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Abstract
Background  Obesity has been positively associated with gastric cancer. Excess fat impacts hormones, which have been 
implicated in carcinogenesis. We investigated obesity-related hormones and cardia gastric cancer (CGC) and non-cardia 
gastric cancer (NCGC) risk.
Methods  Nested case–control studies were conducted within the European Prospective Investigation into Cancer and Nutri-
tion (EPIC) cohort (61 CGCs, and 172 NCGCs and matched controls) and the Alpha-Tocopherol, Beta-Carotene Cancer 
Prevention (ATBC) study (100 CGCs and 65 NCGCs and matched controls); serum hormones were measured. In UK-Biobank 
(n = 458,713), we included 137 CGCs and 92 NCGCs. Sex-specific analyses were conducted. For EPIC and ATBC, odds 
ratios (ORs), and for UK-Biobank hazard ratios (HRs), were estimated using conditional logistic regression and Cox regres-
sion, respectively.
Results  Insulin-like growth-factor-1 was positively associated with CGC and NCGC in EPIC men (ORper 1-SD increase 1.94, 
95% CI 1.03–3.63; ORper 1-SD increase 1.63, 95% CI 1.05–2.53, respectively), with similar findings for CGC in UK-Biobank 
women (HRper 1-SD increase 1.76, 95% CI 1.08–2.88). Leptin in EPIC men and C-peptide in EPIC women were positively 
associated with NCGC (ORT3 vs. T1 2.72, 95% CI 1.01–7.34 and ORper 1-SD increase 2.17, 95% CI 1.19–3.97, respectively). 
Sex hormone-binding globulin was positively associated with CGC in UK-Biobank men (HRper 1-SD increase 1.29, 95% CI 
1.02–1.64). Conversely, ghrelin was inversely associated with NCGC among EPIC and ATBC men (ORper 1-SD increase 0.53, 
95% CI 0.34–0.84; ORper 1-SD increase 0.22, 95% CI 0.10–0.50, respectively). In addition, dehydroepiandrosterone was inversely 
associated with CGC in EPIC and ATBC men combined.
Conclusions  Some obesity-related hormones influence CGC and NCGC risk.
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EPIC	� European Prospective Investigation into Can-
cer and Nutrition

HR	� Hazard ratio
HbA1c	� Glycated hemoglobin
IGF-1	� Insulin-like growth factor 1
IGFBP-3	� Insulin-like growth factor-binding protein 3
NCGC​	� Non-cardia gastric cancer
OR	� Odds ratio
SD	� Standard deviation
SHBG	� Sex hormone-binding globulin

Introduction

Gastric cancer is among the most commonly diagnosed 
cancers globally [1]. There are striking differences in the 
risk factor profiles for the two gastric cancer subsites: cardia 
gastric cancer (CGC) and non-cardia gastric cancer (NCGC). 
Obesity is positively associated with CGC [2–5], and with 
gastro-esophageal reflux disease [6], while Helicobacter 
pylori infection is one of the most significant risk factors 
for NCGC [6]. Incidence rates for gastric cancer overall 
are two-fold higher in men than in women [1], but this sex 
imbalance is more pronounced in CGC than in NCGC [5]. 
Obesity can alter circulating hormone levels: insulin, leptin 
and sex steroid hormones are higher in obese individuals, 
while adiponectin levels are lower [7].

Insulin regulates glucose metabolism [8] and, in non-
fasting blood samples, it can be estimated using C-peptide 
levels [9]. A previous nested case–control study showed a 
positive association between insulin and C-peptide levels 
and gastric cancer [10]. Insulin-like growth factor-1 (IGF-
1), similar in structure to insulin, is regulated via insulin-
like growth factor-binding proteins (IGFBPs) and 80% of 
IGF-1 is bound to IGFBP-3 [11]. Previous prospective stud-
ies investigated the associations between serum levels of 
IGF-1 and IGFBP-3 and risk of gastric cancer and reported 
no associations [12–14]. However, gastric cancer subsite was 
not previously examined.

Adiponectin and leptin are hormones produced in adipose 
tissue. Adiponectin regulates glucose and lipid metabolism 
[15] and leptin regulates appetite and energy balance [16]. 
Previous studies have reported lower levels of adiponectin 
and leptin in gastric cancer patients than controls [17, 18]. 
In contrast to leptin, ghrelin is produced in the stomach and 
stimulates appetite, increasing food intake [16]. Previous 
studies have reported low levels of ghrelin are associated 
with an increased risk of both CGC and NCGC [19, 20] but 
data on sex-specific associations are limited.

Sex steroid hormones influence body fat distribution [21] 
and adipose tissue is a major source of estrogens and andro-
gens in obese individuals. It has been hypothesized that sex 
hormones may explain the male predominance in gastric 

cancer. Several cohort studies have investigated the asso-
ciations between self-reported reproductive factors, such as 
hormone replacement therapy use, and gastric cancer risk [3, 
4, 22, 23]. However, prospective studies examining the asso-
ciations between circulating sex steroids and risk of gastric 
cancer by subsite are also limited [24–26].

We aimed to investigate the associations between a range 
of circulating hormones related to obesity and risk of gastric 
cancer by subsite in three prospective cohort studies.

Methods

Study population

The three participating prospective cohort studies were: the 
European Prospective Investigation into Cancer and Nutri-
tion (EPIC) cohort [27], the Alpha-Tocopherol, Beta-Car-
otene Cancer Prevention (ATBC) Study [28] and the UK-
Biobank cohort [29]. The study design and rationale of each 
participating cohort has been described in detail previously 
[27–29].

The EPIC cohort includes 521,324 men and women, 
recruited between 1992 and 2000 from 10 European coun-
tries; for this analysis, we had follow-up through 2012 [27]. 
The ATBC Study is a randomized controlled trial of 29,133 
men initiated in 1985 to investigate the effects of alpha-
tocopherol and beta-carotene supplementation on cancer 
risk in Finnish smokers; this analysis included data on inci-
dent cancers through 2012 [28]. The UK-Biobank cohort 
consists of 502,524 men and women from the UK enrolled 
between 2006 and 2010 to investigate a wide range of health 
conditions and illnesses, with follow-up through 2016 [29]. 
Characteristics of the participating cohorts are presented in 
Supplementary Table 1. Each study was approved by the 
relevant local institutional review boards.

Within EPIC and ATBC, we conducted nested case–con-
trol studies. In both cohorts, incidence-density sampling was 
used where one control was matched to each case (controls 
were alive and cancer-free at the time of case diagnosis). In 
EPIC, controls were matched to cases on recruitment center, 
sex, age at enrolment (± 3 years) and date (± 3 months) 
and time (± 3 h) of blood sample collection (Supplemen-
tary Table 1). In the ATBC study, case and control sub-
jects were matched on age at randomization (± 1 year), and 
date of blood draw (± 30 days) (Supplementary Table 1). 
UK-Biobank was analyzed as a cohort study because cir-
culating hormone levels were available on the majority of 
participants; we excluded participants with prevalent cancer 
at recruitment (n = 43,811), leaving 458,713 available for 
analysis.

Cancer cases were mostly identified through cancer regis-
tries. Cases were first primary incident gastric cancer coded 
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according to the International Classification of Diseases 
(ICD-9 or 10). CGC and NCGC included topography codes 
C16.0 and C16.1–16.6, respectively. In EPIC, there were 
61 CGC cases and 61 controls in men (there were too few 
CGC cases among women), and 172 NCGC cases and 172 
controls in men and women combined. In the all-male ATBC 
cohort, there were 100 CGC cases matched to 100 controls 
and 65 NCGC cases matched to 65 controls. Of these CGC 
and NCGC cases and controls in ATBC, 84 CGC cases and 
10 controls, and all of the 65 NCGC cases and 65 controls 
overlapped with a previous nested case–control study in 
ATBC [19]. In the UK-Biobank cohort, there were 137 CGC 
cases and 92 NCGC cases in men and women combined.

Data and sample collection

All three studies collected information on socio-demo-
graphic, dietary, lifestyle and medical history mainly via 
a self-administered questionnaire at baseline. Furthermore, 
anthropometric measurements and fasting serum samples 
were collected at baseline. Details of data and specimen 
collection have been described previously by the individual 
studies [27–29].

Hormone measurements

In each of the three cohorts, there were slight differences in 
the hormones measured due to volume availability.

EPIC: The hormones measured in EPIC for CGC and 
NCGC were insulin, IGF-1, IGFBP-3, C-peptide, adiponec-
tin, leptin, ghrelin, androstenedione, dehydroepiandrosterone 
(DHEA), estrone, estradiol, sex hormone-binding globulin 
(SHBG), progesterone and testosterone.

ATBC: In ATBC, hormones measured for CGC included 
insulin, IGF-1, IGFBP-3, leptin and adiponectin, which 
were new measurements, while ghrelin, androstenedione, 
androsterone, DHEA, estrone, estradiol, SHBG, dihydrotes-
tosterone and testosterone were measured as part of previous 
nested case–control studies [19, 24]. Furthermore, most of 
the hormones measured for NCGC in ATBC were new meas-
urements including insulin, IGF-1, IGFBP-3, adiponectin, 
leptin, androstenedione, DHEA, estrone, estradiol, SHBG, 
progesterone and testosterone, while only ghrelin had been 
measured for a previous nested case–control study [19].

