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ABSTRACT
◥

Background:Endogenous sexhormonesmay contribute tohigher
colorectal cancer incidence rates in men compared with women, but
despite an increased number of studies, clear evidence is lacking.

Methods: We conducted a comprehensive nested case–control
study of circulating concentrations of sex hormones, sex hormone
precursors, and sex hormone binding globulin (SHBG) in relation to
subsequent colon cancer risk in European men. Concentrations
were measured using liquid LC/MS-MS in prospectively collected
plasma samples from 690 cases and 690 matched controls from the
European Prospective Investigation into Cancer and Nutrition
(EPIC) and theNorthern SwedenHealth andDisease Study (NSHDS)
cohorts. Multivariable conditional logistic regression was used to
estimate odds ratios (OR) and 95% confidence intervals (CI). In
addition, we conducted a meta-analysis of previous studies on men.

Results: Circulating levels of testosterone (OR, 0.68; 95% CI,
0.51–0.89) and SHBG (OR, 0.77; 95% CI, 0.62–0.96) were inversely
associated with colon cancer risk. For free testosterone, there was a
nonsignificant inverse association (OR, 0.83; 95% CI, 0.58–1.18). In
a dose–response meta-analysis of endogenous sex hormone levels,
inverse associations with colorectal/colon cancer risk were found
for testosterone [relative risks (RR) per 100 ng/dL ¼ 0.98; 95% CI,
0.96–1.00; I2 ¼ 22%] and free testosterone (RR per 1 ng/dL¼ 0.98;
95% CI, 0.95–1.00; I2 ¼ 0%).

Conclusions: Our results provide suggestive evidence for the
association between testosterone, SHBG, and male colon cancer
development.

Impact:Additional support for the involvement of sex hormones
in male colon cancer.

Introduction
Colorectal cancer is the third most common cancer and the

second most common cause of cancer-related death worldwide. It is
more common in the developed world, but the incidence is rising in
low to middle income countries (1). Colorectal cancer is more
frequent among men than women, which is unlikely to depend on
different risk behaviors given the consistency of the sex difference

regardless of geographical location (2). Instead, the higher incidence
in men has been hypothesized to relate to differences in levels of
circulating endogenous sex hormones and exposure to exogenous
hormones (3).

While a role for sex hormones in colorectal cancer development has
been extensively investigated in women, with menopausal hormone
therapy consistently showing an inverse association with colorectal
cancer risk (4–8), the evidence for men is more limited.
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Several studies (9–16) using prospectively collected blood samples
have investigated endogenous sex hormone levels in relation to
subsequent colorectal cancer risk. Of these, one found an inverse
association between circulating levels of testosterone and colorectal
cancer risk (9), while four reported inverse associations for sex
hormone binding globulin (SHBG) (9, 13–15), a glycoprotein respon-
sible for sex hormone transportation (17). Furthermore, the risk of
colorectal cancer has been observed to be higher in patients with
prostate cancer treated with androgen deprivation therapy (18, 19).
Taken together, existing studies on the subject, support the hypothesis
that sex hormones may play a role in the etiology of male colorectal
cancer.

Studies on colorectal cancer etiology suggest that colon and rectal
cancer may represent distinct parts of a colorectal continuum with
different associated risk factors (20). When it comes to endogenous
hormone levels this distinction is supported by at least one study on
postmenopausal women and sex hormone levels, which stratified
analyses by tumor location and found an inverse relationship for
estrogens and colon, but not rectal, cancer (21). As earlier studies, apart
from one (10), have included both colon and rectal cancer cases, the
power to detect site specific associations has been small. Furthermore,
the sex hormone axis includes a number of hormone precursors that
have not been previously evaluated in relation to colon cancer risk.

In the current study we measured circulating levels of endogenous
sex hormones (progesterone, estrone, estradiol, and testosterone) as
well as two of their precursors (androstenedione and dehydroepian-
drosterone) and SHBG. In order to maximize power, and relying on
previous results (21), we decided to limit our cases to those with colon
cancer. All concentrations were measured in 690 male colon cancer
cases and 690 matched control participants of the European Prospec-
tive Investigation into Cancer and Nutrition (EPIC) and the Northern
Sweden Health and Disease Study (NSHDS) cohorts. Additionally, we
conducted a meta-analysis, combining the findings from the current
and previous prospective studies (9–12, 14–16) investigating the
associations between endogenous sex hormones, SHBG, and colon/
colorectal cancer.

Materials and Methods
Study cohorts

The EPIC study is an ongoing prospective cohort study with more
than half a million participants recruited from 23 centers across 10
Western European countries (France, Italy, United Kingdom, Spain,
the Netherlands, Greece, Germany, Sweden, Denmark, and Norway).
Data collection and recruitment have been described in detail else-
where (22). In short, enrollment of participants, mostly between 35 to
70 years of age, began 1992 and lasted until 2000. Data on diet, lifestyle,
anthropometrics, and medical history were collected, and in addition,
blood samples were collected from approximately three quarters of the
participants. All participants have provided written informed consent.
This study was approved by the ethical review board of the Interna-
tional Agency of Research on Cancer (IARC) as well as by the local
ethics committees of all contributing EPIC countries.

The NSHDS consists of three cohorts, the V€asterbotten Inter-
vention Programme (VIP), the Northern Sweden Multinational
Monitoring of Trends and Determinants in Cardiovascular Diseases
(MONICA) project, and the Mammography Screening Project (MSP;
ref. 23). The VIP invites residents of V€asterbotten County to undergo
a health examination upon turning 40, 50, and 60 years of age.
Participants are given the opportunity to donate blood samples for
research and complete an extensive questionnaire on lifestyle and

health. VIP participants recruited during 1992 to 1996 are included as a
study center in EPIC. TheNorthern SwedenMONICAproject invites a
random subset of 2,500 residents in Norrbotten and V€asterbotten,
between the ages of 25 and 74.MONICAhas occurred repeatedly since
1986. Similarly to VIP, MONICA participants are asked to answer
questions on lifestyle and health and to donate blood samples for
research. The current study included additional participants fromVIP
and MONICA that were not originally part of EPIC.

