria to opportunistic pathogens, 
adjusting the F/B ratio, promoting the colonization of 
probiotics, and increasing the abundance of SCFAs-pro-
ducing bacteria. In turn, the gut microbiome can influ-
ence E2 levels through multiple pathways. Conversely, in 
ERβ-negative CRC, E2 may inhibit cancer progression 
through GPER under normoxic conditions but exhibit 
pro-tumorigenic effects under hypoxic and nutrient-defi-
cient conditions. E2-stimulated GPER activation in CRC 
cells can lead to centrosome amplification, increased STS 
activity, upregulated oncogene expression, and the acti-
vation of lipid metabolism pathways, ultimately promot-
ing cell proliferation and metastasis. Moreover, a high-fat 
diet and obesity may pose additional risk factors for CRC.

Current research has primarily focused on CRC cells 
and animal models, which can originate from humans 
or mice of varying sexes, ages, and tumor stages. Ani-
mal models also vary between colitis-induced cancers 
and xenograft tumors, resulting in differences in ERs in 
CRC cells or tissues. However, some studies have not 
thoroughly examined ERs expression or clarified whether 
E2 affects CRC directly or indirectly. Furthermore, the 
concentration and duration of exposure to E2 vary in 
the literature. These seem to partially explain the seem-
ingly contradictory roles of E2 in CRC. Therefore, future 
studies should refine CRC models, accurately assess ER 
expression, standardize E2 concentration and exposure 
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time, and differentiate between direct and indirect path-
ways of E2 action. Overall, E2 signaling in CRC exhibits 
dual effects of both anticancer and carcinogenic proper-
ties through intricate transduction pathways, likely influ-
enced by factors such as E2 concentration and exposure 
time, ERs type and expression levels, individual varia-
tions, and the TME (e.g., oxygen levels, nutritional sta-
tus). E2 modulates genomic and non-genomic signaling 
via ERβ and GPER, respectively, predominantly sup-
pressing early CRC lesions. Moreover, E2 can directly 
impact CRC cell proliferation, invasion, and migration, 
while also indirectly influencing CRC progression by 
modulating colonic inflammation, immunity, and the 
gut microbiome. These insights help elucidate sex-based 
disparities in CRC incidence and prognosis, as well as 
inform the evaluation of HRT in CRC patients, offering a 
scientific foundation for CRC prevention and treatment.
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