For EPIC and most of the biomarkers in ATBC men-
tioned above, assays were performed at the International 
Agency for Research on Cancer (IARC) (Lyon, France) 
using commercially available immunoassays: adiponectin, 
leptin, and insulin were measured using electrochemiolu-
minescence assays by Meso Scale Diagnostics (Rockville, 
MD, USA), IGF-1 and IGFBP-3 were measured by ELISAs 
from R&D (Minneapolis, USA), SHBG by ELISAs from 
DRG Diagnostics (Marburg, Germany) and ghrelin by an 

ELISA kit from Merck (Fontenay sous Bois, France). In 
ATBC, ghrelin was measured for CGC and NCGC by radio-
immunoassay using reagents obtained from Millipore Linco 
Research (St Charles, Missouri, USA). The intra-batch coef-
ficients of variation (CV) values were: 5.4–7.2% for insulin, 
3.4–6.4% for C-peptide, 1.8–2.4% for IGF-1, 2.1–3.3% for 
IGFBP-3, 11.6% for ghrelin, and 1.8–3.0% for SHBG. Sex 
steroids were measured for CGC and NCGC in EPIC and 
for NCGC in ATBC by liquid chromatography–mass spec-
trometry (Ultimate 3000-Q-Exactive, Thermo Scientific) at 
IARC using an adaptation of a previously published method 
[30]. In brief, serum samples were prepared by liquid–liquid 
extraction, derivatized by 1,2-dimethylimidazole-5-sulfonyl 
chloride, with separation on a reversed phase column and 
ionization using atmospheric pressure chemical ionization 
in positive polarity [30]. In ATBC, sex steroids were meas-
ured for CGC by gas chromatography–mass spectrometry 
performed at the Pharmacogenomics Laboratory of Laval 
University (Quebec, Canada). The intra-batch CV values 
were: 2.5–3.5% for androstenedione, 2.9–5.2% for DHEA, 
5.1–7.6% for estrone, 4.5–7.2% for estradiol, 1.8–3.3% for 
testosterone and 3.9–7.6% for progesterone. Serum concen-
trations of free estradiol and free testosterone were calcu-
lated from absolute concentrations of estradiol and testos-
terone, respectively, and SHBG using mass action equations 
[31].

UK-Biobank: A wide range of biomarkers were already 
measured in all UK-Biobank participants [32]. In addition to 
IGF-1, we were able to examine glucose, as well as glycated 
hemoglobin (HbA1c), SHBG and testosterone. Furthermore, 
C-reactive protein (CRP), a marker of inflammation, was 
also examined as evidence shows that chronic inflamma-
tion is associated with obesity and may contribute to cancer 
development [33]. Details on assay methods have been pub-
lished previously [32]. The within-laboratory CV for low, 
medium and high internal quality control samples for the 
examined biomarkers were: 5.3–6.2% for IGF-1, 1.5–1.8% 
for glucose, 1.7–2.3% for CRP, 5.2–5.7% for SHBG and 
3.7–8.3% for testosterone [32].

Statistical analysis

Hormone measurements were log transformed and both cat-
egorical (tertiles) and continuous (per 1-standard deviation 
(SD) increase) variables were analyzed. In EPIC and ATBC, 
categories were defined on the distribution among control 
subjects, whereas in UK-Biobank, it was based on the entire 
cohort. For hormone variables, those with missing values 
were assigned to a missing category. For instance, we clas-
sified hormones into categories (IGF-1 included those with 
values < 82, 82–104, > 104 (ng/mL) and those who were 
missing IGF-1 data). Also, for covariates with missing val-
ues, missing indicators were used. Baseline characteristics 
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among cases and controls were compared using paired sam-
pled t-tests (continuous variables) and paired Chi-squared 
tests (categorical variables).

For the two nested case–control studies (EPIC and 
ATBC), we used conditional logistic regression models 
to estimate odds ratio (ORs) and 95% confidence intervals 
(CIs) for the association between hormones and gastric 
cancer by subsite. Sex-specific analyses were conducted. 
Models were adjusted for education (EPIC: none, primary 
school, technical/professional, secondary school, university; 
ATBC: 8th grade or less, less than high school, high school 
graduate or general educational development, some college 
or technical school, college graduate), smoking (EPIC: never 
smoker, current smoker of 1–15, 16–25 or 26+ cigarettes/
day, former smoker who stopped ≤ 10, 11–20 or 20 + years 
ago, current or occasional pipe/cigar, smoking unknown/
missing; ATBC: < 24, 24 to < 35, 35 to < 46, ≥ 46 pack 
years) and body mass index (BMI, kg/m2, continuous). In 
addition, a pooled analysis of EPIC men with ATBC (all 
men) was performed to enhance statistical power since these 
two studies used the same study design (nested case–control 
studies); this pooled analysis did not include UK-Biobank 
since this was analyzed as a cohort study because, unlike 
EPIC and ATBC, biomarkers were measured on the entire 
cohort. Models were adjusted for education level, study 
center, smoking, and BMI. Additionally, for CGC in ATBC, 
we conducted a sensitivity analysis to examine the exposures 
measured as part of a previous nested case–control study and 
those that were not.

For UK-Biobank, hazard ratios (HRs) and 95% CIs were 
computed using Cox proportional hazard regression models, 
with age as the primary time variable. Entry time was age 
at recruitment and exit time was age at diagnosis, death or 
last date at which follow-up was considered complete. Sex-
specific analyses were conducted. Models were stratified by 
age at recruitment in 5-year categories, Townsend depriva-
tion index (quintiles) and recruitment center. Mean and SD 
or frequencies were computed for baseline characteristics. 
Models were adjusted for education (none; CSEs/O levels/
GCSEs or equivalent; vocational qualifications {NVQ/HND/
HNC, A-levels/AS levels or equivalent}; other qualifica-
tions; college/university degree; unknown), smoking (never, 
former and current) and BMI (kg/m2, continuous).

Linear trend tests were conducted for hormones by 
assigning the median value to each category as a continuous 
variable in the models. Pearson correlations were computed 
between hormones in each study. We also examined models 
mutually adjusted for (1) all of the gut/adipokines and (2) all 
of the sex hormones. A sensitivity analysis was performed 
by excluding gastric cancer cases diagnosed in the first year 
of follow-up. Furthermore, for hormones without sex differ-
ences in EPIC and UK-Biobank, we conducted combined 
sex analyses. All analyses were conducted using SAS 9.4 

software (SAS Institute, Cary, NC) and P values < 0.05 were 
considered statistically significant.

Results

The median time between blood collection and cancer 
diagnosis in EPIC was 8.0 years for CGC and 8.4 years for 
NCGC, in ATBC, it was 9.0 years for CGC and 7.0 years 
for NCGC, and in UK-Biobank, it was 2.8 years for CGC 
and 3.2 years for NCGC (Supplementary Table 2, 3 and 
4, respectively). In EPIC, CGC cases had higher red meat 
intake than controls (P = 0.04); while NCGC cases were 
less educated (P = 0.006) and had lower levels of IGFBP-3 
(P = 0.02) and ghrelin (P = 0.009) than controls (Supple-
mentary Table 2). In ATBC, CGC cases had higher BMI 
(P = 0.02) and lower levels of adiponectin (P = 0.03) and 
ghrelin (P = 0.02) than controls, while NCGC cases had 
lower vegetable intake (P = 0.03) and lower levels of 
insulin (P = 0.02), and ghrelin (P < 0.0001) compared to 
controls (Supplementary Table 3). In UK-Biobank, CGC 
cases had a lower education level (P = 0.0002), were older 
(P < 0.0001), had higher BMI (P < 0.0001), and were more 
likely to be smokers (P < 0.0001) and alcohol consumers 
(P < 0.0001); in addition, they had higher levels of glucose 
(P = 0.007), HbA1c (P = 0.02), CRP (P = 0.008), and testos-
terone (P < 0.0001), but lower levels of SHBG (P = 0.002) 
than non-cases (Supplementary Table 4). For NCGC, cases 
were also less educated (P = 0.001), older (P < 0.0001), 
consumed less alcohol (P = 0.02) and had higher levels of 
glucose (P = 0.04), HbA1c (P = 0.001), CRP (P = 0.009) 
and testosterone (P = 0.006) but had lower levels of IGF-1 
(P = 0.008) compared to non-cases (Supplementary Table 4).

In EPIC men, IGF-1 was positively associated with CGC 
and NCGC (per 1-SD increase: adjusted OR 1.94, 95% 
CI 1.03–3.63 and 1.63, 95% CI 1.05–2.53, respectively) 
(Table 1). In addition, leptin was also positively associated 
with NCGC but only in categorical data (OR 2.72, 95% 
CI 1.01–7.34 for the highest vs. lowest category), whereas 
ghrelin was inversely associated with NCGC (adjusted OR 
0.30, 95% CI 0.11–0.87 for the highest vs. lowest category; 
OR 0.53, 95% CI 0.34–0.84 per 1-SD increase) (Table 1). 
Among EPIC women, C-peptide was positively associated 
with NCGC (adjusted OR 3.84, 95% CI 1.02–14.43 for the 
highest vs. lowest category and OR 2.17, 95% CI 1.19–3.97 
per 1-SD increase) (Table 2); however, there were no other 
associations with CGC or NCGC. Furthermore, in sex-com-
bined analyses (Supplementary table 5), we found IGFBP-3 
and ghrelin were inversely associated with NCGC in EPIC 
(adjusted OR 0.70, 95% CI 0.51–0.95 and OR 0.66, 95% CI 
0.49–0.89 per 1-SD increase, respectively), while leptin was 
positively associated with NCGC (adjusted OR 1.60, 95% 
CI 1.06–2.42 per 1-SD increase).
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Table 1   Odds ratios and 95% confidence intervals for circulating hormones and gastric cancer by subsite in men from the EPIC study

CGC​ NCGC​

Cases/
controls 
(61/61)

Crude ORa (95% CI) Adjusted ORb (95% CI) Cases/
controls 
(104/104)

Crude ORa (95% CI) Adjusted ORb (95% CI)

Insulin (pg/mL)c

 < 243 5/5 Reference 14/15 Reference Reference
 243–333 4/6 0.88 (0.21–3.65) – 8/15 0.61 (0.20–1.91) 0.98 (0.22–4.47)
 > 333 7/5 2.72 (0.22–33.0) – 23/15 1.58 (0.58–4.30) 1.31 (0.30–5.67)
 P trend 0.63 0.20 0.91
 Per 1-SD increase 1.07 (0.38–2.98) 1.70 (0.16–18.50) 1.26 (0.83–1.92) 1.21 (0.61–2.40)

C-peptide (pmol/L)d

 < 552 19/16 Reference Reference 34/37 Reference Reference
 552–968 21/22 0.79 (0.31–2.02) 0.99 (0.30–3.26) 33/33 1.09 (0.56–2.14) 1.03 (0.45–2.33)
 > 968 21/23 0.75 (0.30–1.90) 0.66 (0.23–1.91) 35/32 1.20 (0.61–2.36) 1.28 (0.55–3.01)
 P trend 0.82 0.67 0.87 0.82
 Per 1-SD increase 1.11 (0.76–1.62) 0.99 (0.65–1.53) 1.02 (0.79–1.32) 1.03 (0.75–1.43)

