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Background: Although estrogen (ERa/ERb), progesterone (PGR), and androgen

(AR) receptors are pathologically altered in colorectal cancer (CRC), their

simultaneous expression within the same cohort of patients was not previously

measured.

Methods: ERa/ERb/PGR/AR proteins were measured in archived paired normal

andmalignant colon specimens (n =120 patients) by immunohistochemistry, and

results were analyzed by gender, age (≤50 vs. ≥60 years), clinical stages (early-

stage I/II vs. late-stage III/IV), and anatomical location (right; RSCs vs. left; LSCs).

Effects of 17b-estradiol (E2), progesterone (P4), and testosterone alone or

combined with the specific blockers of ERa (MPP dihydrochloride), ERb
(PHTPP), PGR (mifepristone), and AR (bicalutamide) on cell cycle and apoptosis

were also measured in the SW480 male and HT29 female CRC cell lines.

Results: ERa and AR proteins increased, whilst ERb and PGR declinedmarkedly in

malignant specimens. Moreover, male neoplastic tissues showed highest AR

expression, whilst ERb and PGR weakest alongside ERa strongest expression was

seen in cancerous tissues from women aged ≥60 years. Late-stage neoplasms

also revealed maximal alterations in the expression of sex steroid receptors. By

tumor location, LSCs disclosed significant elevations in ERawithmarked declines

in PGR compared with RSCs, and ERa strongest alongside PGR weakest

expression was detected in advanced LSCs from women aged ≥60 years. Late-
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stage LSCs from females aged ≥60 years also showed weakest ERb and strongest

AR expression. In contrast, male RSC and LSC tissues exhibited equal ERb and AR

expression in all clinical stages. ERa and AR proteins also correlated positively,

whereas ERb and PGR inversely, with tumor characteristics. Concomitantly, E2

and P4monotherapies triggered cell cycle arrest and apoptosis in the SW480 and

HT29 cells, and while pre-treatment with ERa-blocker enhanced the effects of

E2, ERb-blocker and PGR-blocker suppressed the E2 and P4 anti-cancer actions,

respectively. In contrast, treatment with the AR-blocker induced apoptosis,

whilst co-treatment with testosterone hindered the effects.

Conclusions: This study advocates that protein expression of sex steroid

receptors in malignant tissues could represent prognostic markers, as well as

hormonal therapy could provide an alternative strategy against CRC, and their

efficacies could be dependent on gender, clinical stage, and tumor location.
KEYWORDS

testosterone, cell cycle, apoptosis, left-right dichotomy, mifepristone, bicalutamide,
estrogen receptor-b (ERb), estrogen receptor-a (ERa)
1 Introduction

Worldwide, colorectal cancer (CRC) is the most prevalent and

fatal gastrointestinal neoplastic disease (1, 2). Several factors increase

the risk of CRC, among which tumor location has recently been

shown to correlate with tumor characteristics and clinical outcomes.

In detail, right-sided cancers (RSCs) are linked with larger tumor size,

poor differentiation, mucinous histology, distant metastasis, and

worse prognosis compared to left-sided cancers (LSCs) (3–5).

Moreover, epidemiological observations have consistently shown

lower risk of developing CRC in pre-menopausal women, whilst

post-menopausal women using hormonal replacement therapy

(HRT) also had markedly lower incidence of CRC relative to

nonusers, as well as age-matched men (6–9). Moreover, better

prognosis has been noted in CRC female patients aged 18-44 years

relative to women > 50 years of age, as well as men of the same age

(10). Therefore, it has been suggested that sex steroid hormones could

contribute to colon oncogenesis (6–10).

Although the production of sex steroid hormones mainly occurs

in the gonads, other peripheral tissues, including colon, express the

enzymes required for the biogenesis of sex hormones, including

progesterone (P4), testosterone, and the most potent estrogen, 17b-
estradiol (E2) (11–13). Colonic mucosa could also respond to sex

hormones, since estrogen (ERa & ERb) (14–16), progesterone (PGR)
(17–19), and androgen (AR) (20–22) receptors were detected and

showed gender-dependent expression profiles. Moreover, ERb, PGR
and AR in normal colonic tissue are abundant, whilst ERa is weakly

expressed (14–22). However, the protein expression of ERa (23–25)

and AR (26) increases, whereas ERb (27–29) and PGR (23, 30–32)

decline, markedly in cancerous colonic tissues, and they correlated

with the tumor clinicopathological characteristics and/or prognosis.

Experimental studies have also shown that E2 induced ERb-mediated

anti-cancer actions, whilst promoting oncogenic effects through ERa
02
in colonic cells, both in vivo and in vitro (33–36). Moreover,

treatment with P4 induced apoptosis and inhibited cancer

progression (30, 36), whereas testosterone therapy triggered cell

growth and colon carcinogenesis (37–40), in vitro and in animal

models. Hence, the authors suggested that E2, through ERb (33–36),

and P4 via PGR (30, 36) could act as tumor suppressors, whilst

activation of ERa by E2 (33–36) and AR by testosterone (37–40)

could promote the development and progression of colon neoplasia.

However, none of the earlier studies measured the expression of

all the sex steroid hormone receptors within the same cohort of

clinical samples or analyzed the results in relation to menopausal

status in women. Moreover, little is currently known about the

expression of sex steroid receptors with respect to tumor sidedness.

Hence, this study investigated the protein expression of ERa, ERb,
PGR, and AR in paired non-cancerous and cancerous tissues

collected from patients diagnosed with CRC, and the results were

analyzed according to gender, age, clinical stage, and tumor

anatomical sites. To support the clinical findings, the SW480

male and HT29 female CRC cell lines were also treated with E2,

P4, and testosterone alone or combined with their specific nuclear

receptor blockers to measure their effects on cell cycle and apoptosis

according to gender. Understanding the roles of sex steroid

hormones in colon oncogenesis could provide better prognostic

markers and/or alternative hormonal therapies for CRC.
2 Materials and methods

2.1 Clinical study and sample collection

Paired Formalin-Fixed Paraffin-Embedded (FFPE) malignant

and their corresponding non-malignant colonic specimens were

collected from the archives of Histopathology Department of King
frontiersin.org
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Abdullah Medical City in Makkah (KAMC) following ethical

approval (#19-498). The study included 120 Saudi male and

female patients between January 2019 and December 2021, aged

between ≥ 18 years and ≤ 50 years, or ≥ 60 years and who were

diagnosed with primary sporadic CRC. Moreover, all patients did

not receive neoadjuvant chemo/radiotherapy prior to their surgery.

Patients with a history of inherited or recurrent CRC and/or aged

between 51 and 59 years old were excluded to ensure

menopausal status.

The final diagnosis with the histopathological staging were

based on institutional clinical management guidelines that

followed the 8th edition of the American Joint Committee on

Cancer tumor-node-metastasis (TNM) staging system. By

retrieving the pathology and surgical reports, tumors located from

the cecum to the margin of hepatic flexure were categorized as

right-sided cancer (RSC), whilst neoplasms located from the splenic

flexure to the rectum were considered left-sided cancer (LSC) (4).

All the retrieved tissue blocks were examined by consultant

histopathologists in KAMC to ensure adequacy.

2.1.1 Immunohistochemistry
Primary mouse monoclonal IgG antibodies (Santa-Cruz

Biotechnology Inc.; CA, USA) were used to detect ERa (#sc-

8002), ERb (#sc-53494), PGR (#sc-810), and AR (#sc-7305) in 5-

mm sections from each non-malignant and cancerous tissues.

Endogenous peroxidases were blocked by using a BLOXALL®
Solution (#SP-6000-100; Vector Laboratories Inc., CA, USA) for

15 min. Subsequently, the sections were incubated overnight

with the primary antibodies (1:200 concentration for all) at 4°C.

After washing, the sections were treated with ImmPRESS® HRP

Horse Anti-mouse (#MP-7402) IgG Plus Polymer Peroxidase

Kits, as per the manufacturer’s protocol (Vector Laboratories

Inc.). The same protocol was also used with the negative control

sections, but primary isotype mouse (#sc-2025) IgG antibodies

(Santa-Cruz Biotechnology Inc.) were used to control for non-

specific staining. The sections were studied on a Leica DMi8

microscope (Leica Microsystems, Wetzlar, Germany) and

images were acquired from 10 random fields/section with a

20× objective.

The ImageJ software (https://imagej.nih.gov/ij/) was used to

measure the protein expression by the IHC Image Analysis

Toolbox, as reported elsewhere (4, 41). Briefly, the stained areas

(ROI) were identified, and the stain intensity with the percentage of

stained areas were measured. The IHC scores were calculated by the

following equation, as previously described equation (4, 41):

IHC stain intensity 

=  ½(255  −  ROI stain score) 

�   %  ROI (ROI pixels=total image pixels �  100)�

The IHC scores for each receptor were then compared between

the paired normal and cancerous tissues of each patient (normal vs.

malignant), as well as between the clinical stages (early [I/II] vs. late

[III/IV]), both genders (male vs. female), tumor sites (RSC vs. LSC),

and age groups (≤ 50 vs. ≥ 60 years).
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2.2 In vitro experiments

2.2.1 Chemicals and reagents
Ultrapure (>99%) testosterone hormone (#86500) was from

Sigma-Aldrich Co. (MO, USA), whilst 17b-Estradiol (E2; #HY-

B0141) and progesterone (P4; #HY-N0437) hormones, alongside

the specific receptor blockers of ERa (MPP dihydrochloride; #HY-

103454), ERb (PHTPP; #HY-103456), PGR (mifepristone; #HY-

13683), and AR (bicalutamide; #HY-14249) were obtained from

MedChemExpress LLC (Princeton, NJ, USA). Cell culture media

(DMEM & RPMI-1640), fetal bovine serum (FBS), antibiotic-

antimycotic solution, and sterile 96-well and 6-well plates were

from Thermo Fisher Scientific (MT, USA). The female (HT29) and

male (SW480) human colon cancer cell lines were from the

American Type Culture Collection (VA, USA).

