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Insulin-like growth factors (IGFs) and insulin-like growth factor binding proteins (IGFBPs) have been implicated in the aetiology of
several cancers. To better understand whether anthropometric, behavioural and sociodemographic factors may play a role in cancer
risk via IGF signalling, we examined the cross-sectional associations of these exposures with circulating concentrations of IGFs (IGF-I
and IGF-11) and IGFBPs (IGFBP-1, IGFBP-2 and IGFBP-3). The Endogenous Hormones, Nutritional Biomarkers and Prostate Cancer
Collaborative Group dataset includes individual participant data from 16,024 male controls (i.e. without prostate cancer) aged

22-89 years from 22 prospective studies. Geometric means of protein concentrations were estimated using analysis of variance,
adjusted for relevant covariates. Older age was associated with higher concentrations of IGFBP-1 and IGFBP-2 and lower concentrations
of IGF-1, IGF-1l and IGFBP-3. Higher body mass index was associated with lower concentrations of IGFBP-1 and IGFBP-2. Taller height was
associated with higher concentrations of IGF-1 and IGFBP-3 and lower concentrations of IGFBP-1. Smokers had higher concentrations of
IGFBP-1 and IGFBP-2 and lower concentrations of IGFBP-3 than nonsmokers. Higher alcohol consumption was associated with higher
concentrations of IGF-1l and lower concentrations of IGF-I and IGFBP-2. African Americans had lower concentrations of IGF-II, IGFBP-1,
IGFBP-2 and IGFBP-3 and Hispanics had lower IGF-I, IGF-1l and IGFBP-3 than non-Hispanic whites. These findings indicate that a range of
anthropometric, behavioural and sociodemographic factors are associated with circulating concentrations of IGFs and IGFBPs in men,
which will lead to a greater understanding of the mechanisms through which these factors influence cancer risk.

What’s new?
In many cancers, evidence points to insulin-like growth factors and their associated binding proteins as a possible culprit. This
study investigated how IGF and IGF binding proteins correlate with various other cancer-associated factors. The authors
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obtained data from 16,000 cancer-free males ranging in age from 22 to 89 years. Their analysis confirmed associations
between circulating IGFs and IGFBPs and age, race/ethnicity and BMI. They also uncovered some new associations, including
with height, drinking alcohol and smoking. IGFs and their binding proteins, they suggest, may be part of the mechanism by

which these factors influence cancer risk.

Introduction

Insulin-like growth factors (IGFs) and their associated binding
proteins (IGFBPs) are fundamental mediators of cell growth,
development and survival and are expressed in most tissues."
Epidemiological evidence implicates IGFs and IGFBPs in risk for
prostate, breast, colorectal cancer’ > and possibly thyroid cancer;®
in particular, IGF-1 is consistently positively associated with an
increased risk of these cancers.”® Circulating concentrations of
IGFs and IGFBPs may be modified by a range of anthropometric,
behavioural and sociodemographic factors,”® many of which are
also implicated in cancer aetiology.””"> By identifying the corre-
lates of circulating concentrations of IGFs and IGFBPs, we may
better understand whether IGFs provide a plausible biological
mechanism through which lifestyle and behavioural factors are
associated with cancer risk. Although some previous research has
investigated potential associations with circulating IGF-I and
IGFBP-3,"*"'° relatively few studies have investigated the corre-
lates of IGF-II, IGFBP-1 and IGFBP-2 concentrations.'*'”

The Endogenous Hormones, Nutritional Biomarkers and
Prostate Cancer Collaborative Group (EHNBPCCG) was
established to conduct pooled analyses of circulating concen-
trations of endogenous hormones and other biomarkers in
relation to prostate cancer risk. Using unified methods, this
large individual-level participant dataset is well placed to
describe, with high precision, the potential anthropometric,
behavioural and sociodemographic determinants of IGFs and
IGFBPs both at extremes of their association, and with sub-
stantial statistical power to identify novel associations.

Materials and Methods

Data collection

Principal investigators were invited to join the EHNBPCCG if
they had published or unpublished data on prostate cancer risk
and endogenous hormone concentrations and/or nutritional
biomarkers from blood samples collected from men prior to
diagnosis of prostate cancer and male controls. These were
identified using literature search methods and personal contact
as described previously.'®** Collaborators provided data on
baseline IGF and IGFBP concentrations and a range of expo-
sures: anthropometric (including height, weight, waist circum-
ference and waist-to-hip ratio [WHR]), behavioural (smoking
and alcohol) and sociodemographic factors (racial/ethnic group,
education status), generally collected at the same time as blood
collection (Supporting Information Tables S1, S2a and S2b).
The data from each study were collected and incorporated into
a central database.