IGF-1 (ng/mL)
 < 82 15/18 Reference Reference 28/36 Reference Reference
 82–104 20/19 1.33 (0.52–3.41) 1.98 (0.59–6.62) 38/37 1.32 (0.68–2.56) 1.63 (0.75–3.51)
 > 104 26/24 1.51 (0.49–4.71) 2.84 (0.64–12.52) 38/31 1.85 (0.82–4.17) 2.67 (0.97–7.31)
 P trend 0.76 0.37 0.33 0.15
 Per 1-SD increase 1.50 (0.95–2.39) 1.94 (1.03–3.63) 1.37 (0.97–1.94) 1.63 (1.05–2.53)

IGFBP-3 (ng/mL)
 < 1939 28/22 Reference Reference 49/33 Reference Reference
 1939–2265 11/21 0.40 (0.15–1.07) 0.40 (0.11–1.41) 23/33 0.49 (0.25–0.96) 0.49 (0.23–1.07)
 > 2265 22/18 0.94 (0.37–2.37) 1.67 (0.47–5.98) 32/38 0.55 (0.27–1.08) 0.65 (0.29–1.42)
 P trend 0.14 0.13 0.08 0.18
 Per 1-SD increase 0.92 (0.63–1.33) 1.09 (0.69–1.73) 0.68 (0.48–0.96) 0.73 (0.50–1.07)

Adiponectin (ng/mL)
 < 5057 17/18 Reference Reference 44/37 Reference Reference
 5057–7023 19/18 1.15 (0.41–3.22) 0.92 (0.24–3.51) 28/36 0.62 (0.30–1.26) 0.83 (0.36–1.92)
 > 7023 25/25 1.08 (0.44–2.66) 1.13 (0.37–3.42) 32/31 0.84 (0.41–1.72) 1.16 (0.47–2.81)
 P trend 0.97 0.93 0.41 0.76
 Per 1-SD increase 0.96 (0.69–1.34) 1.03 (0.68–1.56) 0.91 (0.68–1.23) 1.06 (0.73–1.54)

Leptin (pg/mL)
 < 2142 14/13 Reference Reference 25/40 Reference Reference
 2142–4105 28/24 1.07 (0.43–2.68) 0.83 (0.23–2.98) 41/31 2.43 (1.12–5.24) 2.99 (1.17–7.64)
 > 4105 17/22 0.70 (0.25–1.92) 0.42 (0.09–1.97) 37/32 1.97 (0.96–4.04) 2.72 (1.01–7.34)
 P trend 0.60 0.47 0.06 0.06
 Per 1-SD increase 0.88 (0.62–1.24) 0.73 (0.42–1.29) 1.25 (0.94–1.67) 1.39 (0.91–2.12)

Ghrelin (pg/mL)
 < 173 23/19 Reference Reference 49/36 Reference Reference
 173–276 14/17 0.72 (0.30–1.72) 0.60 (0.18–2.05) 33/37 0.52 (0.23–1.15) 0.40 (0.15–1.04)
 > 276 24/25 0.82 (0.38–1.80) 0.62(0.23–1.71) 22/31 0.39 (0.17–0.93) 0.30 (0.11–0.87)

P trend 0.74 0.59 0.08 0.05
 Per 1-SD increase 0.86 (0.61–1.20) 0.75 (0.48–1.16) 0.57 (0.39–0.85) 0.53 (0.34–0.84)

Androstenedione (pmol/L)
 < 2291 15/16 Reference Reference 25/25 Reference Reference
 2291–3203 15/12 1.70 (0.36–7.91) 0.97 (0.05–18.41) 28/29 0.97 (0.45–2.11) 1.16 (0.45–3.04)
 > 3203 15/17 1.08 (0.27–4.26) 0.55 (0.04–7.06) 25/24 1.06 (0.44–2.56) 1.28 (0.36–4.55)
 P trend 0.71 0.79 0.98 0.92
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Table 1   (continued)

CGC​ NCGC​

Cases/
controls 
(61/61)

Crude ORa (95% CI) Adjusted ORb (95% CI) Cases/
controls 
(104/104)

Crude ORa (95% CI) Adjusted ORb (95% CI)

 Per 1-SD increase 1.41 (0.80–2.49) 1.55 (0.67–3.58) 0.93 (0.64–1.36) 1.07 (0.62–1.86)
DHEA (pmol/L)
 < 5540 19/18 Reference Reference 25/22 Reference Reference
 5540–8496 11/12 0.84 (0.27–2.65) 0.30 (0.04–2.17) 25/29 0.63 (0.22–1.80) 0.82 (0.24–2.77)
 > 8496 15/15 0.89 (0.24–3.35) 0.46 (0.05–4.15) 28/27 0.77 (0.27–2.15) 0.97 (0.27–3.52)
 P trend 0.96 0.49 0.68 0.91
 Per 1-SD increase 1.19 (0.71–1.99) 1.06 (0.50–2.26) 1.02 (0.68–1.54) 1.12 (0.63–1.98)

Estrone (pmol/L)
 < 102 15/12 Reference Reference 28/29 Reference Reference
 102–136 14/17 0.61 (0.19–1.91) 0.56 (0.10–3.12) 28/23 1.22 (0.59–2.51) 1.46 (0.56–3.78)
 > 136 16/16 0.74 (0.23–2.37) 0.69 (0.13–3.61) 22/26 0.81 (0.34–1.94) 0.65 (0.21–1.99)
 P trend 0.70 0.80 0.64 0.37
 Per 1-SD increase 1.10 (0.73–1.65) 1.10 (0.59–2.05) 0.99 (0.69–1.43) 0.79 (0.49–1.27)

Estradiol (pmol/L)
 < 52.5 11/10 Reference Reference 20/30 Reference Reference
 52.5–72.7 17/19 0.80 (0.25–2.55) 0.30 (0.04–2.23) 32/23 2.49 (1.01–6.15) 3.09 (0.98–9.73)
 > 72.7 17/16 0.96 (0.27–3.37) 0.50 (0.06–4.40) 26/25 1.61 (0.73–3.57) 1.07 (0.40–2.83)
 P trend 0.90 0.47 0.14 0.12
 Per 1-SD increase 1.04 (0.68–1.59) 0.90 (0.42–1.94) 1.28 (0.94–1.74) 1.11 (0.74–1.66)

Free estradiol (pmol/L)
 < 1.4 9/11 Reference Reference 20/30 Reference Reference
 1.4–1.8 22/16 1.63 (0.55–4.79) 1.89 (0.39–9.12) 25/25 1.50 (0.65–3.48) 0.99 (0.34–2.92)
 > 1.8 14/18 0.96 (0.31–2.94) 0.70 (0.10–4.85) 33/23 2.13 (0.97–4.69) 1.65 (0.59–4.61)
 P trend 0.48 0.40 0.17 0.55
 Per 1-SD increase 0.95 (0.63–1.43) 0.87 (0.41–1.88) 1.34 (0.96–1.87) 1.16 (0.74–1.83)

SHBG (nmol/L)e

 < 29.4 11/17 Reference Reference 29/38 Reference Reference
 29.4–46.3 24/24 1.55 (0.62–3.92) 1.01 (0.32–3.19) 41/31 1.78 (0.88–3.60) 1.99 (0.86–4.62)
 > 46.3 26/20 2.09 (0.77–5.70) 1.80 (0.51–6.39) 34/35 1.36 (0.63–2.92) 2.26 (0.75–6.78)
 P trend 0.35 0.54 0.27 0.22
 Per 1-SD increase 1.22 (0.82–1.82) 1.15 (0.69–1.92) 1.00 (0.74–1.34) 1.13 (0.77–1.66)

Testosterone (pmol/L)
 < 11,207 13/15 Reference Reference 25/25 Reference Reference
 11,207–14,606 15/18 0.99 (0.40–2.47) 1.08 (0.28–4.20) 21/24 0.81 (0.34–1.93) 0.62 (0.18–2.12)
 > 14,606 17/12 1.70 (0.58–4.98) 1.23 (0.24–6.40) 32/29 1.13 (0.55–2.34) 1.13 (0.42–3.03)
 P trend 0.53 0.97 0.78 0.62
 Per 1-SD increase 1.25 (0.80–1.94) 0.94 (0.49–1.80) 1.07 (0.80–1.44) 1.13 (0.74–1.74)

Free testosterone (pmol/L)
 < 205 21/19 Reference Reference 18/22 Reference Reference
 205–258 10/13 0.71 (0.26–1.93) 0.46 (0.10–2.15) 30/28 1.38 (0.58–3.27) 1.57 (0.51–4.85)
 > 258 14/13 1.05 (0.34–3.27) 0.42 (0.06–2.82) 30/28 1.43 (0.56–3.68) 1.73 (0.50–6.07)
 P trend 0.77 0.50 0.72 0.66
 Per 1-SD increase 1.05 (0.68–1.64) 0.87 (0.45–1.71) 1.20 (0.81–1.75) 1.27 (0.74–2.17)

Progesterone (pmol/L)
 < 122 16/15 Reference Reference 27/26 Reference Reference
 122–186 10/16 0.53 (01.6–1.82) 0.63 (0.09–4.57) 26/24 1.04 (0.48–2.25) 1.68 (0.61–4.64)
 > 186 19/14 1.33 (0.41–4.29) 2.60 (0.31–21.46) 25/28 0.84 (0.37–1.89) 1.46 (0.46–4.60)
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In ATBC, there were no associations between circulat-
ing hormones and CGC (Table 3). For NCGC, inverse asso-
ciations were observed with ghrelin, which is consistent 
with the findings in EPIC, and insulin (per 1-SD increase: 
adjusted OR 0.22, 95% CI 0.10–0.50 and OR 0.45, 95% CI 
0.22–0.91, respectively) (Table 3). There were no associa-
tions for any of the sex hormones in relation to CGC or 
NCGC in ATBC. Furthermore, in ATBC, sensitivity anal-
yses found no significant difference in the association for 
those exposures that overlapped with the previous case–con-
trol study [19] and those that did not (data not shown).

In pooled analyses of data from men in EPIC and ATBC 
(Table 4), we found an inverse association between DHEA 
and CGC (adjusted OR 0.45, 95% CI 0.21–0.95 for the high-
est vs. lowest category). In addition, ghrelin was inversely 
associated with NCGC (adjusted OR 0.14, 95% CI 0.05–0.41 
for the highest vs. lowest category and OR 0.27, 95% CI 
0.16–0.47 per 1-SD increase).