2.2.2 Cell culture and cell viability assay
The HT29 cells were cultured in RPMI-1640, whilst DMEMwas

used for the SW480, and all media included 10% FBS and 1%

antibiotic-antimycotic solution. All cells were sub-cultured, and

growth maintained at 37°C in a humified incubator with 5% CO2.

Following seeding in 96-well plates, both cell lines were treated with

each drug alone for 48h to determine the concentrations associated

with 50% inhibition (IC50) or 10% increase (EC10) of cell viability

using the MTT cytotoxicity assay, as described earlier (42, 43).

2.2.3 Cell cycle analysis
Following determination of IC50 or EC10 concentrations, the

cells were seeded in 6-well plates and divided into the following

groups: untreated control (CT), E2 (E2), P4 (P4), and testosterone

(T) single treatments, alongside the MPP + E2 (E/a), PHTPP + E2

(E/b), mifepristone + P4 (P/M), and bicalutamide + testosterone (T/

B) dual therapies. Each receptor blocker was added for a total

duration of 48h in the co-therapy protocols, whilst E2, P4, or

testosterone therapies were incubated for 24h and were initiated in

the single and dual treatment groups 24h after adding their

corresponding receptor blockers for 24h.

At the end of experiments, the SW480 and HT29 cells were

trypsinised and suspended, washed twice with PBS, and fixed in ice-

cold 70% ethanol for 24h at 4°C. Cells were then treated with RNase

A (20 mg/ml; Thermo Fisher) for 15 min after washing twice in PBS.

Propidium iodide (PI; 2 μg/ml; Thermo Fisher) was used to stain

cellular DNA immediately prior to cell cycle analysis with an Acea

Novocyte 3000 flow cytometer (Agilent Technologies, CA, USA).

The percentage of cells in each phase of cell cycle were determined

for 20,000 events (n = 3/group) by the NovoExpress software cell

cycle algorithm, as reported earlier (42, 43).

2.2.4 Apoptosis assay
The Annexin V-FITC/PI Apoptosis Assay Kit (Thermo Fisher

Scientific) was used tomeasure the effects of the different therapies on

cell death. Briefly, the SW480 and HT29 cells were washed twice with

ice cold PBS following the different treatments and re-suspended in

100 ml of 1× Annexin V (AV) binding buffer. Cell suspensions were

then incubated in the dark for 15 min at room temperature, after the
frontiersin.org
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addition of AV-FITC (5 ml) and PI (1 ml). Before analysing with the

Acea Novocyte 3000 flow cytometer, the samples were kept on ice

after adding 400 ml of AV binding buffer. The percentages of live

(non-stained), early (AV+/PI-) and late apoptotic (AV+/PI+), and

dead (AV-/PI+) cells are shown as mean ± SD (n = 3).
2.3 Statistical analysis

SPSS statistical analysis software version 25 was used for data

analysis. Normality and homogeneity of all continuous variables

were determined by the Kolmogorov and Smirnov’s test and the

Levene test, respectively. Ordinal and discontinuous variables are

shown as numbers with percentages, and Chi-square (c2) test

following cross-tabulation were used to measure frequencies.

While Student’s t or Mann-Whitney U tests were applied to

compare between two groups based on normality, one-way

analysis of variance (ANOVA) with Tukey’s HSD or Games-

Howell post-hoc tests were used for comparing between several

groups based on equality of variance. Continuous variables are

shown as mean ± standard deviation (SD) or median with

interquartile range (IQR; 25th – 75th percentiles), according to

data normality. Correlations were measured by Pearson’s or

Spearman’s tests based on data normality. Significance was

considered with P< 0.05.
3 Results

3.1 Clinicopathological characteristics
of colonic tumors

Overall, the patients included 64 males (53.3%) and 56 females

(46.7%), and the mean of age was comparable between both

genders (58.4 ± 13.2 and 58.7 ± 13.1 years, respectively). The T

stages were T1 in two (1.7%), T2 in 13 (10.8%), T3 in 72 (60%) and

T4 in 33 (27.5%) patients. Regional lymph nodes were positive for

malignant cells in 63 (52.5%) patients, whilst distant liver

metastasis (stage M1a) was detected in 16 patients (13.3%). The

most prevalent histology was Adenocarcinoma (n = 92; 76.7%)

whilst the remainder was mucinous carcinoma. Additionally, 20

(16.7%), 72 (60%) and 28 (23.3%) patients had poorly, moderately,

and well-differentiated cancers, respectively. Moreover, 42 (35%)

and 28 (23.3%) patients were positive for lymphovascular and

perineural invasions, respectively. AS per the TNM staging

criteria, 50 (41.7%) cases were clinically diagnosed as early

(stages I/II) and the remainder (58.3%) as advanced (stages III/

IV) malignancies.

According to tumor anatomical sites, RSCs were less frequent (n

= 41; 34.2%) and associated with markedly higher rates of mucinous

neoplasms, poor differentiation, and distant metastasis relative to

LSCs (Supplementary Table 1). However, both the RSC and LSC

groups showed comparable average age, as well as distributions of

genders, T and N stages, lymphovascular and perineural invasions,

and rates of early (I/II) and late (III/IV) cancer stages
Frontiers in Endocrinology 04
(Supplementary Table 1). By classifying the patients according to

gender and age groups, there were 22 men (18.3%) and 20 women

(16.7%) aged ≤ 50 years, whilst patients aged ≥ 60 years included 42

males (35%) and 36 females (30%). All the clinicopathological

features were similar between the different groups, except for the

rate of T4 stage that was markedly higher in male patients (Table 1).

3.2 Protein expression of sex steroid receptors in clinical samples

by IHC.

3.2.1 Estrogen receptors
In non-malignant tissues, the antibodies against ERa

(Supplementary Figure 1) and ERb (Supplementary Figure 2)

labelled the cytoplasm and nuclei of colonic epithelia, and the

immunostaining of the latter was substantially stronger. Moreover,

the expression of ERa was markedly higher in the female right and

left non-cancerous tissues compared with male patients

(Supplementary Figure 1; P< 0.01 for both). While ERa was equal

between the male non-malignant specimens during the different

cancer stages, women ≥ 60 years showed significantly higher IHC

scores in the left-sided non-neoplastic tissues obtained from the

early and late stages relative to women aged ≤ 50 years

(Supplementary Figure 1; P< 0.001). On the other hand, female

patients aged ≤ 50 years disclosed the highest ERb expression in the

right and left non-malignant specimens compared with both age

groups in males, as well as females ≥ 60 years of age (Supplementary

Figure 2, P< 0.001 for all). Although ERb expression in the male

non-cancerous tissues was also equal between both age groups, the

non-cancerous tissues from the late stages of RSCs and LSCs had

markedly lower IHC scores compared with their counterpart early

stages (Supplementary Figure 2; P< 0.01 for both). Furthermore, the

non-malignant tissues from women aged ≥ 60 years revealed

the lowest ERb protein expression compared with all groups, and

the lowest scores were detected in samples obtained from late RSCs

(Supplementary Figure 2).

In general, the protein expression of ERa increased significantly

(213.4; IQR: 192.9 – 286.3) in cancerous compared with non-

cancerous tissues (36.9; IQR: 24.1 – 63.2; P< 0.0001). Moreover,

left-side cancers (257.9; IQR: 200.3 – 307.1) had higher ERa
expression relative to RSCs (222.5; IQR: 183.3 – 248.7; P< 0.0001).

According to clinical stage, late-stage right and left cancers showed

markedly higher IHC scores relative to their corresponding early-

stage cancerous tissues, and the highest scores were detected in late-

stage LSCs (Figure 1; P< 0.0001). However, the ERa IHC scores in

late-stage LSCs were comparable between both genders, whilst

women aged ≥ 60 years and diagnosed with advanced RSCs

displayed the strongest immunostaining relative to men, as well as

females aged ≤ 50 years, diagnosed with early-stage RSCs (Figure 1;

P< 0.001 for both).

In contrast, ERb protein declined in cancerous specimens (51.3;

IQR: 40.4 – 72.1) compared with their corresponding non-malignant

colonic tissues (114.1; IQR: 76.5 – 174.0; P< 0.001; Figure 2).

Furthermore, the protein expression of ERb was equal between right

(49.4; IQR: 39.8 – 66.2) and left-sided (50.9; IQR: 36.2 – 75.2) tumors.

However, ERb immunostaining decreased with cancer progression in

both genders, and the lowest IHC scores were observed in late-stage
frontiersin.org
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RSCs and LSCs relative to the early-stage specimens (Figure 2, P< 0.01

for all). By further analysis, right and left-sided malignant tissues

obtained from women ≥ 60 years of age showed significantly lower

ERb expression than women aged ≤ 50 years, as well as men, and the

lowest IHC scores were detected in the late stages of LSCs (Figure 2).
Frontiers in Endocrinology 05
3.2.2 Progesterone receptor
The immunostaining of PGR was visualized in the cytoplasm

and nuclei of non-neoplastic colonic specimens from both genders

and demonstrated moderate to strong intensities (Supplementary

Figure 3). The expression of PGR was also significantly higher in the
TABLE 1 The clinicopathological characteristics of CRC according to patients’ gender and age groups (n = 120).