Cases and controls
In this study we included 455 men with incident primary colon

cancer from EPIC centers located in Italy, Spain, United Kingdom, the
Netherlands, and Germany, all of which store participant samples
centrally at the IARC biobank in Lyon, France. EPIC cases were
identified by a combination of methods, including self-report, medical
record review, and linkage with a cancer registry. In addition, all cases
had two straws of prospectively collected plasma, baseline information,
and no record of diabetes (as it might confound the association
between sex hormones and colorectal cancer risk; ref. 24). An addi-
tional 235 incident male primary colon cancer cases from the NSHDS
were identified through linkage with the national cancer registry and
the Swedish colorectal cancer registry and verified by a gastrointestinal
pathologist at Umea

�
University (Umea

�
, Sweden). For cases with

repeated sampling occasions, the blood sample closest to diagnosis
was used. Furthermore, the International Classification of Diseases for
Oncology was used to code all cases.We included proximal (C18.0 and
C18.2–C18.5), distal (C18.6–C18.7), overlapping (C18.8), and unspec-
ified (C18.9) colon cancers.

Controls included in this study were alive and free of cancer (except
nonmelanoma skin cancer) at the time of diagnosis of their matched
case and had no history of diabetes. Controls were selected using
incidence density sampling. Matching criteria for case-control pairs
were: study center, age at and date of blood sample (both�12months).

Eleven EPIC observations were removed prior to statistical analysis:
five due to incomplete case-control sets, four due to lack of all sex
hormone and SHBG data (caused by technical issues or empty straws),
and two due to rectal cancer misdiagnosis. In addition, eight NSHDS
cases were eithermisdiagnosed or falsely reported as colon cancers and
thus removed (together with their matched controls). Our final study
population consisted of 1,380 individuals, 690 colon cancer cases, and
690 matched controls. Of these, 40 men (from a different study on
methylation and sex hormoneswithin theNSHDS) had repeated blood
samples donated 10 years apart. In downstream analysis the samples
closest to the diagnosis of the case were used.

Laboratory analysis
Sex hormones (estradiol, estrone, testosterone, androstenedione,

dehydroepiandrosterone, and progesterone) were measured in plasma
at the IARC, using a validated LC-MS/MS method. In brief, samples
were extracted with tert-Butyl Methyl Ether, evaporated to dryness,
redissolved in a solution of 40%methanol in water, and injected into a
LC-MS/MS system (LC: Agilent 1290, Agilent; MS: QTRAP 5500
SCIEX). A reversed phase column was used (Waters Acquity UPLC
CSH C18 1.7 mm 2.1 � 100 mm), with methanol/water mobile phase
with a gradient from 55% to 100% methanol in 10 minutes. Stable
isotope labeled analogues of each analyte were used as internal
standards and two MS/MS transitions were monitored for each
compound, one for quantification and another to monitor specificity.
SHBG was measured using a commercially available enzyme-linked
immunoassays kit (DRG Instruments GmbH). Cases and matched
controls, including the small subset of repeated samples, were
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measured within the same analytical batch. In each batch, three quality
control samples were measured in duplicate. Intrabatch coefficients of
variation (CV) ranged from 1.4% for testosterone to 8% for estradiol,
and interbatch CVs ranged from 2.4% for SHBG to 10% for
progesterone.

Free levels of estradiol and testosterone were estimated from total
estradiol and testosterone concentrations, SHBG concentrations and
an assumed constant concentration of albumin of 43 g/L, using a
previously validated algorithm (25).

None of the sex hormone and SHBG measurements were below
their lower limits of quantification (LOQ).

Statistical analysis
Correlations between age, body mass index (BMI), sex hormones,

and SHBG were assessed by calculating partial Spearman correlation
coefficients (adjusted for age, BMI, and batch) among controls.

Prior to multivariable analysis, missing data were observed for
estrone (n ¼ 3) and estradiol (n ¼ 2; caused by technical issues or
empty straws), which were replaced with the median values. Partici-
pants were then categorized into quartiles according to the distribution
of each analyte in the control group. In analyses including continuous
levels of sex hormone and SHBG levels, we used log2-transformation.
For multivariable analysis, conditional logistic regression models were
used to estimate odds ratios (OR) and 95% confidence intervals (CI)
for the associations between sex hormones and SHBG and colon
cancer risk. Multivariable models were adjusted for established colon
cancer risk factors, including physical activity [classified according to
the Cambridge index (26) as inactive, moderately inactive, moderately
active, active], smoking status (former, current, never), alcohol con-
sumption (zero, above/below median control intake), and BMI (con-
tinuous, kg/m2). We also adjusted for red and processed meat;
however, since associations estimates remained nearly identical, we
dropped these confounding factors from the adjusted model. Since
SHBG binds and transports estradiol and testosterone (17), we further
adjusted SHBGmodels for levels of estradiol and testosterone in order
to separate the effect of these from the explanatory variable. Statistical
tests for trend were performed by assigning and including the median
log2-transformed plasma value for each quartile as a continuous
variable in conditional logistic regression models. For potential non-
linear relationships, we also fitted models for each analyte using
restricted cubic splines with five knots placed at the 5th, 27.5th, 50th,
72.5th and 95th percentiles.

To assess the possible influence of reverse causation, i.e., preclinical
disease influencing our results, we excluded cases diagnosed within the
first 2 years of follow-up and investigated study-specific (EPIC/
NSHDS) associations. We also performed secondary analyses strati-
fying by BMI (≥25/<25 kg/m2) and tumor location (proximal/distal)
for the sex hormones that were significantly associated with colon
cancer in the full study population. Heterogeneity of associations
between distal and proximal colon cancer subsites were tested using
theQ-statistics with one degree of freedom. For the BMI subgroups, we
dissolved the matched case-control pairs and used logistic regression,
additionally adjusted for the matching criteria, to estimate associa-
tions. Interaction was tested using the likelihood ratio test.