Men were considered eligible for this analysis if they had
measures of at least one of circulating IGF-1, IGF-II, IGFBP-1,
IGFBP-2 or IGFBP-3 concentrations, were not known to have
been diagnosed with prostate cancer by the time of individual
study closure, and age, height and weight were recorded at the
time of blood collection. Overall, 16,024 men (out of 17,838;
Supporting Information Fig. S1) from 22 studies were included
in the analyses. As this analysis used secondary data, ethical
approval was not necessary; however, each study individually
obtained ethical approval and further details of participant con-
sent and study design can be found in the original publications.

Further details of data collection and included studies are
found in the Supporting Information Methods.

Statistical analysis

IGF-1I, IGF-1I, IGFBP-1, IGFBP-2 and IGFBP-3 concentrations
were logarithmically transformed to approximate normal distribu-
tions. The analyses examined associations with age (22-49 [mean
age = 42.6], 50-54, 55-59, 60-64, 65-69, 70-74, 75+ years), body
mass index (BMI [<20.0, 20.0-22.4, 22.5-24.9, 25.0-27 4, 27.5-29.9,
30.0-32.4, 32.5-34.9, 35.0-37.4, 37.5+ kg/rnz]), height (<160.0,
160.0-164.9, 165.0-169.9, 170.0-174.9, 175.0-179.9, 180.0-184.9,
185.0-189.9, 190.0+ cm), smoking status (never, ex and current:
<15, 15-29, 30+ cigarettes per day), alcohol consumption
(none, 1-9, 10-19, 20-29, 30-39, 40-49, 50-59, 60-69, 70+ g etha-
nol per day), ethnic/racial group (non-Hispanic white, African
American/Caribbean, Hispanic/Latino, East Asian and other), waist
circumference (<90.0, 90.0-94.9, 95.0-99.9, 100.0-104.9, 105.0+ cm)
and WHR (<0.900, 0.900-0.932, 0.933-0.966, 0.967-0.999, 1.00+),
marital status (currently married/cohabiting, not currently
married/cohabiting) and family history of prostate cancer (no,
yes: defined as a father and/or brother diagnosed with prostate
cancer) with circulating IGF and IGFBP concentrations. Cate-
gories of the exposure variables investigated were defined a
priori based on sample size and the data distribution.

Partial correlations between the IGFs and IGFBPs were cal-
culated using study-specific standardised values: (xj. — m;)/sj,
where m; and s; denote the mean and standard deviation of
the log-transformed IGF concentrations in study j and xj is
an observation from that study, enabling comparison across
studies. These correlation coefficients were adjusted for age at
blood collection, BMI and height (included as categorical vari-
ables, described above).

Geometric mean concentrations of IGFs and IGFBPs were
calculated using predicted values from analysis of variance
models scaled to the overall geometric mean concentration
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and adjusted for study, age at blood collection, BMI and height
(except for the analyses of age, BMI and height with IGF and
IGFBP concentrations, where the exposure variable was not
included as an adjustment covariate). Adjusted geometric mean
concentrations in relation to waist circumference and WHR were
also repeated with and without adjustment for BMI. Analyses of
smoking and alcohol consumption were mutually adjusted for
each other. To enable robust adjustment for study, each study
had to contain observations in a minimum of two categories for
each primary exposure to be included in the respective exposure
analysis. To investigate the relationship of IGF and IGFBP con-
centrations with ethnicity/race, the analyses were limited to the
five (all USA-based) studies that had sufficient representation
from men across several ethnic/racial groups (see Supporting
Information Methods).

Heterogeneity of means by category of each characteristic
was tested using the F test. Where appropriate, a test for trend
was calculated using the analysis of variance test, with the cate-
gorical variables entered as linear values scored consecutively as
1, 2, 3 etc. Owing to the highly skewed distribution of alcohol
consumption, the test for trend was calculated based on median
values within each category excluding nondrinkers. To test for
trend by smoking status, never and former smokers were com-
bined and coded as 0; light, medium and heavy smokers were
coded as 1, 2 and 3, respectively, as current smoking status may
be more likely to determine circulating IGF and IGFBP concen-
trations than previous smoking history. In a secondary analysis,
the test for trend was calculated for current smokers only.