Male patients
(n = 64; 53.3%)

Female patients
(n = 56; 46.7%)

P-value
≤ 50 years

(n = 22; 18.3%)
≥ 60 Years

(n = 42; 35%)
≤ 50 years

(n = 20; 16.7%)
≥ 60 Years

(n = 36; 30%)

Tumor sidedness

Right-sided 8 (6.6%) 13 (10.8%) 7 (5.9%) 13 (10.8%)
0.9

Left-sided 14 (11.7%) 29 (24.2%) 13 (10.8%) 23 (19.2%)

Tumor infiltration (T stage)

T1 0 (0%) 0 (0%) 2 (1.7%) 0 (0%)

0.04
T2 2 (1.7%) 8 (6.6%) 2 (1.7%) 1 (0.8%)

T3 12 (10%) 23 (19.2%) 11 (9.1%) 26 (21.7%)

T4 8 (6.6%) 11 (9.2%) 5 (4.2%) 9 (7.5%)

Median (IQR) of tumor volume (cm3) 11.5 (4.8 – 27.5) 8.4 (4.4 – 15.3) 9.5 (4.5 – 18.8) 10.5 (5.5 – 29.5) 0.5

Lymph node (N stage)

N0 9 (7.5%) 22 (18.4%) 12 (10%) 14 (11.7%)

0.7N1 8 (6.6%) 11 (9.1%) 5 (4.2%) 14 (11.7%)

N2 5 (4.2%) 9 (7.5%) 3 (2.5%) 8 (6.6%)

Distant metastasis (M stage)

M0 19 (15.8%) 38 (31.7%) 17 (14.2%) 30 (25%)
0.8

M1 3 (2.5%) 4 (3.3%) 3 (2.5%) 6 (5%)

Histology

Adenocarcinoma 18 (15%) 33 (27.5%) 16 (13.4%) 25 (20.9%)
0.6

Mucinous 4 (3.3%) 9 (7.5%) 4 (3.3%) 11 (9.1%)

Differentiation

Poor 3 (2.5%) 4 (3.3%) 4 (3.3%) 9 (7.5%)

0.5Moderate 12 (10%) 28 (23.4%) 11 (9.1%) 21 (17.5%)

Well 7 (5.8%) 10 (8.3%) 5 (4.2%) 6 (5%)

Lymphovascular invasion

No 12 (10%) 28 (23.4%) 16 (13.4%) 22 (18.3%)
0.3

Yes 10 (8.3%) 14 (11.7%) 4 (3.3%) 14 (11.7%)

Perineural invasion

No 14 (11.7%) 32 (26.7%) 16 (13.4%) 30 (25%)
0.2

Yes 8 (6.6%) 10 (8.3%) 4 (3.3%) 6 (5%)

AJCC TNM stages

Stages I/II 8 (6.6%) 19 (15.8%) 12 (10%) 11 (9.1%)
0.1

Stages III/IV 14 (11.7%) 23 (19.2%) 8 (6.6%) 25 (20.9%)
fron
Bold values indicates statistical significance.
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left-sided compared with right-sided non-cancerous tissues

obtained from both genders (P< 0.01 for both). Moreover, the

strongest PGR expression was observed in right and left non-

malignant specimens obtained from females aged ≤ 50 years
Frontiers in Endocrinology 06
compared with the different male age groups and women ≥ 60

years (Supplementary Figure 3). Although the expression of PGR in

the right-sided non-cancerous samples was equal in females ≥ 60

years and both male age groups, the IHC scores were significantly
A

B

FIGURE 1

(A) Immunohistochemical localization of ERa in malignant colonic tissues (n = 120 patients; 20× objective; Scale bar = 15 mm) alongside (B) its IHC
arbitrary scores are shown as boxplots according to gender, age, tumor sides and cancer stages. (a = P< 0.05 compared with normal specimens
from males ≥ 18 years; b = P< 0.05 compared with normal specimens from females ≤ 50 years; c = P< 0.05 compared with normal specimens from
females ≥ 60 years; d = P< 0.05 compared with early-stage right-sided malignant samples from males ≥ 18 years; e = P< 0.05 compared with early-
stage right-sided malignant samples from females ≤ 50 years; f = P< 0.05 compared with early-stage right-sided malignant samples from females ≥
60 years; g = P< 0.05 compared with late-stage right-sided malignant samples from males ≥ 18 years; h = P< 0.05 compared with late-stage right-
sided malignant samples from females ≤ 50 years; i = P< 0.05 compared with late-stage right-sided malignant samples from females ≥ 60; j = P<
0.05 compared with early-stage left-sided malignant samples from males ≥ 18 years; k = P< 0.05 compared with early-stage left-sided malignant
samples from females ≤ 50 years; l = P< 0.05 compared with early-stage left-sided malignant samples from females ≥ 60 years; m = P< 0.05
compared with late-stage left-sided malignant samples from males ≥ 18 years; n = P< 0.05 compared with late-stage left-sided malignant samples
from females ≤ 50 years).
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lower in the former group in the left-sided samples

(Supplementary Figure 3).

Generally, the expression of PGR protein declined markedly in

malignant tissues (53.0; IQR: 43.2 – 61.8) relative to their corresponding

non-malignant colonic samples (187.3; IQR: 169.7 – 216.0; P< 0.001).
Frontiers in Endocrinology 07
Left-sided tumors (45.9; IQR: 35.9 – 60.2) also showed markedly lower

PGR expression relative to right-sided lesions (62.3; IQR: 51.1 – 81.1; P<

0.001). Furthermore, PGR decreased with cancer progression in both

genders, and the lowest IHC scores were detected in women≥ 60 years of

age and diagnosed with early and late-stage LSCs compared with all
A

B

FIGURE 2

(A) Immunohistochemical localization of ERb in malignant colonic tissues (n = 120 patients; 20× objective; Scale bar = 15 mm) alongside (B) its IHC
arbitrary scores are shown as boxplots according to gender, age, tumor sides and cancer stages. (a = P< 0.05 compared with normal specimens
from males ≥ 18 years; b = P< 0.05 compared with normal specimens from females ≤ 50 years; c = P< 0.05 compared with normal specimens from
females ≥ 60 years; d = P< 0.05 compared with early-stage right-sided malignant samples from males ≥ 18 years; e = P< 0.05 compared with early-
stage right-sided malignant samples from females ≤ 50 years; f = P< 0.05 compared with early-stage right-sided malignant samples from females ≥
60 years; g = P< 0.05 compared with late-stage right-sided malignant samples from males ≥ 18 years; h = P< 0.05 compared with late-stage right-
sided malignant samples from females ≤ 50 years; i = P< 0.05 compared with late-stage right-sided malignant samples from females ≥ 60; j = P<
0.05 compared with early-stage left-sided malignant samples from males ≥ 18 years; k = P< 0.05 compared with early-stage left-sided malignant
samples from females ≤ 50 years; l = P< 0.05 compared with early-stage left-sided malignant samples from females ≥ 60 years; m = P< 0.05
compared with late-stage left-sided malignant samples from males ≥ 18 years; n = P< 0.05 compared with late-stage left-sided malignant samples
from females ≤ 50 years).
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groups (Figure 3, P< 0.01 for all). In contrast, early and late-stage

malignant tissues fromwomen aged ≤ 50 years with LSCs, but not RSCs,

had markedly stronger PGR immunostain relative to male cancerous

tissues (Figure 3).
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3.2.3 Androgen receptor
AR showed cytoplasmic and nuclear localization in the non-

neoplastic colonic epithelium, and the stain intensity was gender-

dependent (Supplementary Figure 4). In more detail, the expression of
A

B

FIGURE 3

(A) Immunohistochemical localization of PGR in malignant colonic tissues (n = 120 patients; 20× objective; Scale bar = 15 mm) alongside (B) its IHC
arbitrary scores are shown as boxplots according to gender, age, tumor sides and cancer stages. (a = P< 0.05 compared with normal specimens
from males ≥ 18 years; b = P< 0.05 compared with normal specimens from females ≤ 50 years; c = P< 0.05 compared with normal specimens from
females ≥ 60 years; d = P< 0.05 compared with early-stage right-sided malignant samples from males ≥ 18 years; e = P< 0.05 compared with early-
stage right-sided malignant samples from females ≤ 50 years; f = P< 0.05 compared with early-stage right-sided malignant samples from females ≥
60 years; g = P< 0.05 compared with late-stage right-sided malignant samples from males ≥ 18 years; h = P< 0.05 compared with late-stage right-
sided malignant samples from females ≤ 50 years; i = P< 0.05 compared with late-stage right-sided malignant samples from females ≥ 60; j = P<
0.05 compared with early-stage left-sided malignant samples from males ≥ 18 years; k = P< 0.05 compared with early-stage left-sided malignant
samples from females ≤ 50 years; l = P< 0.05 compared with early-stage left-sided malignant samples from females ≥ 60 years; m = P< 0.05
compared with late-stage left-sided malignant samples from males ≥ 18 years; n = P< 0.05 compared with late-stage left-sided malignant samples
from females ≤ 50 years).
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AR was significantly higher in the right-sided non-tumorous tissues

obtained from males diagnosed with early-stage cancer compared with

their corresponding female specimens (P< 0.01). Moreover, all non-

malignant specimens from women ≤ 50 years of age disclosed the lowest

expression of AR compared with all non-cancerous specimens obtained

frommales, as well as females aged ≥ 60 years (Supplementary Figure 4).