In the UK-Biobank, SHBG was positively associated with 
CGC in men (adjusted HR 1.90, 95% CI 1.04–3.47 for the 
highest vs. lowest category, and HR 1.29, 95% CI 1.02–1.64 
per 1-SD increase) (Table 5). For NCGC, an inverse associa-
tion was observed with free testosterone in men in continu-
ous data only (per 1-SD increase: adjusted HR 0.71, 95% CI 
0.57–0.89). In UK-Biobank women, similar to EPIC men, a 
positive association was observed between IGF-1 and CGC 
(adjusted HR 5.13, 95% CI 1.26–20.88 for the highest vs. 
lowest category and HR 1.76, 95% CI 1.08–2.88 per 1-SD 
increase) (Table 6). For hormones without sex differences, 
no significant associations were observed in sex-combined 
analyses (Supplementary table 6).

In EPIC, we found strong to moderate correlations 
between androstenedione and DHEA (0.71), estrone and 
estradiol (0.76), testosterone and estradiol (0.79) and, 

as expected, between testosterone and free testosterone 
(0.99), and estradiol and free estradiol (0.99) (Supplemen-
tary table 7). Similar correlations were observed between 
sex hormones in ATBC (Supplementary table 8). In UK-
Biobank, the only strong correlation was between testoster-
one and free testosterone (0.79) (Supplementary table 9). In 
models mutually adjusted for (1) all of the gut/adipokines 
and (2) all of the sex hormones, the direction and magni-
tude of the associations described remained the same, with 
the exception of IGF-1 and CGC, and of leptin and NCGC 
in EPIC men, and C-peptide and NCGC in EPIC women, 
which attenuated and were no longer statistically significant.

Sensitivity analysis excluding CGC and NCGC cases 
diagnosed during the first year of follow-up did not sub-
stantially change the results (data not shown).

Discussion

In our analyses, IGF-1 was positively associated with CGC 
and NCGC in men in EPIC; similar findings were observed 
for IGF-1 and CGC in women in UK-Biobank, although 
there was no association in ATBC. In EPIC, leptin was posi-
tively associated with NCGC in men, while C-peptide was 
positively associated with NCGC in women. For ghrelin, 
we observed inverse associations for NCGC among men in 
EPIC and ATBC. In addition, insulin was inversely asso-
ciated with NCGC in men in ATBC. With regard to sex 
hormones, DHEA was inversely associated with CGC in 
EPIC and ATBC men combined, and free testosterone was 
inversely associated with NCGC in men in UK-Biobank 
only. In contrast, SHBG was positively associated with CGC 
in UK-Biobank men only.

Table 1   (continued)

CGC​ NCGC​

Cases/
controls 
(61/61)

Crude ORa (95% CI) Adjusted ORb (95% CI) Cases/
controls 
(104/104)

Crude ORa (95% CI) Adjusted ORb (95% CI)

 P trend 0.31 0.25 0.86 0.60
 Per 1-SD increase 1.14 (0.75–1.72) 1.38 (0.68–2.80) 1.05 (0.72–1.52) 1.33 (0.77–2.30)

a Crude model was integrally adjusted for the matching factors, including study center, sex, age at recruitment and date/time of blood collection
b Adjusted model was based on crude model with further adjustment for education level, smoking, and body mass index
c For insulin, only fasting subjects were included
d Additionally adjusted for fasting status
e Additionally adjusted for insulin
All variables were log transformed
Not all of the cases/controls will sum to the total due to missing data
CGC​ cardia gastric cancer, CI confidence interval, DHEA dehydroepiandrosterone, IGF-1 insulin-like growth factor-1, IGFBP-3 insulin-like 
growth factor-binding protein-3, NCGC​ non-cardia gastric cancer, OR odds ratio, SD standard deviation, SHBG sex hormone-binding globulin
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Table 2   Odds ratios and 
95% confidence intervals for 
circulating hormones and 
gastric non-cardia cancer in 
women from the EPIC study

NCGC​

Cases/controls (68/68) Crude ORa (95% CI) Adjusted ORb (95% CI)

Insulin (pg/mL)c

 < 202 8/10 Reference Reference
 202–295 10/13 0.93 (0.27–3.24) 1.38 (0.27–7.09)
 > 295 14/9 1.77 (0.54–5.81) 5.20 (0.85–31.85)
 P trend 0.49 0.14
 Per 1-SD increase 1.18 (0.72–1.94) 2.19 (0.84–5.68)

C-peptide (pmol/L)d

 < 500 16/23 Reference Reference
 500–753 19/25 1.02 (0.43–2.43) 1.16 (0.37–3.69)
 > 753 33/20 3.20 (1.17–8.78) 3.84 (1.02–14.43)
 P trend 0.05 0.08
 Per 1-SD increase 1.90 (1.22–2.95) 2.17 (1.19–3.97)

IGF-1 (ng/mL)
 < 66.8 27/24 Reference Reference
 66.8–84.8 27/21 1.21 (0.49–2.99) 1.84 (0.58–5.85)
 > 84.8 14/23 0.39 (0.13–1.17) 0.76 (0.19–2.94)
 P trend 0.13 0.39
 Per 1-SD increase 0.72 (0.46–1.14) 1.01 (0.56–1.81)

IGFBP-3 (ng/mL)
 < 2175 25/22 Reference Reference
 2175–2500 27/21 0.89 (0.32–2.47) 1.33 (0.38–4.68)
 > 2500 16/25 0.43 (0.14–1.36) 0.60 (0.14–2.61)
 P trend 0.21 0.38
 Per 1-SD increase 0.71 (0.47–1.06) 0.86 (0.51–1.45)

Adiponectin (ng/mL)
 < 8479 21/22 Reference Reference
 8479–13,988 33/20 2.02 (0.80–5.15) 1.85 (0.57–5.96)
 > 13,988 14/26 0.61 (0.25–1.50) 0.60 (0.19–1.89)
 P trend 0.04 0.14
 Per 1-SD increase 0.86 (0.62–1.19) 0.84 (0.55–1.29)

Leptin (pg/mL)
 < 6870 18/21 Reference Reference
 6870–15,472 20/21 1.14 (0.45–2.85) 2.03 (0.51–8.01)
 > 15,472 30/26 1.55 (0.58–4.17) 3.73 (0.76–18.28)
 P trend 0.67 0.26
 Per 1-SD increase 1.19 (0.80–1.77) 1.66 (0.88–3.16)

Ghrelin (pg/mL)
 < 193 25/20 Reference Reference
 193–345 24/22 0.87 (0.39–1.96) 1.03 (0.38–2.83)
 > 345 19/26 0.59 (0.25–1.36) 0.52 (0.18–1.52)
 P trend 0.44 0.35
 Per 1-SD increase 0.79 (0.56–1.11) 0.79 (0.51–1.22)

Androstenedione (pmol/L)
 < 1378 15/15 Reference Reference
 1378–2165 25/19 1.07 (0.38–2.99) 1.01 (0.28–3.63)
 > 2165 13/19 0.63 (0.19–2.07) 1.20 (0.23–6.28)
 P trend 0.61 0.97
 Per 1-SD increase 0.88 (0.55–1.39) 1.21 (0.65–2.24)

DHEA (pmol/L)
 < 4024 16/18 Reference Reference
 4024–8310 24/16 1.69 (0.58–4.87) 2.26 (0.58–8.86)
 > 8310 13/19 0.72 (0.21–2.47) 1.54 (0.29–8.30)
 P trend 0.25 0.48
 Per 1-SD increase 0.81 (0.50–1.31) 1.07 (0.58–1.98)
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Table 2   (continued) NCGC​

Cases/controls (68/68) Crude ORa (95% CI) Adjusted ORb (95% CI)

Estrone (pmol/L)
 < 53.6 16/17 Reference Reference
 53.6–83.2 22/17 1.35 (0.54–3.36) 2.20 (0.63–7.67)
 > 83.2 15/19 0.79 (0.28–2.18) 1.75 (0.41–7.56)
 P trend 0.55 0.47
 Per 1-SD increase 1.12 (0.74–1.70) 1.49 (0.88–2.52)

Estradiol (pmol/L)
 < 9.2 14/16 Reference Reference
 9.2–16.1 20/14 1.82 (0.64–5.13) 6.45 (1.09–38.40)
 > 16.1 13/17 0.74 (0.25–2.18) 2.47 (0.29–21.04)
 P trend 0.33 0.12
 Per 1-SD increase 0.99 (0.64–1.53) 1.12 (0.59–2.15)

Free estradiol (pmol/L)
 < 0.2 16/13 Reference Reference
 0.2–0.4 17/17 0.83 (0.31–2.25) 1.82 (0.41–8.00)
 > 0.4 14/17 0.67 (0.24–1.87) 1.36 (0.23–8.26)
 P trend 0.74 0.73
 Per 1-SD increase 1.03 (0.67–1.59) 1.13 (0.59–2.16)
 SHBG (nmol/L)e

 < 44.6 23/21 Reference Reference
 44.6–63.7 27/25 0.97 (0.41–2.33) 1.44 (0.45–4.62)
 > 63.7 18/22 0.75 (0.31–1.81) 0.91 (0.26–3.15)
 P trend 0.77 0.67
 Per 1-SD increase 0.82 (0.57–1.17) 0.81 (0.48–1.36)

Testosterone (pmol/L)
 < 454 21/16 Reference Reference
 454–697 18/18 0.78 (0.30–2.00) 0.86 (0.26–2.82)
 > 697 14/19 0.58 (0.23–1.47) 0.49 (0.13–1.94)
 P trend 0.51 0.59
 Per 1-SD increase 0.91 (0.62–1.32) 1.01 (0.62–1.65)

Free testosterone (pmol/L)
 < 5.4 16/16 Reference Reference
 5.4–8.5 21/18 1.24 (0.40–3.85) 2.05 (0.43–9.73)

> 8.5 16/19 0.85 (0.29–2.48) 1.20 (0.23–6.30)
 P trend 0.76 0.62
 Per 1-SD increase 0.97 (0.66–1.43) 1.07 (0.64–1.78)