Heterogeneity between studies was tested using a study-by-
factor interaction term (fitted separately) in the analysis of vari-
ance and assessed using the F test. Circulating IGFBP-1 and
IGFBP-2 concentrations are known to be affected by food
intake.*"** As fasting status was not recorded for 58% of partici-
pants, this variable was not included as a covariate in the ana-
lyses, but heterogeneity between exposure factors and overnight
fasting status for these two binding proteins was assessed using
the likelihood ratio test.

Sensitivity analyses were conducted after restricting the
dataset to: (i) white men only (n = 11,611), (ii) studies which
used enzyme-linked immunosorbent assays (ELISA), (iii) men
with IGF and IGFBP concentrations that were within the range
of [lower quartile — 3 * interquartile range, upper quartile +3 *
interquartile range] within each study in order to examine the
effect of outliers (n = 147). The primary analysis was also
repeated after further adjustment for smoking and alcohol.

All statistical tests were two-sided, and owing to a large num-
ber of tests conducted, the statistical significance threshold was
set at p < 0.01. Data analysis was carried out using Stata Statisti-
cal Software release 14.1 (Stata Corp., College Station, TX).

Results

Twenty-two studies including 16,024 participants contributed
data to the analysis (Supporting Information Table S1). Blood
was collected 1959-2009, and age at blood collection ranged

The correlates of circulating IGFs and IGFBPs

from 22 to 89 years (mean = 61.2; SD = 9.5 years). Partici-
pants were predominantly non-Hispanic white (90%), non-
smokers (83%) and 81% reported consuming some alcohol
(median per day = 10 g ethanol, approximately equal to one
standard alcoholic beverage).

Correlations between protein concentrations

After standardising for study and adjusting for age, BMI and
height, all IGFs and IGFBPs were correlated with each other.
IGF-I was positively correlated with both IGFBP-3 and IGF-II
(r = 0.58 and 0.41, respectively) and weakly inversely correlated
with IGFBP-1 and IGFBP-2 (r = —0.15 and —0.09, respectively).
IGF-1I was positively correlated with IGFBP-3 (r = 0.65) and
inversely correlated with IGFBP-1 and IGFBP-2 (r = —0.20 and
—0.11, respectively; Supporting Information Table S3).

Age at blood collection

After adjusting for study, BMI and height, age was associated
with all IGFs and IGFBPs (Fig. 1). Compared to men aged
50-54 years, those aged 75+ years had circulating concentra-
tions of IGFBP-2 and IGFBP -1 that were 73 and 61% higher,
respectively, while IGF-I, IGFBP-3 and IGF-II concentrations
were 24, 21 and 19% lower, respectively.

Adiposity

After adjusting for study, age and height, BMI was associated
with IGF and IGFBP concentrations (Fig. 2). Compared to
men with a BMI of 20.0-22.4 kg/m’ those with a BMI
>37.5 kg/m*> had concentrations of IGFBP-1 and IGFBP-2
that were 77 and 58% lower, respectively. IGF-I, IGF-II and
IGFBP-3 had inverse U-shaped associations with BMI.

The patterns of associations were broadly similar for waist
circumference and WHR (Supporting Information Figs. 2 and
3), although there was no significant association between WHR
and IGF-1 or IGFBP-3. Compared to men with waist circumfer-
ence 90-94 cm, those with waist circumference =105 cm had
circulating concentrations of IGFBP-1 and IGFBP-2 that were
43 and 37% lower, respectively (Supporting Information Fig. 2).
After additional adjustment for BMI, IGFBP-1 and IGFBP-2
concentrations were 19 and 14% lower, respectively in men with
waist circumference >105 cm. Compared to men with WHR
0.900-0.932, those with WHR >1.00 had circulating concentra-
tions of IGFBP-1 and IGFBP-2 that were 34 and 30% lower,
respectively (Supporting Information Fig. 3). After additional
adjustment for BMI, IGFBP-1 and IGFBP-2 concentrations were
11 and 10% lower, respectively, in men with WHR > 1.00.