In contrast, non-malignant colonic tissues fromwomen ≥ 60 years of age

showed lower AR expression in early-stage, whilst increased significantly

in late-stage, RSCs compared with their corresponding male tissues.

Moreover, the AR IHC scores in left-sided non-cancerous tissues were

equal between both age groups in men, as well as in females ≥ 60 years

during the early and late-stage cancers (Supplementary Figure 4).

Overall, AR protein expression increased significantly in the

cancerous colonic tissues (364.9; IQR: 268.1 – 388.8) compared with

non-cancerous samples (171.6; IQR: 150.1 – 190.9; P< 0.0001).

However, the expression of AR was equal between proximal (358.3;

IQR: 256.4 – 388.3) and distal (357.5; IQR: 279.4 – 389.8) cancers.

There were also no significant differences between the male cancerous

specimens according to tumor sidedness and clinical stages (Figure 4),

whereas all female right and left-sided malignant samples showed

markedly lower AR expression during the different cancer stages

compared with their counterpart male malignant tissues (Figure 4).

Moreover, the expression of AR was significantly lower in RSC and

LSC malignant specimens obtained from women aged ≤ 50 years

relative to females aged ≥ 60 years (Figure 4).

3.2.4 Correlations between tumor
clinicopathological characteristics and protein
expression of sex steroid receptors

Overall, the IHC scores of ERa in cancerous specimens

correlated significantly and inversely with those of ERb (r = -0.533;

P< 0.0001) and PGR (r = -0.259; P< 0.0001), whilst directly with AR

(r = 0.117; P< 0.0001). On the other hand, ERb and PGR inmalignant

tissues correlated positively together (r = 0.648; P< 0.001), whereas

they associated negatively with AR (r = -0.159 and r = -0.367,

respectively; P< 0.0001 for both). Moreover, the protein expression

of ERa and AR in malignant tissues showed significant positive

correlations, whereas ERb and PGR correlated negatively, with older

age, tumour size, N stage, numbers of positive lymph nodes, and

advanced cancer stage (Table 2).

By further analysis according to gender, ERa protein expression in

neoplastic tissues linked indirectly and significantly with ERb (r = -0.497;

P< 0.0001), PGR (r = -0.158; P< 0.0001), and AR (r = -0.309; P< 0.0001).

While ERb in male malignant tissues correlated positively and

moderately with PGR (r = 0.588; P< 0.0001), it showed a weak direct

association with AR (r = 0.121; P = 0.002). However, there was no

associations between PGR and AR in male malignant tissues. In female

tissues, ERa IHC scores in cancerous sites associated inversely with ERb
(r = -0.587; P< 0.0001) and PGR (r = -0.351; P< 0.0001), whilst directly

with AR (r = 0.726; P< 0.0001). ERb protein in female cancer specimens

also revealed a direct association with PGR (r = 0.765; P< 0.0001),

whereas both inversely linked with AR (r = -0.607 and r = -0.537,

respectively; P< 0.0001 for both).

Moreover, ERa and AR in malignant colonic samples showed

significant direct associations with tumor size, N stage, numbers of
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positive regional lymph nodes, and late-stage neoplasms in males,

as well as female patients (Table 3). In contrast, ERb and PGR IHC

scores in male malignant samples correlated indirectly with N stage,

numbers of positive lymph nodes, M stage, lymphovascular

invasion and advanced cancer stage, whilst PGR only revealed

weak associat ions with right-s ided tumors and poor

differentiation (Table 3). In female cancerous specimens, both

ERb and PGR exhibited weak to moderate negative correlations

with tumor size, N stage, perineural invasion, and late-stage

malignancy. Moreover, PGR, but not ERb, in female malignant

specimens correlated indirectly with older age and T stage (Table 3).
3.3 In vitro effects of sex steroid hormones
and their specific receptor blockers

3.3.1 Cytotoxicity and dose-response curves
Results of the MTT assay revealed that E2, P4, ERa-blocker

(MPP), and AR-blocker (bicalutamide) inhibited proliferation in

the SW480 male and HT29 female CRC cell lines (Figure 5).

Furthermore, the IC50 concentrations were 10 nM for E2 in both

cell lines, 20 nM and 1 nM for P4, 8.6 μM and 17.8 μM for MPP,

and 4.5 μM and 9.1 μM for bicalutamide in the SW480 and HT29

cells, respectively (Figure 5). On the other hand, testosterone, ERb-
blocker (PHTPP), and PGR-blocker (mifepristone) monotherapies

promoted cell proliferation in the SW480 and HT29 cell lines.

While the EC10 concentrations of PHTPP were 30 μM in both cell

lines (Figure 5A), they were 26.9 μM and 31.8 μM for mifepristone

(Figure 5B), and 20 μM and 30 μM for testosterone (Figure 5C) in

the SW480 and HT29 cells, respectively. Hence, the calculated

IC50s of E2, P4, MPP, and bicalutamide, alongside the EC10 of

PHTPP, mifepristone, and testosterone, were used to measure their

effects on cell cycle and apoptosis in the SW480 and HT29 cells.

3.3.2 Cell cycle progression
Single treatments with E2 and P4 hormones significantly

increased the numbers of SW480 (3.2-fold & 1.7-fold,

respectively) and HT29 (2.2-fold & 10-fold, respectively) cells in

the Sub-G1 phase compared with untreated cells (Figure 6).

Moreover, ERa-blocker (MPP) markedly increased the percentage

of cells relative to non-treated (4.4-fold & 3.3-fold) and E2

monotherapy (1.4-fold & 1.5-fold) in the SW480 and HT29 cell

lines, respectively. In contrast, the addition of ERb-blocker
(PHTPP) and PGR-blocker (mifepristone) showed markedly

lower numbers of SW480 and HT29 cells in the sub-G1 phase

compared with cells treated with E2 and P4 monotherapies

(Figure 6). Whilst the percentage of SW480 cells in Sub-G1 phase

were equal between testosterone monotherapy and untreated cells,

the hormone markedly reduced the percentage of HT29 cells in

Sub-G1 phase (2.1-fold; Figure 6). Nonetheless, the use of AR-

blocker (bicalutamide) with testosterone significantly elevated the

proportions of SW480 and HT29 cells in Sub-G1 phase relative to

control (5.9-fold for both cell lines) and testosterone-only (1.8-fold

& 12.6-fold, respectively) groups (Figure 6). The scatter and

histogram plots, showing the gating strategy used for cell cycle
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analysis in the SW480 and HT29 cell lines, are represented in

Supplementary Figures 5, 6, respectively.

E2-alone or combined with ERa-blocker also induced arrest at
the S and G2/M phases of cell cycle in the SW480 cells, whilst only
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promoting G2/M-arrest in the HT29 cells (Figure 6). Moreover,

the combination of E2 with its ERb-blocker was associated with S-

phase arrest in the SW480, but not HT29, cells. In contrast, P4,

with and without mifepristone, displayed negligible effects on the
A

B

FIGURE 4

(A) Immunohistochemical localization of AR in malignant colonic tissues (n = 120 patients; 20× objective; Scale bar = 15 mm) alongside (B) its IHC
arbitrary scores are shown as boxplots according to gender, age, tumor sides and cancer stages. (a = P< 0.05 compared with normal specimens
from males ≥ 18 years; b = P< 0.05 compared with normal specimens from females ≤ 50 years; c = P< 0.05 compared with normal specimens from
females ≥ 60 years; d = P< 0.05 compared with early-stage right-sided malignant samples from males ≥ 18 years; e = P< 0.05 compared with early-
stage right-sided malignant samples from females ≤ 50 years; f = P< 0.05 compared with early-stage right-sided malignant samples from females ≥
60 years; g = P< 0.05 compared with late-stage right-sided malignant samples from males ≥ 18 years; h = P< 0.05 compared with late-stage right-
sided malignant samples from females ≤ 50 years; i = P< 0.05 compared with late-stage right-sided malignant samples from females ≥ 60; j = P<
0.05 compared with early-stage left-sided malignant samples from males ≥ 18 years; k = P< 0.05 compared with early-stage left-sided malignant
samples from females ≤ 50 years; l = P< 0.05 compared with early-stage left-sided malignant samples from females ≥ 60 years; m = P< 0.05
compared with late-stage left-sided malignant samples from males ≥ 18 years; n = P< 0.05 compared with late-stage left-sided malignant samples
from females ≤ 50 years).
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numbers of SW480 and HT29 cells in the different phases of cell

cycle (Figure 6). On the other hand, testosterone and bicalutamide

co-therapy induced marked increases in the numbers of SW480

and HT29 cells in the S-phase of cell cycle, with concomitant

declines in the percentage of cells in the G0/G1 and G2/M

phases (Figure 6).
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3.3.3 Cell apoptosis
E2 monotherapy significantly reduced the numbers of viable

SW480 and HT29 cells that was depicted by marked increases in the

percentage of early (2.7-fold & 1.6-fold, respectively) and late (1.9-

fold & 4.5-fold, respectively) apoptotic cells relative to untread cells

(Figure 7). The addition of ERa-blocker significantly boosted,
TABLE 2 Correlations of tumor clinicopathological characteristics with ERa, ERb, PGR, and AR protein expression in malignant colonic tissues from all
patients (n = 120) by Pearson’s correlation test.