Progesterone (pmol/L)
 < 71.5 15/16 Reference Reference
 71.5–101 19/20 1.02 (0.38–2.79) 0.83 (0.23–3.06)
 > 101 19/17 1.22 (0.44–3.40) 1.41 (0.39–5.11)
 P trend 0.91 0.71
 Per 1-SD increase 1.11 (0.77–1.61) 1.12 (0.67–1.88)

All variables were log transformed
Not all of the cases/controls will sum to the total due to missing data
CI confidence interval, DHEA dehydroepiandrosterone, IGF-1 insulin-like growth factor-1, IGFBP-3 insu-
lin-like growth factor-binding protein-3, NCGC​ non-cardia gastric cancer, OR odds ratio, SD standard devi-
ation, SHBG sex hormone-binding globulin
a Crude model was integrally adjusted for the matching factors, including study center, sex, age at recruit-
ment and date/time of blood collection
b Adjusted model was based on crude model with further adjustment for education level, smoking and body 
mass index
c For insulin, only fasting subjects were included
d Additionally adjusted for fasting status
e Additionally adjusted for insulin
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Table 3   Odds ratios and 95% confidence intervals for circulating hormones and gastric cancer by subsite in men from the ATBC study

CGC​ NCGC​

Cases/
controls 
(100/100)

Crude ORa (95% CI) Adjusted ORb (95% 
CI)

Cases/
Controls 
(65/65)

Crude ORa (95% CI) Adjusted ORb (95% CI)

Insulin (pg/mL)
 < 184 35/41 Reference Reference 18/12 Reference Reference
 184–325 34/33 1.21 (0.63–2.31) 0.95 (0.46–1.96) 28/21 0.91 (0.38–2.22) 0.90 (0.31–2.61)
 > 325 30/25 1.39 (0.70–2.74) 0.71 (0.29–1.74) 17/30 0.41 (0.16–1.03) 0.30 (0.08–1.12)
 P trend 0.64 0.72 0.09 0.08
 Per 1-SD increase 1.10 (0.85–1.42) 0.85 (0.60–1.20) 0.63 (0.41–0.97) 0.45 (0.22–0.91)

IGF-1 (ng/mL)
 < 84.3 34/32 Reference Reference 22/21 Reference Reference
 84.3–108 41/31 1.30 (0.69–2.46) 1.19 (0.59–2.37) 21/23 0.86 (0.36–2.08) 0.90 (0.35–2.29)
 > 108 24/36 0.58 (0.28–1.19) 0.60 (0.27–1.30) 19/18 1.01 (0.39–2.58) 1.10 (0.40–3.02)
 P trend 0.12 0.25 0.93 0.93
 Per 1-SD increase 0.85 (0.64–1.13) 0.83 (0.61–1.14) 1.09 (0.73–1.64) 1.11 (0.72–1.73)

IGFBP-3 (ng/mL)
 < 1642 42/38 Reference Reference 15/14 Reference Reference
 1642–2084 26/31 0.79 (0.41–1.49) 1.09 (0.53–2.22) 23/21 1.01 (0.40–2.56) 1.08 (0.40–2.91)
 > 2084 29/28 0.94 (0.48–1.83) 1.14 (0.53–2.44) 23/26 0.79 (0.29–2.13) 0.87 (0.30–2.54)
 P trend 0.75 0.17 0.84 0.90
 Per 1-SD increase 1.01 (0.76–1.33) 1.10 (0.80–1.51) 1.07 (0.69–1.66) 1.14 (0.71–1.83)

Adiponectin (ng/mL)
 < 6065 45/23 Reference Reference 21/29 Reference Reference
 6065–8855 27/41 0.41 (0.21–0.79) 0.41 (0.20–0.87) 24/14 2.88 (1.05–7.96) 2.58 (0.86–7.72)
 > 8855 27/35 0.44 (0.21–0.89) 0.56 (0.25–1.25) 17/19 1.52 (0.60–3.85) 1.42 (0.48–4.14)
 P trend 0.02 0.06 0.12 0.22
 Per 1-SD increase 0.73 (0.55–0.96) 0.85 (0.62–1.17) 1.11 (0.78–1.57) 1.06 (0.72–1.57)

Leptin (pg/mL)
 < 1398 22/37 Reference Reference 17/17 Reference Reference
 1398–3955 51/34 2.53 (1.24–5.16) 1.51 (0.66–3.43) 23/20 1.15 (0.51–2.61) 1.35 (0.53–3.42)
 > 3955 26/28 1.62 (0.73–3.57) 0.67 (0.23–2.02) 23/26 0.87 (0.38–1.96) 1.10 (0.33–3.65)
 P trend 0.04 0.13 0.81 0.81
 Per 1-SD increase 1.21 (0.89–1.63) 0.83 (0.53–1.29) 0.75 (0.53–1.07) 0.56 (0.29–1.09)

Ghrelin (pg/mL)
 < 596 51/3 Reference Reference 45/21 Reference Reference
 596–833 23/3 1.89 (0.08–44.94) - 13/22 0.37 (0.16–0.88) 0.29 (0.11–0.81)
 > 833 10/4 0.53 (0.02–12.54) - 7/22  < 0.001 

(< 0.001- > 999)
- < 0.001 

(< 0.001- > 999)
 P trend 0.60 0.08 0.06
 Per 1-SD increase 0.45 (0.10–2.08) 0.27 (0.14–0.53) 0.22 (0.10–0.50)

Androstenedione (pmol/L)
 < 3702 23/23 Reference Reference 30/31 Reference Reference
 3702–5084 38/34 1.17 (0.54–2.55) 1.23 (0.51–2.94) 25/21 1.26 (0.53–2.97) 1.31 (0.51–3.36)
 > 5084 39/43 0.92 (0.47–1.82) 0.95 (0.43–2.11) 10/13 0.79 (0.27–2.29) 0.71 (0.21–2.37)
 P trend 0.79 0.79 0.67 0.58
 Per 1-SD increase 0.99 (0.74–1.33) 1.00 (0.71–1.40) 1.04 (0.74–1.48) 0.99 (0.69–1.44)

Androsterone (pmol/L)
 < 755 24/28 Reference Reference NM NM
 755–1008 26/28 1.13 (0.49–2.57) 1.24 (0.49–3.15)
 > 1008 34/28 1.50 (0.67–3.36) 2.15 (0.82–5.68)
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Table 3   (continued)

CGC​ NCGC​

Cases/
controls 
(100/100)

Crude ORa (95% CI) Adjusted ORb (95% 
CI)

Cases/
Controls 
(65/65)

Crude ORa (95% CI) Adjusted ORb (95% CI)

 P trend 0.59 0.26
 Per 1-SD increase 1.17 (0.84–1.63) 1.25 (0.86–1.81)

DHEA (pmol/L)
 < 7722 33/23 Reference Reference 28/28 Reference Reference
 7722–11,836 37/34 0.72 (0.35–1.46) 0.95 (0.43–2.10) 21/18 1.11 (0.51–2.42) 1.07 (0.46–2.52)
 > 11,836 29/42 0.43 (0.20–0.95) 0.51 (0.22–1.21) 7/10 0.61 (0.17–2.22) 0.68 (0.16–2.89)
 P trend 0.10 0.03 0.65 0.82
 Per 1-SD increase 0.73 (0.53–1.00) 0.75 (0.53–1.07) 0.78 (0.52–1.17) 0.73 (0.45–1.17)

Estrone (pmol/L)
 < 124 41/38 Reference Reference 23/17 Reference Reference
 124–161 22/28 0.72 (0.35–1.49) 0.57 (0.25–1.31) 22/26 0.58 (0.23–1.48) 0.55 (0.20–1.54)
 > 161 37/34 1.01 (0.53–1.93) 0.65 (0.31–1.38) 20/22 0.69 (0.31–1.55) 0.73 (0.31–1.73)
 P trend 0.61 0.36 0.49 0.52
 Per 1-SD increase 0.99 (0.72–1.36) 0.85 (0.59–1.20) 0.90 (0.67–1.20) 0.91 (0.66–1.24)

Estradiol (pmol/L)
 < 66.2 30/27 Reference Reference 30/28 Reference Reference
 66.2–92.3 33/34 0.84 (0.38–1.86) 0.67 (0.27–1.66) 25/20 1.30 (0.53–3.19) 1.15 (0.44–3.03)
 > 92.3 37/39 0.84 (0.42–1.68) 0.62 (0.29–1.34) 10/17 0.62 (0.26–1.48) 0.66 (0.26–1.70)
 P trend 0.88 0.47 0.33 0.57
 Per 1-SD increase 1.00 (0.75–1.34) 0.89 (0.65–1.23) 0.91 (0.67–1.23) 0.91 (0.66–1.26)

Free estradiol (pmol/L)
 < 1.4 27/30 Reference Reference 26/25 Reference Reference
 1.4–1.9 41/35 1.37 (0.64–2.95) 1.09 (0.47–2.54) 22/19 1.12 (0.50–2.50) 1.25 (0.53–2.95)
 > 1.9 32/35 1.07 (0.52–2.19) 0.69 (0.30–1.57) 17/21 0.79 (0.35–1.79) 0.85 (0.34–2.13)
 P trend 0.66 0.42 0.73 0.74
 Per 1-SD increase 1.05 (0.78–1.40) 0.83 (0.60–1.17) 0.93 (0.69–1.25) 0.94 (0.68–1.29)

SHBG (nmol/L)c

 < 49.0 31/24 Reference Reference 31/31 Reference Reference
 49.0–75.5 33/35 0.72 (0.33–1.56) 0.89 (0.35–2.25) 21/19 1.08 (0.46–2.52) 0.87 (0.28–2.73)
 > 75.5 36/41 0.65 (0.31–1.38) 0.99 (0.40–2.49) 13/15 0.84 (0.29–2.43) 0.72 (0.20–2.62)
 P trend 0.51 0.96 0.88 0.88
 Per 1-SD increase 0.91 (0.67–1.25) 1.13 (0.75–1.70) 0.96 (0.66–1.40) 0.85 (0.52–1.40)