Height

After adjusting for study, age and BMI, height was associated
with concentrations of IGF-I and IGFBP-1 and IGFBP-3
(Fig. 3). Compared to shorter men (160-164 cm), the tallest
men (=190 cm) had concentrations of IGFBP-1 that were
35% lower, while IGF-I and IGFBP-3 concentrations were
7 and 3% higher, respectively.
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IGF and IGFBP Geometric mean

concentrations concentration p-het

by age (years) n (95% Cl) (trend)

IGF-I (nmal/l)

<50 1110 24.5(23.8-25.2) <0.0001 # -

50-54 1352 22.8 (22.3-23.2) (<0.0001) =

55-59 2910 22.2(21.8-22.5) J

60-64 3446 21.0 (20.8-21.3) -]

65-69 2502 20.9 (20.6-21.3) =

70-74 1715  19.4 (19.0-19.8) [ ]

75+ 1188 17.3 (16.8-17.8) -

IGF-II (nmol/1)

<50 637 101 (99-104) <0.0001 #

50-54 1070 100 (99-102) (<0.0001) j

55-59 2023 98 (97-100)

60-64 2131  95(93-96) - | a

65-69 1481 94 (93-96) = 2

70-74 494 89 (87-91) - 2

75+ 223 82 (78-85) - QE,
=

IGFBP-1 (nmol/l) =

<50 524 0.20(0.18-0.22)  <0.0001 # - f

50-54 725 0.22(0.21-0.24) (<0.0001) — 8

55-59 1136 0.23 (0.22-0.25) L g

60-64 1148 0.25 (0.24-0.26) —— (@)

65-69 605 0.28 (0.26-0.30) —

70-74 965 0.31(0.29-0.33) i

75+ 962 0.36 (0.33-0.39) e

IGFBP-2 (nmol/l)

<50 494 7.2 (6.8-7.6) <0.0001 # a

50-54 848 8.2 (7.9-8.5) (<0.0001) -+

55-59 1742 9.1 (8.8-9.3) -

60-64 1962 9.7 (9.4-9.9) k3

65-69 1258 10.1 (9.8-10.5) -

70-74 259 12.1(11.3-13.0) e

75+ 54 14.2 (12.2-16.5) S

IGFBP-3 (nmol/l)

<50 541 138 (135-141) <0.0001 # ™

50-54 1027 133 (131-135) (<0.0001)

55-59 2426 128 (126-129)

60-64 2978 124 (123-125) - |

65-69 2366 120 (119-122) -]

70-74 1559 113 (111-115) =

75+ 1124 105 (103-107) =

0.5 1 1.5 2

Relative geometric mean* (95% CI)

Figure 1. Relative geometric mean concentrations* of male IGFs and IGFBPs by age. p for heterogeneity is the heterogeneity of means
between categories, tested using the Ftest. p for trend was calculated using the analysis of variance test, with categorical variables entered
as linear values scored consecutively. *Relative to 50-54 years, adjusted for study, BMI and height. *Significant heterogeneity by study

p < 0.01. Abbreviations: IGF, insulin-like growth factor; IGFBP, insulin-like growth factor-binding protein.

Smoking

After adjusting for study, age, BMI, height and alcohol con-
sumption, smoking status was associated with IGFBP concentra-
tions (Fig. 4). Compared to never smokers, heavy smokers (30+
cigarettes/day) had concentrations of IGFBP-1 and IGFBP-2

that were 39 and 20% higher, respectively, while heavy smokers
had 4% lower concentrations of IGFBP-3. However, the associa-
tion between smoking intensity and circulating IGFBPs was not
statistically significant when the analyses were restricted to cur-
rent smokers only (p > 0.01, data not shown).
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IGF and IGFBP Geometric mean
concentrations concentration p-het
by BMI (kg/m?) n (95% Cl) (trend)
IGF-I (nmol/l)
<20.0 197 19.2 (18.2-20.2) <0.0001
20.0-22.4 1363 20.3 (19.9-20.7) (0.0058)
22.5-24.9 3596 21.4(21.2-21.7)
25.0-27.4 4274  21.5(21.2-21.7)
27.5-29.9 2654 21.3(21.0-21.6)
30.0-32.4 1253 20.6 (20.2-21.0)
32.5-349 521 20.0(19.4-20.7)
35.0-374 216 19.2 (18.3-20.1)
37.5+ 149 19.0 (17.9-20.1)
IGF-1I (nmoll)
<20.0 114 88 (84-93) <0.0001 #
20.0-22.4 684 93 (91-95) (0.0216)
22.5-249 1936 95 (93-96)
25.0-27.4 2483 98 (97-99)