ERa IHC scores ERb IHC scores PGR IHC scores AR IHC scores

Female gender 0.247** -0.239** -0.161 -0.663**

Age 0.351** -0.254** -0.291** 0.150

Right-sided cancer 0.143 0.030 -0.136 -0.038

T stage 0.114 -0.230* -0.084 0.189*

Tumor Size 0.291** -0.326** -0.297** 0.105

N Stage 0.617*** -0.579** -0.208* 0.320**

Numbers of positive lymph nodes 0.604*** -0.591** -0.259** 0.259**

M Stage 0.206* -0.295** -0.104 0.177

Mucinous Carcinoma 0.057 -0.096 -0.144 -0.013

Poor differentiation 0.094 -0.058 0.028 -0.029

Lymphovascular invasion 0.170 -0.263** -0.162 0.166

Perineural invasion -0.071 -0.125 -0.092 0.124

Late-stage cancer 0.728*** -0.720*** -0.320** 0.434**
*P< 0.05.
**P< 0.01.
***P< 0.001.
TABLE 3 Correlations of tumor clinicopathological characteristics with ERa, ERb, PGR, and AR protein expression in malignant colonic tissues from
male (n = 64) and female (n = 56) patients by Pearson’s correlation test.

Male patients (n = 64) Female patients (n = 56)

ERa ERb PGR AR ERa ERb PGR AR

Age 0.407** -0.031 0.087 0.001 -0.093 0.031 -0.559** -0.023

Right-sided cancer 0.143 0.080 -0.292* -0.149 0.109 -0.248 -0.152 0.025

T stage 0.031 -0.087 0.051 0.245* 0.058 -0.191 -0.349** 0.162

Tumor Size 0.275* -0.196 -0.218 0.242* 0.353* -0.539** -0.429** -0.098

N Stage 0.573*** -0.694** -0.205 0.360** 0.550** -0.201 -0.274* 0.654**

Numbers of positive lymph nodes 0.518*** -0.675** -0.195 0.323** 0.566*** -0.214 -0.180 0.433**

M Stage 0.186 -0.283* 0.024 0.266* .172 -0.273 -0.167 0.338*

Mucinous Carcinoma 0.039 -0.091 -0.084 0.024 0.096 -0.026 -0.199 0.014

Poor differentiation -0.015 -0.002 0.288* 0.015 0.099 0.158 -0.133 0.116

Lymphovascular invasion 0.117 -0.304* -0.101 0.043 0.208 -0.126 -0.214 0.376*

Perineural invasion -0.084 -0.092 0.044 -0.087 0.222 -0.373* -0.337* 0.219

Late-stage cancer 0.691*** -0.844*** -0.175 0.478** 0.798*** -0.421** -0.465** 0.959***
front
*P< 0.05.
**P< 0.01.
***P< 0.001.
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whilst ERb-blocker inhibited, the pro-apoptotic effects of E2

therapy in both cell lines (Figure 7). Similarly, P4 single treatment

markedly reduced cell viability by increasing the percentage of early

(2.3-fold & 1.2-fold) and late (2.4-fold & 9.6-fold) apoptotic SW480

and HT29 cells, respectively, and the effects were inhibited by the

PGR-blocker, mifepristone (Figure 7). In contrast, testosterone

monotherapy significantly increased the numbers of viable

SW480 and HT29 cells, whilst its combination with bicalutamide

showed marked elevations in the percentage of early and late

apoptotic SW480 (6.9-fold & 3.3-fold, respectively) and HT29

(2.5-fold & 2.3-fold) cells (Figure 7).
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4 Discussion

Herein, wemeasured ERa, ERb, PGR, and AR protein expression

in archived paired malignant and non-malignant colonic tissues, and

the results were analyzed based on gender, age, and tumor sidedness.

We also measured the effects of E2, P4, and testosterone, with and

without their corresponding specific nuclear receptor blockers, on cell

cycle and apoptosis in the SW480 male and HT29 female CRC cell

lines. Our results revealed gender-dependent protein expression of

the targeted sex steroid receptors in non-cancerous colonic tissues.

Moreover, ERa and AR proteins increased, whereas ERb and PGR
A

B C

FIGURE 5

Dose-response curves with the IC50 (mean ± SD) and EC10 (mean ± SD) values of (A) 17b-estradiol (E2), ERa-blocker (MPP), and ERb-blocker
(PHTPP), (B) progesterone (P4) and PGR-blocker (mifepristone), and (C) testosterone and AR-blocker (bicalutamide) at 48h in the SW480 male and
HT29 female colon cancer cell lines, as determined using the MTT cell viability assay (Data were analyzed by nonlinear regression to determine
dose-response; n = 5 replicates/treatment).
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diminished markedly in neoplastic relative to non-neoplastic colonic

tissues, and the dysregulations were maximal in late-stage cancers in

both genders. ERa and AR proteins also correlated directly, whilst

ERb and PGR negatively, with tumors’ histopathological features.

Concomitantly, E2 monotherapy induced cell cycle arrest and
Frontiers in Endocrinology 13
promoted apoptosis in the SW480 male and HT29 female CRC cell

lines, and pre-treating with ERa-blocker enhanced, whereas ERb-
blocker inhibited the anticancer actions. Similarly, P4 induced

apoptosis in both cell lines, whilst adding the PGR-blocker

impeded the effects. In contrast, testosterone promoted survival in
A B

FIGURE 6

Percentage of cells (mean ± SD) in the different phases of cell cycle in non-treated control cells (CT) and following 17b-estradiol (E2), P4 (P4), and
testosterone (T) for 24h alongside dual treatments for 48h with MPP ERa-blocker + E2 (E/a), PHTPP ERb-blocker + E2 (E/b), mifepristone PGR-
blocker + P4 (P/M), and bicalutamide AR-blocker + testosterone (T/B) in the (A) SW480 male and (B) HT29 female colon cancer cell lines (n = 3
biological replicates/group). Treatment with each receptor blocker was for a total duration of 48h in the co-therapy protocols, whilst E2, P4, or T
therapies were incubated for 24h and were initiated in the single and dual treatment groups 24h after adding their corresponding receptor blockers
for 24h. (Data were analyzed by one-way ANOVA with Tukey’s HSD post-hoc test; a = P< 0.05 compared with CT; b = P< 0.05 compared with E2
group; c = P< 0.05 compared with E/a group, d = P< 0.05 compared with E/b group; e = P< 0.05 compared with P4 group; f = P< 0.05 compared
with P/M group, and g = P< 0.05 compared with T group).
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both cell lines, and the effects were hindered by the specific AR-

blocker, bicalutamide. However, the best apoptotic actions in the

SW480 male cell line were detected after blocking AR, whilst P4

showed the highest pro-apoptotic effects in the HT29 female cell line.
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The importance of sex steroid hormones in colon cancer has

gained greater attention, since the rates of CRC in premenopausal,

as well as post-menopausal women using HRT, were markedly

lower than nonuser post-menopausal women and age-matched
A B

FIGURE 7

Percentage (mean ± SD) of living, early and late apoptotic alongside dead cells in non-treated control cells (CT) and following 17b-estradiol (E2), P4
(P4), and testosterone (T) for 24h alongside dual treatments for 48h with MPP ERa-blocker + E2 (E/a), PHTPP ERb-blocker + E2 (E/b), mifepristone
PGR-blocker + P4 (P/M), and bicalutamide AR-blocker + testosterone (T/B) in the (A) SW480 male and (B) HT29 female colon cancer cell lines (n =
3 biological replicates/group). Treatment with each receptor blocker was for a total duration of 48h in the co-therapy protocols, whilst E2, P4, or T
therapies were incubated for 24h and were initiated in the single and dual treatment groups 24h after adding their corresponding receptor blockers
for 24h. (Data were analyzed by one-way ANOVA with Tukey’s HSD post-hoc test; a = P< 0.05 compared with CT; b = P< 0.05 compared with E2
group; c = P< 0.05 compared with E/a group, d = P< 0.05 compared with E/b group; e = P< 0.05 compared with P4 group; f = P< 0.05 compared
with P/M group, and g = P< 0.05 compared with T group).
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men (6, 8, 9, 44). The risk of CRC also increased significantly in

women after oophorectomy (45, 46), and 17b-estradiol treatment in

vivo and in vitro inhibited CRC progression via ERb-mediated

actions (33–36), whilst promoted cancer progression through ERa
(47–49). Others have likewise reported lower CRC incidence in

menopausal women using P4 (50, 51), and the hormone also

triggered cell cycle arrest and apoptosis in several human CRC

cell lines, including SW480 and HT29 cells (30, 36, 52).

Furthermore, ERb expression declined significantly in malignant

relative to non-malignant colonic tissues and coincided with

drastically elevated ERa (48, 53–55), and the expression linked

with lower survival and higher recurrence rates, advanced stages,

and distant metastasis (23–25, 27–29). Although many reports also

disclosed marked declines in PGR in cancerous tissues, their results

related to its prognostic value in CRC are inconclusive (23, 30–32).