Testosterone (pmol/L)
 < 15,075 25/20 Reference Reference 26/32 Reference Reference
 15,075–22,877 38/35 0.89 (0.43–1.84) 1.33 (0.56–3.15) 26/17 1.70 (0.78–3.72) 1.79 (0.74–4.34)
 > 22,877 36/44 0.65 (0.31–1.35) 1.06 (0.43–2.63) 6/9 0.90 (0.26–3.11) 0.86 (0.22–3.35)
 P trend 0.46 0.75 0.30 0.30
 Per 1-SD increase 0.93 (0.70–1.24) 1.02 (0.73–1.43) 1.25 (0.82–1.90) 1.19 (0.73–1.93)

Free testosterone (pmol/L)
 < 215 31/26 Reference Reference 25/25 Reference Reference
 215–282 34/31 0.95 (0.47–1.91) 1.00 (0.47–2.14) 23/23 1.00 (0.46–2.20) 0.81 (0.33–2.03)
 > 282 34/42 0.65 (0.32–1.33) 0.65 (0.30–1.42) 10/10 1.00 (0.34–2.92) 1.29 (0.36–4.65)
 P trend 0.45 0.47 1.00 0.81
 Per 1-SD increase 0.97 (0.72–1.31) 0.94 (0.68–1.30) 1.15 (0.81–1.64) 1.13 (0.75–1.71)

Dihydrotestosterone (pmol/L)
 < 1295 33/33 Reference Reference NM NM
 1295–1797 28/32 0.88 (0.44–1.79) 1.29 (0.55–3.05)
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Results from previous nested case–control studies and 
a cohort study reported no association between IGF-1 and 
gastric cancer risk [12–14], although these studies did not 
examine the associations for CGC and NCGC separately. 
In our study, findings for IGF-1 were intriguing but incon-
sistent, with positive associations observed for both CGC 
and NCGC subsites in EPIC men but only for CGC among 
women in UK-Biobank, and no associations in ATBC. 
Experimental studies suggest IGF-1 may play a role in the 
development of gastric cancer [34, 35]. IGF-1 is thought to 
promote cancer development by stimulating cell prolifera-
tion and inhibiting apoptosis [34, 35].

Ghrelin was inversely associated with NCGC in men in 
EPIC and ATBC. Two previous nested case–control studies 
observed this same effect [19, 20]. Our results for ghrelin 
and NCGC in ATBC replicate findings of a previous ATBC 
study, which investigated the association between serum 
ghrelin concentration and risk of gastric non-cardia adeno-
carcinoma (n = 261 cases) and esophagogastric junctional 
adenocarcinoma (n = 98 cases) [19]. The potential mecha-
nisms underlying an association between ghrelin and gas-
tric cancer are unclear; however, a recent study found that 
ghrelin inhibits cell proliferation, migration, and invasion 
in gastric cancer cells [36]. Conversely, in another study, 
ghrelin induced cell proliferation, migration and invasion in 
gastric cancer cells [37]. For leptin, a satiety hormone, we 
observed a positive association with NCGC in EPIC men 
only. Case–control studies have reported lower serum leptin 

levels in gastric cancer patients compared to controls [18, 
38] but these studies did not provide data on the association 
between leptin levels and gastric cancer risk and did not 
examine leptin and gastric cancer subsite. Mechanistically, 
leptin can stimulate cell proliferation in gastric cancer cells, 
which may contribute to cancer development [39].

Insulin was inversely associated with NCGC only in 
ATBC, whereas C-peptide was positively associated with 
NCGC in EPIC women. A prospective case–control study 
reported a positive association between insulin and early 
gastric cancer risk [40] but did not analyze by cancer sub-
type; although a nested case–control study showed a positive 
association between both C-peptide and insulin for NCGC 
but the risk estimates were not significant [10]. Regarding 
CGC, a large prospective cohort study (NIH-AARP Diet and 
Health study) has previously shown a positive association 
between self-reported diabetes and CGC [41] but there is lit-
tle data on insulin and CGC [42]. The role of insulin in other 
malignancies was established with a meta-analysis reporting 
an increased risk for colorectal and pancreatic cancers with 
higher levels of insulin and C-peptide [43]. Despite the lack 
of epidemiological data, a recent in vitro study demonstrated 
that insulin exhibits direct cancer-promoting effects on gas-
tric cancer cells [44].

For the sex hormones in our study, DHEA was inversely 
associated with CGC in men from EPIC and ATBC com-
bined. A previous nested case–control study in men showed 
DHEA was associated with a 38% decreased risk of 

Table 3   (continued)

CGC​ NCGC​

Cases/
controls 
(100/100)

Crude ORa (95% CI) Adjusted ORb (95% 
CI)

Cases/
Controls 
(65/65)

Crude ORa (95% CI) Adjusted ORb (95% CI)

 > 1797 38/34 1.11 (0.56–2.18) 1.72 (0.72–4.06)
 P trend 0.80 0.45
 Per 1-SD increase 1.09 (0.82–1.45) 1.33 (0.91–1.95)

Progesterone (pmol/L)
 < 146 NM NM 23/21 Reference Reference
 146–223 27/22 1.08 (0.48–2.47) 1.15 (0.44–2.97)
 > 223 15/22 0.64 (0.26–1.56) 0.72 (0.26–1.97)
 P trend 0.43 0.57
 Per 1-SD increase 0.92 (0.65–1.30) 0.94 (0.64–1.38)

All variables were log transformed
Not all of the cases/controls will sum to the total due to missing data
CGC​ cardia gastric cancer, CI confidence interval, DHEA dehydroepiandrosterone, IGF-1 insulin-like growth factor-1, IGFBP-3 insulin-like 
growth factor-binding protein-3, NCGC​ non-cardia gastric cancer, NM not measured, OR odds ratio, SD standard deviation, SHBG sex hormone-
binding globulin
a Crude model was integrally adjusted for the matching factors, including age at randomization and date of blood draw
b Adjusted model was based on crude model with further adjustment for education level, smoking, and body mass index
c  Additionally adjusted for insulin
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Table 4   Odds ratios and 95% confidence intervals for circulating hormones and gastric cancer by subsite in men from the EPIC and ATBC study

CGC​ NCGC​

Cases/
controls 
(161/161)

Crude ORa (95% CI) Adjusted ORb (95% CI) Cases/
controls 
(169/169)

Crude ORa (95% CI) Adjusted ORb (95% CI)

Insulin (pg/mL)
 < 204 48/44 Reference Reference 31/29 Reference Reference
 204–328 30/43 0.64 (0.33–1.23) 0.51 (0.24–1.06) 38/33 1.12 (0.58–2.17) 1.20 (0.56–2.61)
 > 328 37/28 1.17 (0.60–2.29) 0.65 (0.27–1.57) 39/46 0.81 (0.43–1.51) 0.72 (0.31–1.66)
 P trend 0.18 0.20 0.58 0.37
 Per 1-SD increase 1.09 (0.85–1.40) 0.91 (0.68–1.23) 0.87 (0.64–1.17) 0.75 (0.49–1.17)

IGF-1 (ng/mL)
 < 82.3 49/47 Reference Reference 48/59 Reference Reference
 82.3–106 62/52 1.13 (0.67–1.90) 1.15 (0.66–1.99) 59/59 1.29 (0.73–2.27) 1.38 (0.75–2.53)
 > 106 49/61 0.71 (0.39–1.28) 0.63 (0.34–1.19) 59/48 1.76 (0.93–3.32) 1.84 (0.91–3.75)
 P trend 0.27 0.15 0.22 0.23
 Per 1-SD increase 1.01 (0.80–1.28) 0.98 (0.77–1.25) 1.26 (0.97–1.63) 1.27 (0.95–1.70)

IGFBP-3 (ng/mL)
 < 1781 72/65 Reference Reference 52/41 Reference Reference
 1781–2201 45/54 0.73 (0.42–1.27) 0.80 (0.45–1.42) 57/55 0.79 (0.45–1.40) 0.85 (0.46–1.58)
 > 2201 41/39 0.91 (0.50–1.66) 0.78 (0.41–1.50) 56/69 0.60 (0.33–1.07) 0.59 (0.31–1.12)
 P trend 0.52 0.67 0.22 0.25
 Per 1-SD increase 0.98 (0.78–1.22) 0.96 (0.75–1.21) 0.81 (0.62–1.06) 0.82 (0.61–1.10)

Adiponectin (ng/mL)
 < 5457 55/34 Reference Reference 69/74 Reference Reference
 5457–7760 44/59 0.47 (0.27–0.84) 0.48 (0.27–0.88) 46/49 1.04 (0.61–1.77) 1.18 (0.65–2.16)
 > 7760 61/67 0.56 (0.32–0.98) 0.64 (0.35–1.17) 51/43 1.32 (0.75–2.32) 1.54 (0.82–2.89)
 P trend 0.03 0.06 0.60 0.40
 Per 1-SD increase 0.81 (0.66–1.01) 0.85 (0.67–1.09) 0.99 (0.79–1.24) 1.05 (0.81–1.36)

Leptin (pg/mL)
 < 1924 45/57 Reference Reference 48/50 Reference Reference
 1924–4051 71/50 1.85 (1.06–3.23) 1.54 (0.82–2.87) 58/58 1.04 (0.61–1.79) 1.00 (0.55–1.84)
 > 4051 42/51 1.08 (0.60–1.94) 0.60 (0.27–1.33) 60/58 1.08 (0.64–1.82) 0.99 (0.49–2.05)
 P trend 0.06 0.01 0.97 1.00
 Per 1-SD increase 1.07 (0.86–1.34) 0.86 (0.62–1.19) 0.99 (0.80–1.24) 0.90 (0.64–1.26)

Ghrelin (pg/mL)
 < 224 28/21 Reference Reference 70/57 Reference Reference
 224–451 47/35 0.67 (0.33–1.39) 0.67 (0.29–1.51) 54/46 0.73 (0.40–1.36) 0.51 (0.25–1.07)
 > 451 70/15 0.88 (0.29–2.64) 0.54 (0.13–2.29) 45/66 0.24 (0.10–0.56) 0.14 (0.05–0.41)
 P trend 0.55 0.53 0.003 0.002
 Per 1-SD increase 0.89 (0.60–1.34) 0.75 (0.46–1.25) 0.43 (0.29–0.63) 0.27 (0.16–0.47)