57; 27.5-29.9 1562 97 (96-99)

2 30.0-32.4 763 97 (95-99) =
9 32.5-349 317 95 (93-98) e
E 35.0-37.4 115 92 (88-97) +
(7] 37.5+ 85 89 (83-94) -

=
(=9 IGFBP-1 (nmol/l)
K <20.0 72 0.54(0.44-067)  <0.0001 # o
) 20.0-22.4 554 0.47(0.44-0.51)  (<0.0001) e
é 22.5-24.9 1521 0.34 (0.33-0.36) -
b=} 25.0-27.4 1871 0.26 (0.25-0.27) -
©) 27.5-29.9 1179 0.20 (0.19-0.21) o
30.0-324 547 0.18 (0.16-0.19) —
32.5-349 184 0.16 (0.14-0.18) —_
35.0-37.4 75 0.11(0.09-0.13) e
37.5+ 62 0.11(0.09-0.14) —
IGFBP-2 (nmol/l)
<20.0 74 18.2 (16.0-20.8) <0.0001 —
20.0-22.4 509 15.4 (14.7-16.2)  (<0.0001) dL
225-249 1506 12.2 (18.9-12.6) -
25.0-27.4 2049 9.1(8.9-9.3) .
27.5-29.9 1347 7.7 (7.4-7.9) -
30.0-32.4 673 6.6 (6.4-6.9) -
32.5-349 274 6.2 (5.8-6.7) —
35.0-37.4 107 5.8 (5.1-6.4) —
37.5+ 78 6.5(5.7-7.3) ———]
IGFBP-3 (nmol/l)
<20.0 159 113 (108-117) <0.0001 -
20.0-22.4 1107 117 (116-119) (0.8213)
225-249 3018 123 (122-124)
25.0-27.4 3583 124 (123-125)
27.5-29.9 2280 122 (121-124)
30.0-324 1081 120 (119-122)
32.5-349 472 120 (117-123)
35.0-37.4 189 118 (114-123) ‘f
37.5+ 132 115(110-120)

0.5 1 15 2
Relative geometric mean* (95% Cl)

Figure 2. Relative geometric mean concentrations* of male IGFs and IGFBPs by BMI. p for heterogeneity is the heterogeneity of means
between categories, tested using the F test. p for trend was calculated using the analysis of variance test, with categorical variables entered
as linear values scored consecutively. *Relative to BMI 20.0-22.4 kg/m?, adjusted for study, age and height. #Significant heterogeneity by
study p < 0.01. Abbreviations: IGF, insulin-like growth factor; IGFBP, insulin-like growth factor-binding protein.

Alcohol IGF-II that were 5% higher, while IGF-I and IGFBP-2 concen-
After adjusting for study, age, BMI, height and smoking status, trations were 13 and 7% lower, respectively.

alcohol consumption was associated with IGFs and IGFBP-2 Nondrinkers had 5, 4 and 2% lower concentrations of IGF-
(Fig. 5). Compared to men who drank 1-9 g ethanol/day, men II, IGFBP-3 and IGF-I, respectively, than men who drank
who drank >70 g ethanol/day had circulating concentrations of ~ 1-9 g ethanol per day.
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p-het
(trend)

IGF and IGFBP Geometric mean
concentrations concentration
by height (cm) n (95% Cl)

IGF-I (nmal/l)

<160.0 250 19.6 (18.7-20.6)
160.0-164.9 738 20.2 (19.7-20.7)
165.0-169.9 1939 20.7 (20.3-21.0)
170.0-174.9 3544 21.0(20.8-21.3)
175.0-179.9 3742 21.2(21.0-21.5)
180.0-184.9 2666 214 (21.1-21.7)
185.0-189.9 1045 22.0 (21.5-22.4)
190.0+ 299 21.6 (20.8-22.5)
IGF-II (nmol/l)

<160.0 170 93 (89-97)
160.0-164.9 460 97 (94-99)
165.0-169.9 1176 95 (93-96)
170.0-174.9 2066 96 (95-97)
175.0-179.9 2140 96 (95-97)
180.0-184.9 1365 97 (95-98)
185.0-189.9 529 97 (95-99)
190.0+ 153 96 (92-101)
IGFBP-1 (nmol/l)