In contrast, male rats were more susceptible for developing CRC

than females (37, 38), and orchiectomy reduced, whereas

testosterone replacement therapy sustained, the numbers of

tumors in male animals (38). Similar findings were also reported

after chemically inducing CRC in male mice (39), as well as

testosterone caused dose-dependent increases in the viability of

HT29 cells (40). Moreover, AR increased in malignant clinical

samples and correlated directly with tumor size, poor

differentiation, lymph node positivity, advanced stage, and poor

prognosis (26). However, the authors did not compare the

expression between both genders. On the other hand, increased

AR in female malignant tissues has been suggested to promote CRC

aggressiveness by increasing classes III and V of b-tubulin protein,

which are commonly activated in male patients and could underly

the observed higher mortality rate in men (56).

Collectively, Our findings correlate with earlier studies reporting

gender-dependent expression of ERs (14–16), PGR (17–19), and AR

(20–22) in normal colon, which supports the notion that sex steroid

hormones contribution to colon biology could, at least in part, be

gender-specific. Moreover, our data and prior studies advocate that

ERb (33–36) and PGR (30, 36, 52) mediate tumor suppressive

actions, whereas overexpressed ERa (23–25) and AR (37–40) could

incite oncogenicity in colon. The present findings also provide

additional support for the potential prognostic values of sex steroid

receptors in CRC (23–30, 32). Although the current results also

reinforce the notion that hormonal therapy could represent an

alternative therapy for CRC (36, 38, 39, 50, 51, 57), treatment

regimens should be tailored based on gender alongside the

expression of sex steroid receptors in malignant tissues to achieve

the highest efficacy. In more detail, we suggest that the use of ovarian

sex steroid hormones (33–36, 50, 51), as well as blocking androgen

receptor (38–40), could inhibit CRC progression by modulating the

regulatory molecules of cell cycle and apoptosis. Nonetheless, further

studies using the different sex steroid hormones and/or their specific

receptor blockers, with and without 5-Fluororacil, are mandatory to

measure their therapeutic efficiencies against CRC. Additionally,

more studies are needed to elucidate the roles of sex steroid

hormones in colon neoplasia by measuring their effects on the

expression of oncogenic and tumor suppressive molecules.

Tumor sidedness is another important factor in CRC, and RSCs

are linked with older age, poor differentiation, mucinous carcinoma,
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and worse outcomes (3–5). The oncogenic pathways and molecular

features also vary substantially between proximal and distal colonic

neoplasms (3–5). Despite this, little is known about the expression

of sex steroid receptors in right and left-sided cancers. Herein, there

was an overall significant increase in the expression of ERa, whilst
PGR declined, in LSCs compared to RSCs. Furthermore, the highest

ERa alongside the lowest PGR protein expression were observed in

women aged ≥ 60 years and diagnosed with late-stage LSCs. On the

other hand, ERb and AR proteins were in general equal between

both anatomical sides. By disseminating the data according to

gender, however, late-stage LSCs obtained from females ≥ 60

years of age showed the weakest and strongest protein expression

of ERb and AR, respectively. In contrast, right and left-sided male

malignant tissues exhibited equivalent expression of ERb, as well as
AR, in the different clinical stages of CRC.

Taken together, our findings suggest that ERa and PGR protein

expression in CRC could be reliant on tumor sidedness alongside

gender, age, and clinical stage. Paradoxically, loss of ERb and AR

overexpression in malignant tissues appear to be gender-specific,

since in male patients the deregulations were constant between

RSCs and LSCs at the different stages, whilst in post-menopausal

female patients the alterations were more pronounced in distal

colon cancers, especially during the late stages. Hence, we speculate

that the rates of CRC are lower in premenopausal women (8, 9, 44)

due to higher ERb (14, 33, 35) and PGR (30, 52) alongside lower

ERa (47–49) and AR (56, 58) expression in colonic tissues, whereas

their pathological alterations following menopause might trigger

CRC. Moreover, future studies should consider gender, age, clinical

stage, and tumor sidedness to precisely explore the roles of the

targeted sex steroid receptors and/or measure their prognostic

values in CRC.

This study has several drawbacks. Firstly, we only measured the

protein expression of the targeted receptors, and future studies

should also measure their gene expression. Moreover, the patients

included had their surgical innervations between January 2019 and

December 2021 and, therefore, prognostic data (e.g., 5-year survival

rate, disease-free survival rate, etc.), as well as data related to using

hormone replacement therapy were not available to correlate them

with the expression profiles of the targeted receptors. Hence,

additional studies are still needed to measure the prognostic

values of sex steroid receptors according to gender, tumor sites,

and clinical stages. Furthermore, we only measured the expression

of the targeted receptors by IHC, and future prospective studies that

include fresh tissues are needed to validate the protein expression by

additional techniques (e.g., Western blot). More in vitro studies are

also required to investigate the molecular pathways underlying the

actions of sex steroid hormones and their receptors in CRC (e.g.,

cell cycle regulatory molecules, apoptosis regulatory molecules,

etc.). Moreover, future studies should also measure the genes and

proteins of the G-protein coupled membrane (e.g., mER, mPGR,

and mAR) and the nuclear receptors, since the membranous

receptors were shown to mediate anti-tumorigenic actions in

CRC (59, 60).

In conclusion, non-malignant tissues from women ≤ 50 years of

age showed markedly lower ERa and AR alongside stronger ERb
and PGR proteins than men and women aged ≥ 60 years, which
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could explain the commonly reported lower CRC incidence in

premenopausal women. In malignant tissues, the proteins of ERa
and AR increased significantly and concurred with decreases in ERb
and PGR, and the tumor clinical characteristics correlated positively

with ERa and AR, whilst negatively with ERb and PGR, supporting

the contributions of receptors to colon carcinogenesis. However, the

expression profiles of the sex steroid receptors in cancerous tissues

varied between genders, clinical stages, and tumor sidedness.

Moreover, E2 and P4 monotherapies induced apoptosis, whilst

testosterone caused proliferation in the SW480 male and HT29

female CRC cell lines, and the effects were reversed by pre-treating

the cells with the specific blockers of ERb, PGR, and AR receptors,

respectively. Collectively, this study advocates the promising

prognostic value of the targeted sex steroid receptors, as well as

the potential benefits of hormonal therapy in CRC. However, future

studies should measure the expression of membranous and nuclear

receptors of sex steroid hormones in malignant colonic tissues and

the results should be disseminated according to gender, age, clinical

stage, and tumor sidedness to accurately determine their prognostic

values in CRC. More in vivo and in vitro studies are also still needed

to measure the anti-cancer effects of sex steroid hormones and their

receptor blockers, with and without chemotherapy, to precisely

tailor hormonal therapeutic regimens against CRC based on gender

and the expression of sex steroid receptors.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

The studies involving human participants were reviewed and

approved by The Institutional Review Board of King Abdullah

Medical City in Makkah, Saudi Arabia (KAMC; #19-498). Written

informed consent for participation was not required for this study

in accordance with the nat ional legis lat ion and the

institutional requirements.
Author contributions

Conceptualization: BR, AkA, and SI. Methodology: AkA, SI,

AhA, MofA, HA, GB, OA and IM. Investigation: AkA. RA, FM and

BR. Visualization: BR, SA, MonA, BB and MaA. Validation: SA,

MonA, BB and MaA. Formal analysis: BR, AkA, RA, and FM. Data

curation: BR, AkA. and SI. Supervision: BR, AkA, RA and FM.

Funding acquisition: BR, AkA, RA and FM. Resources: BR and

AkA. Project administration: BR RA and FM. Writing—original

draft: BR AhA, MofA and HA. Writing—review and editing: AkA.

All authors contributed to the article and approved the

submitted version.
Frontiers in Endocrinology 16
Funding

This work was supported by the Deputyship for Research &

Innovation, Ministry of Education in Saudi Arabia [Grant Code:

IFP22UQU4320045DSR101]. The funding organization was not

involved in the design of the study; the collection, analysis, and

interpretation of data; writing the report; and did not impose any

restrictions regarding the publication of the report.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1187259/

full#supplementary-material

SUPPLEMENTARY FIGURE 1

(A) Immunohistochemical localization of ERa in non-malignant colonic tissues

collected from patients diagnosed with early-stage (I/II) and late-stage (III/IV)
colorectal cancer (20× objective; Scale bar = 15 mm) alongside (B) their IHC

arbitrary scores are shown as boxplots according to gender, age, tumor sides,

and cancer stages. (a = P< 0.05 comparedwithmales ≤ 50 yearswith right sided
early-stage cancer; b = P< 0.05 compared with males ≥ 60 years with right

sided early-stage cancer; c = P< 0.05 compared with females ≤ 50 years with
right sided early-stage cancer; d = P< 0.05 compared with females ≥ 60 years

with right sided early-stage cancer; e = P< 0.05 compared with males ≤ 50
years with right sided late-stage cancer; f = P< 0.05 compared with males ≥ 60

years with right sided late-stage cancer; g = P< 0.05 compared with females ≤

50 years with right sided late-stage cancer; h = P< 0.05 compared with females
≥ 60 years with right sided late-stage cancer; i = P< 0.05 compared with males

≤ 50 yearswith left sided early-stage cancer; j = P< 0.05 comparedwithmales ≥
60 years with left sided early-stage cancer; k = P< 0.05 compared with females

≤ 50 yearswith left sided early-stage cancer; l = P< 0.05 comparedwith females
≥ 60 years with left sided early-stage cancer;m = P< 0.05 compared withmales

≤ 50 years with left sided late-stage cancer; n = P< 0.05 compared withmales ≥

60 years with left sided late-stage cancer and o = P< 0.05 compared with
females ≤ 50 years with left sided late-stage cancer).