To assess reproducibility of sex hormones and SHBG across mea-
surements, we estimated the intraclass correlation coefficients (ICC),
defined as the proportion of total variance accounted for by the
between-person variance, byfitting two-waymixed effectsmodels (27).
In this step, we utilized the NSHDS subset of 40 men (20 case-control
pairs) with repeated samples collected 10 years apart. However, from
the same study on methylation and sex hormones, we also utilized

rectal cancer cases (n¼ 12) and additional controls (n¼ 13) since we
only were interested in the reproducibility of the exposure. Mixed
effects models included case status and age as fixed factors and
participant identification code as a random factor.

Meta-analysis
We systematically searched the MEDLINE-PubMed and Elsevier’s

Scopus databases between 18 June 2020 and 7 June 2021, thus
extending the search from a recent meta-analysis on the associations
between sex hormones and colorectal cancer (28). We based our
systematic search on the same search algorithm as described in the
previous meta-analysis, but limited our results to epidemiologic
studies that evaluated associations between sex hormones and colo-
rectal/colon cancer in prediagnostic male blood samples and reported
the information needed to conduct a dose-response meta-analysis.

For the dose-response meta-analysis, we used association estimates
for colon cancer subgroups when applicable, and chose the most
adjusted estimates. In the case multiple studies from the same study
population, the study with the most colon cancer cases was included.
When continuous estimates were not provided, linear trends for per-
category associationswere estimated and expressed as per unit increase
(100 ng/dL of testosterone, 1 ng/dL of free testosterone, 10 nmol/L of
SHBG, and 10 pg/mL of estradiol), as proposed by Greenland &
Longnecker (29). In this procedure we selected the mean value of each
quantile (tertile, quartile, or quintile) for sex hormones and SHBG
levels as the dose value. For the open-ended upper extreme quantile,
the dose value was set to the quantile cut-off plus half the range of the
foregoing quantile. As for the reference group, the dose was set to zero.

We consequently combined the results of the studies by the inverse
variance weighting method, as implemented in the “meta” R-
package (30). In the case of heterogeneity between studies, assessed
by the Cochran Q test (P < 0.05) and the I2 statistics (>50%), we
additionally fitted random-effects models using the DerSimonian and
Laird method (31). Pooled associations were expressed as summary
relative risks (RR) together with the corresponding 95% CIs.

Statistical analyses were conducted in R v.3.6.0 (R Foundation for
Statistical Computing). All statistical tests for significance were two-
sided and a P value of below 0.05 was considered statistically
significant.

Results
Descriptive statistics

Participant characteristics are shown in Table 1. Comparing colon
cancer cases with the control group, cases had higher BMI and alcohol
consumptions (g/day). Fewer cases were overweight (BMI; 25–30), but
nearly a quarter were obese at enrollment (BMI ≥30), compared with
approximately 15% of the controls. This was in line with the higher
proportion of physically inactive participants in the case versus control
group. In addition, cases had generally lower circulating levels of sex
hormones, apart from estrone and free estradiol for which cases had
slightly higher levels.

Distal colon cancer (n¼ 374; 54.2%) was more common compared
with proximal colon cancer (n¼ 296; 42.9%). In 20 (2.9%) cases, tumor
subsite was unknown. Median time from sampling to diagnosis was
10.6 years (interquartile range: 7.4–13.5 years).

Partial Spearman correlation coefficients between age, BMI, sex
hormones, and SHBG among the controls are presented in Table 2.
Strong positive correlations were observed between total estradiol and
free estradiol (r ¼ 0.91, P < 0.001), and total testosterone and free
testosterone (r ¼ 0.76, P < 0.001). Dehydroepiandrosterone and
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androstenedione (r¼ 0.69, P < 0.001), estrone and estradiol (r¼ 0.67,
P < 0.001), and SHBG and testosterone (r ¼ 0.66, P < 0.001) were
moderately correlated. Weaker, yet statistically significant, inverse
correlations were found between dehydroepiandrosterone and age
(r ¼ �0.42, P < 0.001), and SHBG and BMI (r ¼ �0.30, P < 0.001).

For the subset of 65 men from the NSHDS with repeated samples,
SHBG had the highest ICC at 0.74 (0.63–0.84), whereas testosterone
had the lowest at 0.29 (0.04–0.54). Additionally, estrone and andro-
stenedione had moderate ICCs of 0.57 (0.39–0.73) and 0.66 (0.50–
0.59) respectively. Dehydroepiandrosterone, estradiol, and progester-
one were just below the cut-off (0.5) to be considered moderately
reliable. ICC estimates looked similar when we only included controls
and are therefore not presented. The reproducibility of all sex hor-
mones and SHBG is presented in more detail in Supplementary
Table S1.

Sex hormone levels and subsequent risk of colon cancer
Table 3 presents quartile cut-off points, the number of cases and

controls per quartile, and ORs with corresponding 95% CIs for the
unadjusted and adjusted associations between endogenous levels of sex
hormones, SHBG, and risk of colon cancer. In the multivariable
analysis (adjusted for BMI, smoking, physical activity, and alcohol),
continuous values of total testosterone were inversely associated with
the risk of colon cancer (OR per 1-log2 unit increment¼ 0.68; 95% CI,

0.51–0.89). Levels of free testosterone were also inversely associated
with colon cancer risk (ORq4-q1 ¼ 0.77; 95% CI, 0.53–1.10; Ptrend ¼
0.21; OR per 1-log2 unit increment ¼ 0.83; 95% CI, 0.58–1.18);
however, the association did not reach statistical significance in
categorical or continuous analysis. For the other sex hormones ana-
lyzed (androstenedione, dehydroepiandrosterone, estrone, total and
free estradiol, and progesterone), we found little statistical evidence of
associations with colon cancer risk. Finally, SHBG was inversely
associated with colon cancer (ORq4-q1 ¼ 0.67; 95% CI, 0.46–0.97;
Ptrend¼ 0.07; OR per 1-log2 unit increment¼ 0.77; 95%CI, 0.62–0.96).
However, the OR for the association between SHBG and colon cancer
risk was attenuated and no longer statistically significant when addi-
tionally adjusted for levels of estradiol and testosterone (ORq4-q1 ¼
0.80; 95% CI, 0.50–1.26; Ptrend¼ 0.51; OR per 1-log2 unit increment¼
0.83; 95% CI, 0.61–1.13). In Supplementary Table S2, the stepwise
adjusted ORs are presented. The associations were fairly similar to the
unadjusted models in terms of ORs when adjusting for smoking
physical activity and alcohol consumption.