<160.0 146  0.35 (0.30-0.40)
160.0-164.9 451 0.33(0.31-0.36)
165.0-169.9 1041 0.29 (0.28-0.31)
170.0-174.9 1561 0.27 (0.26-0.28)
175.0-179.9 1456 0.25 (0.24-0.26)
180.0-184.9 971 0.23 (0.22-0.25)
185.0-189.9 341 0.22 (0.20-0.25)
190.0+ 98 0.22(0.18-0.26)
IGFBP-2 (nmol/l)

<160.0 107 9.8 (8.8-10.9)
160.0-164.9 3561 9.0(8.5-9.6)
165.0-169.9 920 9.3(9.0-9.7)
170.0-174.9 1751 9.4 (9.1-9.6)
175.0-179.9 1813 9.3 (9.1-9.6)
180.0-184.9 1118 9.3 (9.0-9.7)
185.0-189.9 430 9.1(8.6-9.6)
190.0+ 127 8.9(8.1-9.9)
IGFBP-3 (hmol/l)

<160.0 214 115 (111-119)
160.0-164.9 608 120 (117-122)
165.0-169.9 1594 121 (119-122)
170.0-174.9 2968 122 (121-123)
175.0-179.9 3186 122 (121-123)
180.0-184.9 2288 122 (121-123)
185.0-189.9 904 125 (122-127)
190.0+ 259 123 (120-127)

<0.0001 #
(<0.0001)

L

0.4575
(0.0729)

<0.0001 # R
(<0.0001) =

0.7844 1
(0.6171) J

|T+¢||-+I|

0.0081 -
(0.0004)

0.5 1 1.5 2
Relative geometric mean* (95% CI)

Figure 3. Relative geometric mean concentrations* of male IGFs and IGFBPs by height. p for heterogeneity is the heterogeneity of means
between categories, tested using the F test. p for trend was calculated using the analysis of variance test, with categorical variables entered
as linear values scored consecutively. *Relative to 175.0-179.9 cm, adjusted for study, age and BMI. *Significant heterogeneity by study

p < 0.01. Abbreviations: IGF, insulin-like growth factor; IGFBP, insulin-like growth factor-binding protein.

Ethnic/racial group

After adjusting for study, age, BMI and height, racial/ethnic
group was associated with all IGF and IGFBP concentrations
(Fig. 6). Compared to non-Hispanic white men, African Ameri-
can men had concentrations of IGFBP-1, IGFBP-2, IGF-II and

IGFBP-3 that were 36, 33, 11 and 6% lower, respectively. His-
panics had concentrations of IGFBP-2, IGF-I, IGFBP-3 and
IGF-II that were 15, 13, 12 and 9% lower, respectively. Concen-
trations of IGFs and IGFBPs for East Asian men were similar
to non-Hispanic white men.
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concentration p-het

by smoking status n (95% Cl) (trend)

IGF-I (nmol/l)

Never 4651 21.2(21.0-21.4) 0.6384

Ex 6145 21.0 (20.8-21.2) (0.3441)

Light (<15 cigs per day) 499 20.8 (20.1-21.5) -
Med (15-29 cigs per day) 696 20.9 (20.3-21.6) o
Heavy (30+ cigs per day) 286 20.7 (19.8-21.6) —-r
IGF-II (nmol/)

Never 2495 96 (95-97) 0.0082

Ex 3639 98 (97-99) (0.0300) :
Light (<15 cigs per day) 329 97 (95-100) »
Med (15-29 cigs per day) 368 93 (90-96) -
Heavy (30+ cigs perday) 127 96 (92-101) -+

IGFBP-1 (nmol/)
Never 1929 0.23 (0.22-0.24) <0.0001 # -+
Ex 2704 0.23(0.22-0.23) (<0.0001) =
Light (<15 cigs per day) 280 0.29 (0.26-0.32) _
(
(

=]
—
=]
ot
=
%}
=
o
(=
=
i
L
=
<
Qo

Med (15-29 cigs per day) 295 0.29 (0.26-0.32) B —
Heavy (30+ cigs perday) 80 0.33 (0.27-0.40)