SUPPLEMENTARY FIGURE 2

(A) Immunohistochemical localization of ERb in non-malignant colonic tissues
collected from patients diagnosed with early-stage (I/II) and late-stage (III/IV)

colorectal cancer (20× objective; Scale bar = 15 mm) alongside (B) their IHC

arbitrary scores are shown as boxplots according to gender, age, tumor sides, and
cancer stages. (a = P< 0.05 compared with males ≤ 50 years with right sided early-

stage cancer; b = P< 0.05 compared with males ≥ 60 years with right sided early-
stage cancer; c = P< 0.05 compared with females ≤ 50 years with right sided early-

stage cancer; d = P< 0.05 compared with females ≥ 60 years with right sided early-
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stage cancer; e = P< 0.05 compared with males ≤ 50 years with right sided late-
stagecancer; f =P<0.05comparedwithmales≥60yearswith right sided late-stage

cancer; g = P< 0.05 compared with females ≤ 50 years with right sided late-stage

cancer; h = P< 0.05 compared with females ≥ 60 years with right sided late-stage
cancer; i = P< 0.05 compared with males ≤ 50 years with left sided early-stage

cancer; j = P< 0.05 compared with males ≥ 60 years with left sided early-stage
cancer; k = P< 0.05 compared with females ≤ 50 years with left sided early-stage

cancer; l = P< 0.05 compared with females ≥ 60 years with left sided early-stage
cancer; m = P< 0.05 compared with males ≤ 50 years with left sided late-stage

cancer; n = P< 0.05 compared with males ≥ 60 years with left sided late-stage

cancer and o = P< 0.05 compared with females ≤ 50 years with left sided late-
stage cancer).

SUPPLEMENTARY FIGURE 3

(A) Immunohistochemical localization of PGR in non-malignant colonic tissues
collected from patients diagnosed with early-stage (I/II) and late-stage (III/IV)

colorectal cancer (20× objective; Scale bar = 15 mm) alongside (B) their IHC
arbitrary scores are shown as boxplots according to gender, age, tumor sides,
and cancer stages. (a = P< 0.05 comparedwithmales ≤ 50 yearswith right sided

early-stage cancer; b = P< 0.05 compared with males ≥ 60 years with right
sided early-stage cancer; c = P< 0.05 compared with females ≤ 50 years with

right sided early-stage cancer; d = P< 0.05 compared with females ≥ 60 years
with right sided early-stage cancer; e = P< 0.05 compared with males ≤ 50

years with right sided late-stage cancer; f = P< 0.05 compared with males ≥ 60

years with right sided late-stage cancer; g = P< 0.05 compared with females ≤
50 years with right sided late-stage cancer; h = P< 0.05 compared with females

≥ 60 years with right sided late-stage cancer; i = P< 0.05 compared with males
≤ 50 yearswith left sided early-stage cancer; j = P< 0.05 comparedwithmales ≥

60 years with left sided early-stage cancer; k = P< 0.05 compared with females
≤ 50 yearswith left sided early-stage cancer; l = P< 0.05 comparedwith females

≥ 60 yearswith left sided early-stage cancer;m= P< 0.05 comparedwithmales

≤ 50 years with left sided late-stage cancer; n = P< 0.05 compared withmales ≥
60 years with left sided late-stage cancer and o = P< 0.05 compared with

females ≤ 50 years with left sided late-stage cancer).

SUPPLEMENTARY FIGURE 4

(A) Immunohistochemical localization of AR in non-malignant colonic tissues

collected from patients diagnosed with early-stage (I/II) and late-stage (III/IV)

colorectal cancer (20× objective; Scale bar = 15 mm) alongside (B) their IHC
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arbitrary scores are shown as boxplots according to gender, age, tumor sides,
and cancer stages. (a = P< 0.05 comparedwithmales ≤ 50 yearswith right sided

early-stage cancer; b = P< 0.05 compared with males ≥ 60 years with right

sided early-stage cancer; c = P< 0.05 compared with females ≤ 50 years with
right sided early-stage cancer; d = P< 0.05 compared with females ≥ 60 years

with right sided early-stage cancer; e = P< 0.05 compared with males ≤ 50
years with right sided late-stage cancer; f = P< 0.05 compared with males ≥ 60

years with right sided late-stage cancer; g = P< 0.05 compared with females ≤
50 years with right sided late-stage cancer; h = P< 0.05 compared with females

≥ 60 years with right sided late-stage cancer; i = P< 0.05 compared with males

≤ 50 yearswith left sided early-stage cancer; j = P< 0.05 comparedwithmales ≥
60 years with left sided early-stage cancer; k = P< 0.05 compared with females

≤ 50 yearswith left sided early-stage cancer; l = P< 0.05 comparedwith females
≥ 60 years with left sided early-stage cancer;m = P< 0.05 compared withmales

≤ 50 years with left sided late-stage cancer; n = P< 0.05 compared withmales ≥
60 years with left sided late-stage cancer and o = P< 0.05 compared with

females ≤ 50 years with left sided late-stage cancer).

SUPPLEMENTARY FIGURE 5

Cell cycle analysis data for SW480 cells with the gating strategy used for each
treatment group. The proportion of each phase of the cell cycle was

determined for 20,000 single cell events using the NovoExpress cell cycle
algorithm (right panel; histogram), and first gated on the SW480 cell

population using forward scatter (FSC) vs side scatter (SSC) scatter plots

(left panels), and then using DNA content height (H) vs. Area (A) scatter plots
(middle panels) to calculate single cell events (pulse processing). The plots

shown are representative of one of three similar experiments, and the
percentage of each cell cycle phase is shown (mean ± SD; n = 3).

SUPPLEMENTARY FIGURE 6

Cell cycle analysis data for HT29 cells with the gating strategy used for each

treatment group. The proportion of each phase of the cell cycle was
determined for 20,000 single cell events using the NovoExpress cell cycle

algorithm (right panel; histogram), and first gated on the HT29 cell population
using forward scatter (FSC) vs side scatter (SSC) scatter plots (left panels), and

then using DNA content height (H) vs. Area (A) scatter plots (middle panels) to
calculate single cell events (pulse processing). The plots shown are

representative of one of three similar experiments, and the percentage of

each cell cycle phase is shown (mean ± SD; n = 3).
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diarylpropionitrile, a selective agonist of estrogen receptor beta, on the growth of
frontiersin.org

https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.6004/jnccn.2017.0038
https://doi.org/10.3389/pore.2021.1610032
https://doi.org/10.3389/pore.2021.1610032
https://doi.org/10.1016/j.clcc.2018.07.001
https://doi.org/10.1016/j.clcc.2018.07.001
https://doi.org/10.1038/bjc.2016.345
https://doi.org/10.3322/caac.21440
https://doi.org/10.1186/s12885-019-6428-0
https://doi.org/10.1007/s00423-019-01850-6
https://doi.org/10.3892/ol.2019.10983
https://doi.org/10.1158/0008-5472.CAN-08-0906
https://doi.org/10.1530/JME-16-0013
https://doi.org/10.1016/j.jsbmb.2020.105732
https://doi.org/10.1097/MEG.0b013e328335ef50
https://doi.org/10.1113/jphysiol.2011.215772
https://doi.org/10.1038/s41598-020-73166-1
https://doi.org/10.3389/fendo.2023.1187259
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Refaat et al. 10.3389/fendo.2023.1187259
MC38 colon cancer line. Cancer Lett (2009) 276(1):68–73. doi: 10.1016/
j.canlet.2008.10.050

18. Guarino M, Cheng L, Cicala M, Ripetti V, Biancani P, Behar J. Progesterone
receptors and serotonin levels in colon epithelial cells from females with slow transit
constipation. Neurogastroenterol Motil (2011) 23(6):575–e210. doi: 10.1111/j.1365-
2982.2011.01705.x

19. Asavasupreechar T, Saito R, Miki Y, Edwards DP, Boonyaratanakornkit V,
Sasano H. Systemic distribution of progesterone receptor subtypes in human tissues. J
Steroid Biochem Mol Biol (2020) 199:105599. doi: 10.1016/j.jsbmb.2020.105599

20. Stebbings WS, Farthing MJ, Puddefoot JR, Anderson E, Vinson GP, Northover
JM, et al. Androgen receptors in colorectal adenomas. J Cancer Res Clin Oncol (1988)
114(2):208–11. doi: 10.1007/BF00417839

21. Meggouh F, Lointier P, Saez S. Sex steroid and 1,25-dihydroxyvitamin D3
receptors in human colorectal adenocarcinoma and normal mucosa. Cancer Res (1991)
51(4):1227–33.

22. Marugo M, Aste H, Bernasconi D, Fazzuoli L, Conio M, Cuva A, et al. Cytosolic and
nuclear androgen receptors in colorectal adenomas. Anticancer Res (1992) 12(3):705–8.