As for nonlinear relationships between sex hormones, SHBG, and
colon cancer, models using restricted cubic splines were generally not
significantly different from regular linear models (Pnonlinear > 0.05).
Only the restricted cubic spline model for dehydroepiandrosterone
was significantly different (Pnonlinear ¼ 0.03); nonetheless, dehydro-
epiandrosterone itself remained nonsignificant in themodel (P> 0.05).

Table 1. Study participant characteristics from the EPIC study and the NSHDS.

Study population (n ¼ 1,380)
Variables Cases (n ¼ 690) Controls (n ¼ 690)

Time to diagnosis, y, median (IQR) 10.6 (7.4–13.5) NA
Age, y, median (IQR) 58.0 (50.2–60.2) 57.7 (50.1–60.2)
BMI, kg/m2, median (IQR) 27.1 (25.0–29.8) 26.5 (24.5–28.7)
BMI groups, n (%) Underweight (<18.5) 0 (0.0) 2 (0.3)

Normal weight (18.5–24.9) 171 (24.8) 209 (30.3)
Overweight (25.0–29.9) 357 (51.7) 374 (54.2)
Obese (>30.0) 160 (23.2) 103 (15.1)
Unknown 2 (0.3) 1 (0.1)

Smoking status, n (%) Never 172 (24.9) 203 (29.4)
Former 289 (41.9) 263 (38.1)
Current 214 (31.0) 208 (30.2)
Unknown 15 (2.2) 16 (2.3)

Alcohol consumption, g/day, median (IQR) 9.4 (2.3–28.6) 7.9 (1.9–23.1)
Alcohol consumption groupsa, n (%) Zero intake 63 (9.1) 56 (8.1)

Below median intake 281 (40.7) 288 (41.7)
Above median intake 344 (49.9) 344 (49.9)
Unknown 2 (0.3) 2 (0.3)

Physical activity groups, n (%) Inactive 170 (24.7) 128 (18.6)
Moderately inactive 203 (29.4) 221 (32.0)
Moderately active 155 (22.5) 163 (23.6)
Active 121 (17.5) 136 (19.7)
Unknown 41 (5.9) 42 (6.1)

Serological levels, median (IQR) Androstenedione, pg/mL 701.1 (526.7–944.1) 720.8 (548.2–922.7)
Dehydroepiandrosterone, ng/mL 2.28 (1.45–3.54) 2.34 (1.50–3.47)
Estrone, pg/mL 29.1 (22.6–37.9) 28.2 (22.4–35.8)
Estradiol, pg/mL 18.9 (15.1–23.9) 19.1 (14.9–24.1)
Progesterone, pg/mL 74.1 (53.4–107.5) 78.3 (56.1–112.1)
Testosterone, ng/mL 4.10 (3.29–5.27) 4.41 (3.47–5.50)
Free estradiol, pg/mL 0.49 (0.39–0.61) 0.48 (0.38–0.62)
Free testosterone, pg/mL 75.8 (63.3–90.7) 77.6 (65.1–92.6)
SHBG, nmol/L 35.7 (26.2–47.0) 37.6 (28.6–51.0)

Abbreviations: IQR, interquartile range; y, years.
aBased on the control groups median of 7.9 g/day alcohol consumption.
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Finally, associations remained largely unchanged when excluding
cases (and corresponding controls), with less than 2 years of follow-up
(Supplementary Table S3).

Subgroup analyses
In addition to the main analyses, we conducted secondary

analyses stratifying by BMI (>25, ≤25; Table 4) and tumor location
(proximal, distal colon; Table 5) for testosterone and SHBG, which
were inversely associated with colon cancer in the full dataset, as
well as free testosterone. Finally, we also investigated study-specific
(EPIC, NSHDS) associations for all sex hormones (Supplementary
Table S4).

For subgroups based on BMI, we found statistically significant
inverse associations between testosterone and SHBG and colon cancer
risk in overweight and obese men (BMI > 25) similar to the findings
in the full data set; subgroup results for testosterone: ORt3-t1 ¼ 0.69;
95% CI, 0.49–0.98; Ptrend¼ 0.03; OR per 1-log2 unit increment¼ 0.64;
95% CI, 0.48–0.86; and SHBG: ORt3-t1 ¼ 0.60; 95% CI, 0.42–0.87;
Ptrend¼ 0.009;ORper 1-log2 unit increment¼ 0.70; 95%CI, 0.55–0.90.
However, the OR for SHBG was attenuated slightly after additional
adjustment for levels of estradiol and testosterone (ORt3-t1 ¼ 0.79;
95% CI, 0.50–1.24; Ptrend¼ 0.39; OR per 1-log2 unit increment¼ 0.78;
95% CI, 0.55–1.20). Furthermore, we found a nonsignificant inverse
association between free testosterone and colon cancer in the over-
weight/obese group (ORt3-t1 ¼ 0.84; 95% CI, 0.60–1.18; Ptrend ¼ 0.29;
OR per 1-log2 unit increment¼ 0.78; 95% CI, 0.53–1.13). In normal
weight men (BMI < 25), we found no significant associations
between testosterone, free testosterone, or SHBG and colon cancer
risk. None of the associations differed significantly by strata of BMI
(Pinteraction > 0.05).