Androstenedione (pmol/L)
 < 2906 30/36 Reference Reference 61/60 Reference Reference
 2906–4460 56/42 1.63 (0.81–3.28) 1.54 (0.70–3.38) 52/53 0.96 (0.53–1.73) 1.03 (0.53–2.00)
 > 4460 59/67 1.10 (0.52–2.31) 1.06 (0.47–2.41) 30/30 0.97 (0.46–2.03) 0.88 (0.38–2.00)
 P trend 0.23 0.35 0.99 0.90
 Per 1-SD increase 1.09 (0.81–1.46) 1.12 (0.80–1.56) 0.98 (0.73–1.32) 0.99 (0.72–1.37)

DHEA (pmol/L)
   6593 46/38 Reference Reference 55/53 Reference Reference
 6593–10,997 55/44 0.90 (0.48–1.70) 0.76 (0.37–1.55) 52/49 1.03 (0.58–1.85) 0.82 (0.43–1.58)
 > 10,997 43/62 0.50 (0.25–0.98) 0.45 (0.21–0.95) 27/32 0.80 (0.40–1.60) 0.56 (0.25–1.30)
 P trend 0.06 0.07 0.75 0.41
 Per 1-SD increase 0.85 (0.65–1.11) 0.84 (0.62–1.13) 0.90 (0.67–1.20) 0.82 (0.58–1.15)

Estrone (pmol/L)
 < 110 41/45 Reference Reference 53/51 Reference Reference
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All variables were log transformed
Not all of the cases/controls will sum to the total due to missing data
CGC​ cardia gastric cancer, CI confidence interval, DHEA dehydroepiandrosterone, IGF-1 insulin-like growth factor-1, IGFBP-3 insulin-like 
growth factor-binding protein-3, NCGC​ non-cardia gastric cancer, NM not measured, OR odds ratio, SD standard deviation, SHBG sex hormone-
binding globulin
a Crude model was integrally adjusted for the matching factors, including study center, sex, age at recruitment and date/time of blood collection 
in EPIC and age at randomization and date of blood draw in ATBC
b Adjusted model was based on crude model with further adjustment for education level, study center, smoking and body mass index
c Additionally adjusted for insulin

Table 4   (continued)

CGC​ NCGC​

Cases/
controls 
(161/161)

Crude ORa (95% CI) Adjusted ORb (95% CI) Cases/
controls 
(169/169)

Crude ORa (95% CI) Adjusted ORb (95% CI)

 110–150 49/52 1.07 (0.59–1.93) 1.00 (0.54–1.85) 48/44 1.04 (0.58–1.88) 0.94 (0.48–1.86)
 > 150 55/48 1.30 (0.70–2.42) 1.12 (0.58–2.16) 42/48 0.82 (0.45–1.51) 0.82 (0.42–1.62)
 P trend 0.66 0.91 0.72 0.85
 Per 1-SD increase 1.03 (0.80–1.33) 0.96 (0.73–1.25) 0.93 (0.73–1.18) 0.90 (0.69–1.17)

Estradiol (pmol/L)
 < 61.4 37/36 Reference Reference 60/60 Reference Reference
 61.4–82.7 47/52 0.88 (0.47–1.64) 0.83 (0.43–1.61) 47/44 1.08 (0.60–1.96) 1.08 (0.56–2.07)
 > 82.7 61/57 1.03 (0.57–1.87) 0.89 (0.48–1.67) 36/39 0.93 (0.52–1.65) 0.92 (0.48–1.74)
 P trend 0.82 0.86 0.89 0.90
 Per 1-SD increase 1.01 (0.80–1.29) 0.95 (0.73–1.22) 1.07 (0.86–1.33) 1.02 (0.80–1.31)

Free estradiol (pmol/L)
 < 1.4 39/40 Reference Reference 45/56 Reference Reference
 1.4–1.9 61/52 1.20 (0.65–2.22) 1.08 (0.56–2.09) 51/43 1.50 (0.83–2.70) 1.31 (0.69–2.46)
 > 1.9 45/53 0.91 (0.49–1.66) 0.69 (0.35–1.36) 47/44 1.30(0.74–2.30) 1.22 (0.64–2.33)
 P trend 0.54 0.27 0.37 0.69
 Per 1-SD increase 1.02 (0.81–1.28) 0.90 (0.69–1.17) 1.09 (0.88–1.35) 1.06 (0.83–1.34)

SHBG (nmol/L)c

 < 37.6 36/34 Reference Reference 69/76 Reference Reference
 37.6–59.5 55/61 0.86 (0.46–1.60) 0.86 (0.43–1.70) 62/48 1.42 (0.84–2.42) 1.51 (0.83–2.74)
 > 59.5 70/66 1.02 (0.51–2.02) 1.22 (0.56–2.68) 38/45 0.96 (0.52–1.77) 0.98 (0.48–1.98)
 P trend 0.78 0.50 0.28 0.25
 Per 1-SD increase 1.02 (0.78–1.33) 1.10 (0.81–1.50) 0.98 (0.75–1.28) 0.97 (0.72–1.31)

Testosterone (pmol/L)
 < 12,637 34/33 Reference Reference 50/60 Reference Reference
 12,637–18,218 42/46 0.90 (0.49–1.67) 0.97 (0.48–1.97) 54/48 1.31 (0.78–2.19) 1.24 (0.70–2.21)
 > 18,218 68/65 1.04 (0.54–2.01) 1.19 (0.55–2.56) 32/28 1.36 (0.72–2.58) 1.28 (0.62–2.63)
 P trend 0.88 0.81 0.49 0.08
 Per 1-SD increase 0.99 (0.78–1.26) 1.05 (0.80–1.37) 1.17 (0.88–1.56) 1.17 (0.85–1.62)

Free testosterone (pmol/L)
 < 209 51/46 Reference Reference 41/47 Reference Reference
 209–267 44/41 0.96 (0.54–1.69) 0.97 (0.51–1.83) 55/52 1.25(0.69–2.25) 1.27 (0.65–2.49)
 > 267 49/57 0.74 (0.41–1.34) 0.76 (0.39–1.46) 40/37 1.32 (0.69–2.54) 1.62 (0.76–3.43)
 P trend 0.57 0.65 0.66 0.45
 Per 1-SD increase 0.99 (0.79–1.25) 0.99 (0.77–1.27) 1.18 (0.90–1.54) 1.20 (0.90–1.59)

Progesterone (pmol/L)
 < 130 NM NM 47/47 Reference Reference
 130–202 54/47 1.12 (0.64–1.97) 1.21(0.64–2.27)
 > 202 42/49 0.85 (0.46–1.57) 0.97 (0.48–1.95)
 P trend 0.62 0.73
 Per 1-SD increase 0.98 (0.77–1.25) 1.01 (0.76–1.33)
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Table 5   Hazard ratios and 95% confidence intervals for circulating hormones and gastric cancer by subsite in men from the UK-Biobank study

a Crude model was stratified on age, center and town send deprivation index
b Adjusted model was based on crude model with further adjustment for education level, smoking, and body mass index
Not all of the cases will sum to the total due to missing data
CGC​ cardia gastric cancer, CI confidence interval, CRP C-reactive protein, HbA1c glycated hemoglobin, HR hazard ratio, IGF-1 insulin-like 
growth factor-1, NCGC​ non-cardia gastric cancer, SD standard deviation, SHBG sex hormone-binding globulin

CGC​ NCGC​

Cases (N = 113) Crude HRa (95% CI) Adjusted HRb (95% 
CI)

Cases (N = 57) Crude HRa (95% 
CI)

Adjusted HRb (95% 
CI)

Glucose (mmol/L)
 < 4.7 30 Reference Reference 15 Reference Reference
 4.7–5.2 29 0.94 (0.55–1.62) 0.97 (0.56–1.67) 16 1.12 (0.54–2.33) 1.13 (0.54–2.36)
 > 5.2 39 1.09 (0.65–1.82) 1.07 (0.63–1.80) 17 1.03 (0.50–2.13) 1.07 (0.51–2.24)
 P trend 0.85 0.93 0.95 0.95
 Per 1-SD increase 1.17 (0.99–1.38) 1.13 (0.95–1.34) 1.03 (0.79–1.35) 1.06 (0.80–1.39)

HbA1c (mmol/mol)
 < 33.6 28 Reference Reference 16 Reference Reference
 33.6–37.0 26 0.86 (0.49–1.51) 0.77 (0.43–1.37) 13 0.83 (0.39–1.77) 0.86 (0.40–1.85)
 > 37.0 49 1.27 (0.76–2.11) 0.99 (0.59–1.68) 25 1.19 (0.60–2.33) 1.24 (0.62–2.49)
 P trend 0.29 0.57 0.58 0.57
 Per 1-SD increase 1.14 (0.94–1.37) 1.04 (0.85–1.27) 1.16 (0.93–1.46) 1.19 (0.95–1.50)

CRP (mg/L)
 < 0.8 22 Reference Reference 13 Reference Reference
 0.8–1.9 40 1.42 (0.82–2.45) 1.15 (0.66–2.00) 16 1.17 (0.55–2.50) 1.22 (0.57–2.63)
 > 1.9 44 1.60 (0.94–2.72) 1.10 (0.63–1.94) 24 1.48 (0.73–3.03) 1.58 (0.74–3.36)
 P trend 0.23 0.89 0.53 0.47
 Per 1-SD increase 1.25 (1.03–1.53) 1.10 (0.88–1.37) 1.21 (0.92–1.59) 1.23 (0.93–1.64)

IGF-1 (nmol/L)
 < 19.6 44 Reference Reference 27 Reference Reference
 19.6–23.9 31 0.87 (0.53–1.43) 0.93 (0.57–1.52) 15 0.70 (0.37–1.33) 0.69 (0.36–1.32)
 > 23.9 31 0.99 (0.60–1.62) 1.06 (0.64–1.75) 11 0.50 (0.23–1.07) 0.50 (0.23–1.08)
 P trend 0.85 0.89 0.18 0.17
 Per 1-SD increase 1.00 (0.82–1.22) 1.04 (0.85–1.27) 0.77 (0.60–1.00) 0.77 (0.59–1.00)

SHBG (nmol/L)
 < 30.9 19 Reference Reference 9 Reference Reference
 30.9–43.7 34 1.42 (0.79–2.55) 1.68 (0.92–3.06) 13 1.13 (0.47–2.71) 1.11 (0.46–2.66)
 > 43.7 46 1.43 (0.81–2.55) 1.90 (1.04–3.47) 26 1.95 (0.89–4.26) 1.89 (0.84–4.27)
 P trend 0.41 0.11 0.14 0.18
 Per 1-SD increase 1.16 (0.92–1.45) 1.29 (1.02–1.64) 1.38 (1.01–1.89) 1.36 (0.98–1.90)