23. Ye SB, Cheng YK, Zhang L, Wang XP, Wang L, Lan P. Prognostic value of
estrogen receptor-a and progesterone receptor in curatively resected colorectal cancer:
a retrospective analysis with independent validations. BMC Cancer (2019) 19(1):933.
doi: 10.1186/s12885-019-5918-4

24. Ye SB, Cheng YK, Deng R, Deng Y, Li P, Zhang L, et al. The predictive value of
estrogen receptor 1 on adjuvant chemotherapy in locally advanced colorectal cancer: a
retrospective analysis with independent validation and its potential mechanism. Front
Oncol (2020) 10:214. doi: 10.3389/fonc.2020.00214

25. Topi G, Ghatak S, Satapathy SR, Ehrnström R, Lydrup ML, Sjölander A.
Combined estrogen alpha and beta receptor expression has a prognostic significance
for colorectal cancer patients. Front Med (Lausanne) (2022) 9:739620. doi: 10.3389/
fmed.2022.739620

26. Albasri AM, Elkablawy MA. Clinicopathological and prognostic significance of
androgen receptor overexpression in colorectal cancer. experience from Al-madinah
Al-munawarah, Saudi Arabia. Saudi Med J (2019) 40(9):893–900. doi: 10.15537/
smj.2019.9.24204

27. Topi G, Ehrnström R, Jirström K, Palmquist I, Lydrup ML, Sjölander A.
Association of the oestrogen receptor beta with hormone status and prognosis in a
cohort of female patients with colorectal cancer. Eur J Cancer (2017) 83:279–89. doi:
10.1016/j.ejca.2017.06.013

28. Rudolph A, Toth C, Hoffmeister M, Roth W, Herpel E, Jansen L, et al.
Expression of oestrogen receptor b and prognosis of colorectal cancer. Br J Cancer
(2012) 107(5):831–9. doi: 10.1038/bjc.2012.323

29. Babic A, Miladinovic N, Milin Lazovic J, Milenkovic S. Decreased ERb
expression and high cyclin D1 expression may predict early CRC recurrence in high-
risk duke's b and duke's c stage. J buon (2021) 26(2):536–43.

30. Zhang YL, Wen XD, Guo X, Huang SQ, Wang TT, Zhou PT, et al. Progesterone
suppresses the progression of colonic carcinoma by increasing the activity of the
GADD45a/JNK/c−Jun signalling pathway. Oncol Rep (2021) 45(6):1–13. doi: 10.3892/
or.2021.8046

31. Abd ElLateef AAE, Mohamed AES, Elhakeem AA, Ahmed SF. Estrogen and
progesterone expression in colorectal carcinoma: a clinicopathological study. Asian Pac
J Cancer Prev (2020) 21(4):1155–62. doi: 10.31557/APJCP.2020.21.4.1155

32. Salehi Far S, Soltani M, Zardast M, Ghasemian Moghaddam MR. Investigating
the factors associated with the level of expression of estrogen and progesterone
receptors in patients suffering from colorectal cancer. J Cancer Epidemiol (2021)
2021:4478155. doi: 10.1155/2021/4478155

33. Acconcia F, Totta P, Ogawa S, Cardillo I, Inoue S, Leone S, et al. Survival versus
apoptotic 17beta-estradiol effect: role of ER alpha and ER beta activated non-genomic
signaling. J Cell Physiol (2005) 203(1):193–201. doi: 10.1002/jcp.20219

34. Wei Y, Huang C, Wu H, Huang J. Estrogen receptor beta (ERb) mediated-
CyclinD1 degradation via autophagy plays an anti-proliferation role in colon cells. Int J
Biol Sci (2019) 15(5):942–52. doi: 10.7150/ijbs.30930

35. Topi G, Satapathy SR, Dash P, Fred Mehrabi S, Ehrnström R, Olsson R, et al.
Tumour-suppressive effect of oestrogen receptor b in colorectal cancer patients, colon cancer
cells, and a zebrafish model. J Pathol (2020) 251(3):297–309. doi: 10.1002/path.5453

36. Mahbub AA, Aslam A, Elzubier ME, El-Boshy M, Abdelghany AH, Ahmad J,
et al. Enhanced anti-cancer effects of oestrogen and progesterone co-therapy against
colorectal cancer in males. Front Endocrinol (Lausanne) (2022) 13:941834. doi:
10.3389/fendo.2022.941834

37. Moon RC, Fricks CM. Influence of gonadal hormones and age on 1,2-
dimethylhydrazine-induced colon carcinogenesis. Cancer (1977) 40(5 Suppl):2502–8.
doi: 10.1002/1097-0142(197711)40:5+<2502::AID-CNCR2820400917>3.0.CO;2-7

38. Amos-Landgraf JM, Heijmans J, Wielenga MC, Dunkin E, Krentz KJ, Clipson L,
et al. Sex disparity in colonic adenomagenesis involves promotion by male hormones,
not protection by female hormones. Proc Natl Acad Sci U.S.A. (2014) 111(46):16514–9.
doi: 10.1073/pnas.1323064111

39. Song CH, Kim N, Nam RH, Choi SI, Yu JE, Nho H, et al. Testosterone strongly
enhances azoxymethane/dextran sulfate sodium-induced colorectal cancer
development in C57BL/6 mice. Am J Cancer Res (2021) 11(6):3145–62.
Frontiers in Endocrinology 18
40. Farahmandlou N, Oryan S, Ahmadi R, Eidi A. Association of testosterone with
colorectal cancer (HT29), human glioblastoma (A172) and human embryonic kidney
(HEK293) cells proliferation. Acta Endocrinol (Buchar). (2017) 13(2):144–9. doi:
10.4183/aeb.2017.144

41. Refaat B, Abdelghany AH, BaSalamah MA, El-Boshy M, Ahmad J, Idris S. Acute
and chronic iron overloading differentially modulates the expression of cellular iron-
homeostatic molecules in normal rat kidney. J Histochem Cytochem (2018) 66(11):
825–39. doi: 10.1369/0022155418782696

42. Almaimani RA, Aslam A, Ahmad J, El-Readi MZ, El-Boshy ME, Abdelghany
AH, et al. In vivo and in vitro enhanced tumoricidal effects of metformin, active vitamin
D(3), and 5-fluorouracil triple therapy against colon cancer by modulating the PI3K/
Akt/PTEN/mTOR network. Cancers (Basel) (2022) 14(6):1–24. doi: 10.3390/
cancers14061538

43. Idris S, Refaat B, Almaimani RA, Ahmed HG, Ahmad J, Alhadrami M, et al.
Enhanced in vitro tumoricidal effects of 5-fluorouracil, thymoquinone, and active
vitamin D3 triple therapy against colon cancer cells by attenuating the PI3K/AKT/
mTOR pathway. Life Sci (2022) 296:120442. doi: 10.1016/j.lfs.2022.120442

44. Siegel RL, Miller KD, Goding Sauer A, Fedewa SA, Butterly LF, Anderson JC,
et al. Colorectal cancer statistics. CA Cancer J Clin (2020) 70(3):145–64. doi: 10.3322/
caac.21601

45. Luo G, Zhang Y, Wang L, Huang Y, Yu Q, Guo P, et al. Risk of colorectal cancer
with hysterectomy and oophorectomy: a systematic review and meta-analysis. Int J Surg
(2016) 34:88–95. doi: 10.1016/j.ijsu.2016.08.518

46. Koch T, Therming Jørgensen J, Christensen J, Duun-Henriksen AK, Priskorn L,
Kildevaeld Simonsen M, et al. Bilateral oophorectomy and rate of colorectal cancer: a
prospective cohort study. Int J Cancer (2022) 150(1):38–46. doi: 10.1002/ijc.33776

47. Lopez-Calderero I, Carnero A, Astudillo A, Palacios J, Chaves M, Benavent M,
et al. Prognostic relevance of estrogen receptor-alpha Ser167 phosphorylation in stage
II-III colon cancer patients. Hum Pathol (2014) 45(12):2437–46. doi: 10.1016/
j.humpath.2014.08.008

48. Liu S, Fan W, Gao X, Huang K, Ding C, Ma G, et al. Estrogen receptor alpha
regulates the wnt/b-catenin signaling pathway in colon cancer by targeting the NOD-
like receptors. Cell Signal (2019) 61:86–92. doi: 10.1016/j.cellsig.2019.05.009

49. Fan W, Gao X, Ding C, Lv Y, Shen T, Ma G, et al. Estrogen receptors participate
in carcinogenesis signaling pathways by directly regulating NOD-like receptors.
Biochem Biophys Res Commun (2019) 511(2):468–75. doi: 10.1016/j.bbrc.2019.02.085

50. Chlebowski RT, Wactawski-Wende J, Ritenbaugh C, Hubbell FA, Ascensao J,
Rosenberg CA, et al. Estrogen plus progestin and colorectal cancer in postmenopausal
women. N Engl J Med (2004) 350(10):991–1004. doi: 10.1056/NEJMoa032071

51. Schindler AE. Long-term use of progestogens: colon adenoma and colon
carcinoma. Gynecol Endocrinol (2007) 23 Suppl 1:42–4. doi: 10.1080/
09513590701584899

52. Meijer BJ, Wielenga MCB, Hoyer PB, Amos-Landgraf JM, Hakvoort TBM,
Muncan V, et al. Colorectal tumor prevention by the progestin medroxyprogesterone
acetate is critically dependent on postmenopausal status. Oncotarget (2018) 9
(55):30561–7. doi: 10.18632/oncotarget.25703

53. Armstrong CM, Billimek AR, Allred KF, Sturino JM, Weeks BR, Allred CD. A
novel shift in estrogen receptor expression occurs as estradiol suppresses inflammation-
associated colon tumor formation. Endocr Relat Cancer (2013) 20(4):515–25. doi:
10.1530/ERC-12-0308

54. Principi M, Di Leo A, Pricci M, Scavo MP, Guido R, Tanzi S, et al.
Phytoestrogens/insoluble fibers and colonic estrogen receptor b: randomized,
double-blind, placebo-controlled study. World J Gastroenterol (2013) 19(27):4325–
33. doi: 10.3748/wjg.v19.i27.4325
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