In secondary analyses stratifying by tumor site, levels of testosterone
were significantly inversely associated with distal colon cancer
(ORt3-t1 ¼ 0.62; 95% CI, 0.39–0.97; Ptrend ¼ 0.04; OR per 1-log2 unit
increment ¼ 0.61; 95% CI, 0.41–0.91) and SHBG (OR per 1-log2 unit
increment ¼ 0.71; 95% CI, 0.52–0.96). Similar to the analysis
stratified by BMI, the OR for SHBG was attenuated after additional
adjustment for levels of estradiol and testosterone (OR per 1-log2
unit increment ¼ 0.69; 95% CI, 0.44–1.07). We found no evidence
of differences in associations for testosterone or SHBG between

subsites (Pheterogeneity ¼ 0.43 and 0.36, respectively). For free
testosterone we observed inverse associations for both proximal
and distal colon cancer (Pheterogeneity ¼ 0.72), but none reached
significance.

Finally, point estimates for free testosterone differed significantly
between the EPIC and NSHDS study cohorts, although the indi-
vidual estimates were not statistically significant (Supplementary
Table S4).

Meta-analysis
A recent meta-analysis on the associations between endogenous sex

hormones and colorectal cancer included results from four studies on
men; one case-control study (9) and three prospective cohorts (10–12).
Through our extended search we identified 214 additional studies of
which we included two (14, 16). One study (32) also measured
circulating sex hormones in prospectively collected blood samples;
however, was not considered as it had time until event (primarily
colorectal cancer–related death) as the outcome of interest. Further-
more, one study, by our coauthors (15), did not appear in our
systematic search due to the fact that the search term “colorectal”
was not mentioned in the abstract. This study was also included in the
meta-analysis. Characteristics of all included studies can be found in
Supplementary Table S5.

Results from the dose-response meta-analysis are shown
in Fig. 1. We report summary RRs and 95% CIs for testosterone,
free testosterone, and estradiol derived from the fixed effect models.
In the case of SHBG, we report the summary RR and 95% CI derived
from the random effects model due to substantial heterogeneity
(I2 > 50%). Borderline significant inverse associations with colo-
rectal cancer risk were observed for testosterone (RR per 100 ng/dL
¼ 0.98; 95% CI, 0.96–1.00; I2 ¼ 22%) and free testosterone (RR per
1 ng/dL ¼ 0.98; 95% CI, 0.95–1.00; I2 ¼ 0%). SHBG (RR per
10 nmol/L ¼ 0.96; 95% CI, 0.91–1.02; I2 ¼ 54%) was weakly
inversely associated with colorectal cancer risk, although not signi-
ficantly. Estradiol was neither positively nor negatively associated
with colorectal cancer risk (RR per 10 pg/mL ¼ 1.00; 95% CI, 0.95–
1.05; I2 ¼ 0%). The remaining sex hormones (androstenedione, de-
hydroepiandrosterone, estrone, and free estradiol) were not includ-
ed in the meta-analysis, as none or too few studies included them.

Table 2. Partial Spearman correlation coefficients (adjusted for age, BMI, and batch) between sex hormones, SHBG, agea, and BMIa

among controls in EPIC and NSHDS.

DHEA E1 E2 P4 T Free E2 Free T SHBG Age BMI

A 0.69b 0.50b 0.27b 0.45b 0.30b 0.23b 0.33b 0.10c �0.25b �0.03d

DHEA 0.29b 0.11e 0.32b 0.13b 0.10c 0.15b 0.02d �0.42b �0.09c

E1 0.67b 0.17b 0.29b 0.64b 0.27b 0.12e 0.04d 0.15b

E2 0.17b 0.52b 0.91b 0.49b 0.23b 0.06d 0.12e

P4 0.30b 0.10c 0.29b 0.16b �0.11e �0.16b

T 0.27b 0.76b 0.66b 0.03d �0.22b

Free E2 0.47b �0.13b �0.06f 0.25b

Free T 0.08c �0.23b �0.04d

SHBG 0.33b �0.30b

Age 0.03d

Abbreviations: A, androstenedione; DHEA, dehydroepiandrosterone; E1, estrone; E2, estradiol; P4, progesterone; T, testosterone.
aNot adjusted for itself.
bP < 0.001.
cP < 0.05.
dNonsignificant.
eP < 0.01.
fP < 0.1.
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Discussion
In this prospective analysis of European men, we investigated

circulating concentrations of multiple sex hormones in relation to
incident colon cancer risk. We found statistically significant inverse
associations between colon cancer and circulating levels of total
testosterone and SHBG, which were retained after adjustment for
established colon cancer risk factors. However, the association for
SHBG was attenuated slightly and lost statistical significance when
testosterone and estradiol were added to themodel. Significant inverse

associations were also identified for testosterone and SHBG in the
subgroup of overweight and obesemen (BMI > 25) and for distal colon
cancer, though with no clear evidence of heterogeneity of associations
by BMI or tumor site. Free levels of testosterone, which we also
included in stratified analyses as a measure to investigate potential
effects independent of SHBG levels, were not statistically significantly
associated with colon cancer, nor did associations differ significantly
by tumor site or BMI. In addition, we performed a meta-analysis of
eight prospective studies of endogenous sex hormones and/or SHBG in
relation to the risk of colorectal/colon cancer in men. Pooled estimates

Table 3. Associations of circulating levels of sex hormones and SHBG (quartiles) with colon cancer in EPIC and NSHDS.