Testosterone (nmol/L)
 < 10.2 38 Reference Reference 16 Reference Reference
 10.2–13.2 32 0.83 (0.50–1.37) 0.99 (0.59–1.65) 11 0.59 (0.26–1.33) 0.61 (0.27–1.39)
 > 13.2 37 1.00 (0.62–1.62) 1.28 (0.77–2.13) 25 1.55 (0.82–2.92) 1.58 (0.81–3.11)
 P trend 0.70 0.55 0.04 0.05
 Per 1-SD increase 0.97 (0.79–1.19) 1.08 (0.87–1.35) 0.94 (0.72–1.23) 0.91 (0.69–1.22)

Free testosterone (pmol/L)
 < 181 48 Reference Reference 19 Reference Reference
 181–227 27 0.68 (0.42–1.12) 0.73 (0.44–1.20) 20 1.39 (0.71–2.70) 1.37 (0.70–2.68)
 > 227 23 0.73 (0.42–1.27) 0.82 (0.47–1.45) 8 0.72 (0.31–1.71) 0.73 (0.30–1.73)
 P trend 0.26 0.45 0.28 0.30
 Per 1-SD increase 0.85 (0.70–1.03) 0.90 (0.73–1.10) 0.73 (0.58–0.91) 0.71 (0.57–0.89)
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Table 6   Hazard ratios and 95% confidence intervals for circulating hormones and gastric cancer by subsite in women from the UK-Biobank 
study

Not all of the cases will sum to the total due to missing data
CGC​ cardia gastric cancer, CI confidence interval, CRP C-reactive protein, HbA1c glycated hemoglobin, HR hazard ratio, IGF-1 insulin-like 
growth factor-1, NCGC​ non-cardia gastric cancer, SD standard deviation, HBG sex hormone-binding globulin
a Crude model was stratified on age, center and town send deprivation index
b Adjusted model was based on crude model with further adjustment for education level, smoking, and body mass index

CGC​ NCGC​

Cases (N = 24) Crude HRa (95% CI) Adjusted HRb (95% 
CI)

Cases (N = 35) Crude HRa (95% CI) Adjusted HRb (95% 
CI)

Glucose (mmol/L)
 < 4.7 7 Reference Reference 6 Reference Reference
 4.7–5.1 6 1.19 (0.37–3.83) 1.19 (0.37–3.86) 14 2.06 (0.77–5.52) 2.10 (0.78–5.65)
 > 5.1 6 0.97 (0.28–3.39) 1.03 (0.29–3.64) 13 1.91 (0.72–5.12) 1.89 (0.70–5.10)
 P trend 0.94 0.95 0.33 0.32
 Per 1-SD increase 1.02 (0.63–1.66) 1.02 (0.63–1.66) 1.21 (0.97–1.52) 1.19 (0.95–1.51)

HbA1c (mmol/mol)
 < 33.5 7 Reference Reference 8 Reference Reference
 33.5–36.7 11 1.15 (0.40–3.24) 1.12 (0.39–3.20) 12 0.93 (0.37–2.33) 0.91 (0.36–2.28)
 > 36.7 6 0.59 (0.18–1.90) 0.54 (0.16–1.78) 15 0.96 (0.39–2.36) 0.87 (0.35–2.16)
 P trend 0.44 0.37 0.99 0.95
 Per 1-SD increase 0.81 (0.50–1.32) 0.79 (0.48–1.30) 1.13 (0.86–1.49) 1.11 (0.83–1.50)

CRP (mg/L)
 < 0.8 9 Reference Reference 7 Reference Reference
 0.8–2.2 7 0.75 (0.26–2.17) 0.74 (0.25–2.19) 15 1.61 (0.65–4.01) 1.53 (0.60–3.90)
 > 2.2 8 0.77 (0.27–2.17) 0.69 (0.21–2.21) 13 1.30 (0.51–3.34) 1.24 (0.44–3.48)
 P trend 0.84 0.80 0.59 0.65
 Per 1-SD increase 0.93 (0.59–1.45) 0.88 (0.53–1.46) 1.01 (0.71–1.44) 0.97 (0.65–1.46)

IGF-1 (nmol/L)
 < 18.3 3 Reference Reference 12 Reference Reference
 18.3–23.2 11 4.61 (1.26–16.96) 4.98 (1.33–18.65) 13 1.38 (0.61–3.15) 1.37 (0.60–3.13)
 > 23.2 9 4.68 (1.19–18.46) 5.13 (1.26–20.88) 10 1.61 (0.67–3.88) 1.64 (0.68–3.95)
 P trend 0.05 0.04 0.54 0.54
 Per 1-SD increase 1.73 (1.07–2.79) 1.76 (1.08–2.88) 1.11 (0.78–1.57) 1.11 (0.78–1.58)

SHBG (nmol/L)
 < 45.4 8 Reference Reference 13 Reference Reference
 45.4–69.0 3 0.41 (0.11–1.53) 0.40 (0.10–1.57) 10 0.86 (0.37–1.99) 0.85 (0.35–2.03)
 > 69.0 8 0.86 (0.29–2.51) 0.82 (0.25–2.76) 10 0.80 (0.34–1.92) 0.79 (0.30–2.06)
 P trend 0.41 0.42 0.88 0.88
 Per 1-SD increase 0.75 (0.46–1.21) 0.69 (0.40–1.17) 0.89 (0.63–1.26) 0.88 (0.60–1.29)

Testosterone (nmol/L)
 < 0.8 10 Reference Reference 9 Reference Reference
 0.8–1.2 6 0.66 (0.23–1.90) 0.66 (0.23–1.92) 9 1.43 (0.53–3.86) 1.45 (0.54–3.90)
 > 1.2 5 0.55 (0.18–1.68) 0.52 (0.17–1.63) 7 1.23 (0.43–3.53) 1.25 (0.43–3.60)
 P trend 0.53 0.50 0.78 0.77
 Per 1-SD increase 0.75 (0.47–1.18) 0.74 (0.47–1.17) 1.26 (0.85–1.89) 1.27 (0.85–1.90)

Free testosterone (pmol/L)
 < 9.6 9 Reference Reference 4 Reference Reference
 9.6–15.8 5 0.56 (0.18–1.76) 0.60 (0.19–1.93) 13 4.33 (1.22–15.38) 4.58 (1.28–16.44)

> 15.8 4 0.44 (0.13–1.51) 0.42 (0.11–1.56) 7 2.57 (0.66–10.00) 2.95 (0.73–11.97)
 P trend 0.37 0.40 0.07 0.06
 Per 1-SD increase 0.81 (0.50–1.32) 0.80 (0.48–1.34) 1.37 (0.90–2.08) 1.47 (0.95–2.28)
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esophageal/gastric adenocarcinoma combined [24]; whilst 
a case–control study reported an inverse association between 
DHEA and NCGC in sex-combined analysis [45]. DHEA 
has been shown to have a protective role against cancer [46, 
47]. Experimental studies have demonstrated that DHEA 
inhibits proliferation of cancer cells [46] and derivatives 
of DHEA exhibit anti-tumor activity against gastric cancer 
cells [47].

We also observed an inverse association between free 
testosterone and NCGC among men in UK-Biobank only, 
although a previous nested case–control study showed 
no association between testosterone and NCGC [25]. For 
SHBG, we observed a positive association with CGC among 
men in UK-Biobank only. A study nested within three US 
cohort studies showed no association between SHBG and 
esophageal and gastric adenocarcinoma combined [24], 
whilst a previous UK-Biobank study and a nested case–con-
trol study showed a positive association between SHBG con-
centrations and NCGC [25, 26]. Few studies have examined 
the association between free testosterone or SHBG with risk 
of CGC and NCGC. SHBG is a glycoprotein, which binds 
circulating androgens and estrogens and regulates the bio-
availability of androgens and estrogens [48]. Estrogen can 
decrease cell viability and induce apoptosis in gastric cancer 
cells [49]. Additionally, polymorphisms in SHBG and cat-
echol-O-methyltransferase, involved in estrogen inactivation, 
have been associated with gastric cancer risk [50].

Evidence from both experimental and observational stud-
ies suggest plausible mechanisms to explain observed asso-
ciations between circulating hormones and gastric cancer 
risk. However, consistent with the fact that risk factor pro-
files differ by cancer subsite, some of the hormone associa-
tions also appear to vary by gastric cancer subsite.

Our study had many strengths, including its prospec-
tive design with serum samples and questionnaire data col-
lected before cancer diagnosis, data available on potential 
confounders, and the opportunity to measure several hor-
mones. Nevertheless, there are limitations in our study. 
Residual confounding may affect our data; in particular, 
we had no information on Helicobacter pylori infection, 
which is a well-known risk factor for NCGC. The enroll-
ment years vary across the three studies, which could have 
influenced risk factor exposure: the changing prevalence of 
Helicobacter pylori infection over time [51], and the rise in 
obesity and its implication for CGC cancer [3]. In the ATBC 
study, participants were male smokers, which may limit the 
generalizability of findings from that study. Most impor-
tantly, despite using three large cohorts with long follow-up 
periods, the number of cases and controls in some analyses 
remained small; hence, our results should be interpreted 
with caution. Although we examined several variables, we 
did not adjust for multiple comparisons given that the ana-
lytes were selected a-priori, and each had specific proposed 

mechanisms through which they may be associated with gas-
tric cancer. Finally, hormone levels were measured only at 
one time-point (baseline), which could lead to misclassifica-
tion if hormone levels changed over the course of follow-up.

In conclusion, we found IGF-1 and SHBG were posi-
tively associated with CGC, while IGF-1, C-peptide and 
leptin were positively associated with NCGC. Furthermore, 
DHEA was inversely associated with CGC, whereas ghrelin 
and free testosterone were inversely associated with NCGC. 
Our findings suggest that some obesity-related hormones 
may influence CGC and NCGC risk. Further prospective 
studies with larger sample size are needed to examine endog-
enous hormones measurements in relation to gastric cancer 
risk by subsite.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10120-​023-​01414-0.
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