Quartile 1 Quartile 2 Quartile 3 Quartile 4 Ptrend Continuousa

Androstenedione
Quartile cut-off points, pg/mL ≤548.2 >548.2–720.8 >720.8–922.7 >922.7
n (case/control) 195/173 162/172 147/172 186/173
Unadjusted model OR (95% CI) 1.00 0.82 (0.61–1.11) 0.74 (0.54–1.03) 0.94 (0.67–1.31) 0.83 0.98 (0.79–1.22)
Multivariable-adjusted OR (95% CI)b 1.00 0.80 (0.58–1.09) 0.74 (0.53–1.03) 0.99 (0.70–1.41) 0.87 1.03 (0.83–1.29)

Dehydroepiandrosterone
Quartile cut-off points, ng/mL ≤1.50 >1.50–2.34 >2.34–3.47 >3.47
n (case/control) 185/173 173/172 152/172 180/173
Unadjusted model OR (95% CI) 1.00 0.93 (0.70–1.25) 0.81 (0.59–1.12) 0.95 (0.67–1.33) 0.79 0.99 (0.85–1.14)
Multivariable-adjusted OR (95% CI)b 1.00 0.92 (0.68–1.25) 0.86 (0.62–1.21) 1.12 (0.78–1.60) 0.45 1.05 (0.91–1.23)

Estrone
Quartile cut-off points, pg/mL ≤22.4 >22.4–28.2 >28.2–35.8 >35.8
n (case/control) 169/172 156/172 174/171 191/172
Unadjusted model OR (95% CI) 1.00 0.94 (0.69–1.28) 1.06 (0.78–1.44) 1.15 (0.83–1.61) 0.27 1.18 (0.92–1.52)
Multivariable-adjusted OR (95% CI)b 1.00 0.91 (0.66–1.26) 1.02 (0.74–1.41) 1.10 (0.77–1.56) 0.43 1.13 (0.87–1.47)

Estradiol
Quartile cut-off points, pg/mL ≤14.9 >14.9–19.1 >19.1–24.1 >24.1
n (case/control) 165/173 189/172 167/172 167/173
Unadjusted model OR (95% CI) 1.00 1.16 (0.86–1.57) 1.01 (0.73–1.39) 0.99 (0.70–1.41) 0.76 0.83 (0.64–1.09)
Multivariable-adjusted OR (95% CI)b 1.00 1.14 (0.84–1.56) 0.96 (0.69–1.34) 0.89 (0.62–1.38) 0.36 0.76 (0.58–1.01)

Progesterone
Quartile cut-off points, pg/mL ≤56.1 >56.1–78.3 >78.3–112.1 >112.1
n (case/control) 197/173 175/172 160/172 158/173
Unadjusted model OR (95% CI) 1.00 0.88 (0.65–1.18) 0.78 (0.57–1.08) 0.76 (0.55–1.05) 0.10 0.96 (0.81–1.14)
Multivariable-adjusted OR (95% CI)b 1.00 0.92 (0.68–1.24) 0.90 (0.65–1.26) 0.89 (0.64–1.26) 0.58 1.06 (0.89–1.28)

Testosterone
Quartile cut-off points, ng/mL ≤3.47 >3.47–4.41 >4.41–5.50 >5.50
n (case/control) 211/173 189/172 145/172 145/173
Unadjusted model OR (95% CI) 1.00 0.86 (0.65–1.15) 0.64 (0.47–0.88) 0.62 (0.44–0.86) 0.002 0.59 (0.45–0.76)
Multivariable-adjusted OR (95% CI)b 1.00 0.92 (0.68–1.24) 0.74 (0.53–1.02) 0.75 (0.53–1.08) 0.08 0.68 (0.51–0.89)

Free estradiol
Quartile cut-off points, pg/mL ≤0.38 >0.38–0.48 >0.48–0.62 >0.62
n (case/control) 147/173 175/172 210/172 156/173
Unadjusted model OR (95% CI) 1.00 1.23 (0.90–1.69) 1.49 (1.09–2.05) 1.09 (0.78–1.54) 0.66 1.10 (0.85–1.43)
Multivariable-adjusted OR (95% CI)b 1.00 1.20 (0.86–1.66) 1.40 (1.01–1.95) 0.91 (0.64–1.31) 0.53 0.93 (0.70–1.23)

Free testosterone
Quartile cut-off points, pg/mL ≤65.1 >65.1–77.6 >77.6–92.6 >92.6
n (case/control) 202/173 167/172 166/172 155/173
Unadjusted model OR (95% CI) 1.00 0.79 (0.58–1.07) 0.77 (0.56–1.06) 0.69 (0.49–0.98) 0.05 0.73 (0.52–1.02)
Multivariable-adjusted OR (95% CI)b 1.00 0.79 (0.58–1.09) 0.83 (0.59–1.15) 0.77 (0.53–1.10) 0.21 0.83 (0.58–1.18)

SHBG
Quartile cut-off points, nmol/L ≤28.6 >28.6–37.6 >37.6–51.0 >51.0
n (case/control) 222/173 153/172 173/172 142/173
Unadjusted model OR (95% CI) 1.00 0.67 (0.50–0.90) 0.72 (0.53–0.99) 0.56 (0.40–0.79) 0.003 0.69 (0.57–0.84)
Multivariable-adjusted OR (95% CI)b 1.00 0.73 (0.54–1.00) 0.85 (0.61–1.18) 0.67 (0.46–0.97) 0.07 0.77 (0.62–0.96)
Multivariable-adjusted OR (95% CI)c 1.00 0.78 (0.56–1.06) 0.92 (0.64–1.32) 0.80 (0.50–1.26) 0.51 0.83 (0.61–1.13)

aOR per 1-log2 unit increment.
bAdjusted for BMI (continuous), smoking status (current, former, never, unknown), physical activity (active, moderately active, moderately inactive, inactive), and
alcohol consumption (zero, below median, above median).
cAdditionally adjusted for levels of estradiol and testosterone.
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Table4. Associations of circulating levels of free and total testosterone andSHBG (tertiles)with colon cancer in EPIC andNSHDSbyBMI
categories.

Tertile 1 Tertile 2 Tertile 3 Ptrend Continuousa Pinteraction

Testosterone 0.48
BMI > 25
n (case/control) 241/181 152/153 125/144
Multivariable-adjusted OR (95% CI)b 1.00 0.77 (0.56–1.06) 0.69 (0.49–0.98) 0.03 0.64 (0.48–0.86)
BMI ≤ 25
n (case/control) 43/49 56/77 73/86
Multivariable-adjusted OR (95% CI)b 1.00 0.65 (0.36–1.17) 0.82 (0.45–1.50) 0.66 0.91 (0.55–1.49)

Free testosterone 0.82
BMI > 25
n (case/control) 207/160 148/162 163/156
Multivariable-adjusted OR (95% CI)b 1.00 0.72 (0.52–0.99) 0.84 (0.60–1.18) 0.29 0.78 (0.53–1.13)
BMI ≤ 25
n (case/control) 60/70 48/68 64/74
Multivariable-adjusted OR (95% CI)b 1.00 0.71 (0.40–1.25) 0.98 (0.55–1.76) 0.95 1.03 (0.55–1.93)

SHBG 0.20
BMI > 25
n (case/control) 244/185 176/163 98/130
Multivariable-adjusted OR (95% CI)b 1.00 0.84 (0.62–1.14) 0.60 (0.42–0.87) 0.009 0.70 (0.55–0.90)
Multivariable-adjusted OR (95% CI)c 1.00 0.95 (0.68–1.31) 0.79 (0.50–1.24) 0.39 0.78 (0.55–1.12)
BMI ≤ 25
n (case/control) 41/45 48/67 83/100
Multivariable-adjusted OR (95% CI)b 1.00 0.71 (0.38–1.32) 0.85 (0.46–1.56) 0.77 0.90 (0.60–1.35)
Multivariable-adjusted OR (95% CI)c 1.00 0.70 (0.37–1.32) 0.81 (0.39–1.66) 0.74 0.87 (0.47–1.61)

aOR per 1-log2 unit increment.
bAdjusted for BMI (continuous), smoking status (current, former, never, unknown), physical activity (active, moderately active, moderately inactive, inactive), and
alcohol consumption (zero, below median, above median).
cAdditionally adjusted for levels of estradiol and testosterone.

Table 5. Associations of circulating levels of free and total testosterone and SHBG (tertiles) with colon cancer in EPIC and NSHDS by
tumor site.

Tertile 1 Tertile 2 Tertile 3 Ptrend Continuousa Pheterogeneity

Testosterone 0.43
Proximal colon (n ¼ 592)
n (case/control) 118/99 86/105 92/92
Multivariable-adjusted OR (95% CI)b 1.00 0.67 (0.43–1.03) 0.91 (0.57–1.46) 0.69 0.81 (0.55–1.21)
Distal colon (n ¼ 748)
n (case/control) 157/123 114/118 103/133
Multivariable-adjusted OR (95% CI)b 1.00 0.72 (0.48–1.09) 0.62 (0.39–0.97) 0.04 0.61 (0.41–0.91)

Free testosterone 0.72
Proximal colon (n ¼ 592)
n (case/control) 120/96 79/102 97/98
Multivariable-adjusted OR (95% CI)b 1.00 0.63 (0.41–0.96) 0.84 (0.52–1.34) 0.40 0.85 (0.50–1.43)
Distal colon (n ¼ 748)
n (case/control) 135/126 111/120 128/128
Multivariable-adjusted OR (95% CI)b 1.00 0.86 (0.58–1.26) 0.96 (0.63–1.46) 0.87 0.89 (0.55–1.46)

SHBG 0.36
Proximal colon (n ¼ 592)
n (case/control) 114/94 94/103 88/99
Multivariable-adjusted OR (95% CI)b 1.00 0.79 (0.53–1.19) 0.79 (0.49–1.27) 0.30 0.89 (0.65–1.22)
Multivariable-adjusted OR (95% CI)c 1.00 0.79 (0.52–1.20) 0.79 (0.43–1.43) 0.52 1.02 (0.64–1.64)
Distal colon (n ¼ 748)
n (case/control) 160/131 123/118 91/125
Multivariable-adjusted OR (95% CI)b 1.00 0.87 (0.59–1.28) 0.67 (0.42–1.06) 0.09 0.71 (0.52–0.96)
Multivariable-adjusted OR (95% CI)c 1.00 0.94 (0.63–1.40) 0.78 (0.46–1.35) 0.38 0.69 (0.44–1.07)

aOR per 1-log2 unit increment.
bAdjusted for BMI (continuous), smoking status (current, former, never, unknown), physical activity (active, moderately active, moderately inactive, inactive), and
alcohol consumption (zero, below median, above median).
cAdditionally adjusted for levels of estradiol and testosterone.
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suggested borderline significant inverse associations between testos-
terone, free testosterone, and subsequent colon cancer risk.

Our observation of an inverse association between circulating levels
of total testosterone and colon cancer risk is concordant with a
previous nested case-control study (9) and partly consistent with four

studies nested within (or using participants from) the UK Biobank
cohort (13–16) as well as one study nested within the Health in Men
Study (HIMS; ref. 11), all reporting inverse but statistically nonsig-
nificant associations. In addition, these findings corroborate previous
observations that patients with prostate cancer treated with androgen-

A

B

C

D

Figure 1.

Pooled RRs and 95%CIs for the associations of colorectal/colon cancerwith (A) testosterone, (B) free testosterone, (C) SHBG, and (D) estradiol inmen as reported in
prospective studies. TE, treatment effect; seTE, standard error of treatment effect.
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deprivation therapy have a higher risk of colorectal cancer (18, 19).
However, two prospective population-based studies reported null
results for testosterone levels in relation to colon/colorectal cancer
risk (10, 12).

When further stratifying individuals by BMI the inverse associa-
tions between testosterone, SHBG, and colon cancer risk remained
significant in overweight and obesemen only (BMI> 25) with the same
direction of association as in the normal-weight subgroup. However,
there was no sign of an interaction effect. The possibility of a stronger
inverse association between testosterone, SHBG, and colon cancer risk
in men of higher BMI is supported by a recent mediation analysis
demonstrating that the association between adiposity and higher
colorectal cancer risk in men may be partly explained by lower levels
of SHBG and testosterone (33).

Although the observational results to date are suggestive of a
possible protective effect of androgens in male colorectal cancer, the
experimental evidence is mixed. In vivo and in vitro experimental data
have shown antitumorigenic effects of testosterone through the acti-
vation of the membrane androgen receptor (AR) in colon cancer
tissue (34–36). In contrast, an experimental study on the APC Pirc rat
model found that surgically castrated rats had increased susceptibility
to colon adenomas after being administered testosterone enanthate
compared with those administered a placebo (37). Furthermore,
studies on cytosine-adenine-guanine (CAG) repeats in the genes
coding for the AR found that men with ≥23 and ≥22 CAG repeats,
respectively, had an approximately 30% increase in risk for colorectal/
colon cancer (38, 39). Longer CAG repeats are associated with
decreased AR activity which in turn, through negative feedback, leads
to increased androgen levels (40–42), hence indicating possible
adverse effects of testosterone. The lack of consensus between epide-
miologic and experimental data and the fact that a Mendelian ran-
domization study (16), usingUKBiobank data, has not found evidence
that supports a causal relationship between testosterone and colorectal
cancer risk, calls for further investigations into the precisemechanisms
by which testosterone may play a role in colorectal cancer.

The inverse association between SHBG levels and colon cancer risk
that we observed is consistent with results from previous epidemio-
logic studies (9, 11, 13–15). However, the observational cohort and
Mendelian randomization study (16) using participants from the UK
Biobank and a cohort study within the Busselton Health Study (12)
found nonsignificant positive associations between SHBG levels and
future risk of colon/colorectal cancer in men. A variant in the SHBG
gene (rs6259) has been associated with an increase in colorectal cancer
risk (per A allele OR ¼ 1.26; 95% CI, 1.04–1.60; ref. 43). However, a
prospective study found that men with either the AA or AG genotype
at rs6259 had higher SHBG plasma levels (44), which would seem to
contradict our findings that higher SHBG levels are associated with
reduced colorectal cancer risk. SHBG is a glycoprotein produced in the
liver and most commonly a strong regulator of sex hormone bioavail-
ability, especially for testosterone and estradiol (17). Although the
inverse association between SHBG and colon cancer risk was atten-
uated after adjustment for circulating estradiol and testosterone levels,
the OR point estimates remained roughly the same, suggesting that
SHBGmight still confer an independent protective effect against colon
cancer, which might be related to inflammation or dietary fac-
tors (45, 46). Estrone also binds to SHBG, but with such low affinity
that the impact on association estimates was negligible and conse-
quently excluded from all adjustments.

For the remaining sex hormones (androstenedione, dehydroepian-
drosterone, progesterone, estrone, and estradiol; free and total) there
was no clear evidence of statistically significant associations with colon

cancer risk in men. These findings are in line with previous studies on
men (9, 11–14), and, therefore, based on the current evidence, it is
unlikely that these sex hormones play an important role in male colon
cancer development.

One major strength of our study is the use of a validated high-
performance liquid chromatography (HPLC) tandemmass spectrom-
etry (HPLC-MS/MS) method to measure sex hormones as opposed
to immunoassays used by other studies. This method allowed us to
detect lower levels of especially estrogens than has been previously
recorded in men. In addition, we also included a comprehensive panel
of sex hormones, and measured two androgen precursors (dehydro-
epiandrosterone and androstenedione), not included in previous
studies. Furthermore, this large study included European men from
several diverse European cohorts covering a large geographical area.
All samples were prospectively collected with long follow up (median
>10 years) and for all individuals we had access to well harmonized
data on lifestyle variables such as smoking status, alcohol consump-
tion, physical activity, and fasting that may be of importance as
confounding factors. Finally, our inclusion of a meta-analysis com-
bining results from recent studies of circulating sex hormones and
SHBG is an important addition that strengthens our main results.

Our study also has some limitations. For example, contrary to some
previous studies (9, 14–16) we did not include adjustments for
circulating markers of insulin signaling and inflammation [e.g., levels
of insulin or C-peptide and C-reactive protein (CRP), respectively].
These have, individually, been linked to colorectal cancer and sex
hormone levels but it remains unclear to what extent they may
confound the associations. We also lacked data on family history, one
of the strongest predictors of colon cancer risk (47). However, our
results are in line with previously reported studies on testosterone,
SHBG, and colorectal cancer risk in men (9, 13–15), where family
history was included in the final models. Furthermore, sex hormones
for most participants were measured at a single time point and may
therefore not be representative of longer-term exposures. However, in
the small subgroup of repeated NSHDS samples collected 10 years
apart, SHBGhad an ICC of 0.74 (Supplementary Table S1). The ICC of
testosterone in our study on the other hand was poor (0.29), likely due
to the 10-year period between samples as testosterone is known to
decrease with age (48, 49). Nonetheless, other studies (16, 50) found
reproducibility measures ranging from 0.6 to 0.8 for testosterone and
SHBG for shorter time periods (around 3 to 4 years), suggesting that
single time measurements of sex hormones are sufficiently stable for
capturing long-term exposure. In addition, we cannot fully rule out the
influence of reverse causality, despite the consistency of findings in
sensitivity analyses excluding participants diagnosed within 2 years of
follow-up. Studies with very long follow-up, and with sample sizes
large enough to allow for stratification by combinations of age and
follow-up time are needed.

As previously stated, our study includes a dose-response meta-
analysis of endogenous sex hormone levels, adding some additional
strength to the associations between testosterone and colorectal can-
cer.However, in the case of free levels of testosterone, this association is
primarily driven by our study as therewere only two other studies, both
smaller in size, that included free testosterone. Nonetheless, this meta-
analysis relies on several assumptions regarding the included studies
and also has important limitations that need to be considered. For
example, in studies where estimates were presented categorically, we
transformed them to continuous estimates under the assumption that
the relationship between the exposure and the outcome is linear. We
also fitted fixed effects models assuming that the dose-response effect
remained identical across studies (supported by the observation that
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findings do not differ significantly between studies, possibly due to
similar, Caucasian, population backgrounds). Furthermore, differ-
ences in adjusting factors as well as hormone assessment methods
between studies could be a potential source of variation that we have
not considered in our analysis. Therefore, the results from the meta-
analysis need to be interpreted with caution.

In conclusion, although further validation in larger populations of
men is warranted, the results of this prospective case-control study and
meta-analysis partly support the hypothesis that endogenous levels of
sex hormones, specifically testosterone and SHBG, may play a role in
male colon cancer development.
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