IGFBP-2 (nmol/l)
Never 2090 8.85(8.64-9.07) <0.0001 F S
Ex 3094 8.63 (8.46-8.80) (<0.0001) =
Light (<15 cigs per day) 272 10.3 (9.62-11.0) —
Med (15-29 cigs perday) 276 10.7 (10.0-11.5) ——
Heavy (30+ cigs perday) 78 10.6(9.36-12.1) _—

IGFBP-3 (nmol/l)

Never 3904 124 (122-125) 0.0118

Ex 5376 125 (124-126) (0.0030) :
Light (<15 cigs per day) 287 124 (120-128) +
Med (15-29 cigs per day) 477 120 (117-123) -
Heavy (30+ cigs per day) 192 119 (114-123) -

0.5 1 1.5 2
Relative geometric mean* (95% Cl)

Figure 4. Relative geometric mean concentrations* of male IGFs and IGFBPs by smoking status. p for heterogeneity is the heterogeneity of
means between categories, tested using the F test. p for trend was calculated using the analysis of variance test, with categorical variables
entered as linear values scored consecutively. Never and ex-smokers were combined into a single category. *Relative to never smokers,
adjusted for study, age, BMI, height and alcohol consumption. #Significant heterogeneity by study p < 0.01. Abbreviations: IGF, insulin-like
growth factor; IGFBP, insulin-like growth factor-binding protein.

Sociodemographic factors and health who were not married at blood collection (Supporting Infor-
After adjusting for study, age, BMI and height, men who were mation Fig. S4). Family history of prostate cancer was not
married or cohabiting at the time of blood collection had 4%  associated with IGF or IGFBP concentrations (Supporting
higher concentrations of IGF-I and IGF-II compared to men Information Fig. S5).
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IGF and IGFBP

concentrations Geometric mean

by drinking status concentration p-het

(g ethanol/day) n  (95% Cl) (trend)

IGF-I (nmol/l)

None 2558 21.2(20.9-21.5)  <0.0001 # ?

1-9 3481 21.7(21.4-21.9) (<0.0001)

10-19 2439 21.4(21.1-21.7)

20-29 1381 21.0(20.6-21.5) -

30-39 832 20.2(19.7-20.7) -

40-49 633 20.5(19.9-21.1) -

50-59 399 20.0(19.3-20.7) -

60-69 226 19.5(18.6-20.4) R

70+ 327 19.0 (18.2-19.7) -

IGF-II (nmal/l)

None 1085 92 (91-94) <0.0001 =

1-9 1848 97 (96-98) (<0.0001)

10-19 1252 98 (97-100) E

20-29 982 99 (97-100) R

30-39 617 99 (97-101) b &

40-49 486 102 (100-105) - 2

50-59 277 105 (101-108) - 2

60-69 187 101 (97-105) . =

70+ 224 102 (99-106) b %
oy

IGFBP-1 (nmol/l) LIQ.]"

None 971 0.24(0.23-0.26)  0.4882 — »

1-9 1507 0.23(0.22-0.24)  (0.2920) JL 5

10-19 1155 0.23 (0.22-0.24) -+ e

20-29 625 0.24(0.23-0.26) A =]

30-39 386 0.22 (0.20-0.24) S Q

40-49 253 0.22 (0.20-0.25) —

50-59 143 0.24 (0.21-0.28) —le =

60-69 117 0.26 (0.22-0.30) e

70+ 131 0.25(0.21-0.29) e

IGFBP-2 (nmol/l)

None 930 9.08(8.75-9.43)  0.0065 -

1=9 1522 9.00(8.75-9.27)  (0.0009) -+

10-19 1037 8.84 (8.54-9.15) -

20-29 821 8.52(8.20-8.87) -

30-39 554 8.26 (7.88-8.66) -

40-49 354 8.34 (7.86-8.85) —

50-59 243 8.19(7.63-8.80) ——

60-69 151 8.35(7.63-9.15) =

70+ 198 8.37 (7.73-9.06) =

IGFBP-3 (nmol/l)

None 2238 119 (118-121) <0.0001 =

1-9 2916 124 (123-126) (0.2603)

10-19 1995 125 (124-127)

20-29 1098 124 (122-126)

30-39 688 125 (123-127)

40-49 531 127 (124-130)

50-59 317 126 (123-130)

60-69 176 128 (124-133)

70+ 277 123 (120-127)

0.5 1 1.5 2

Relative geometric mean* (95% Cl)

Figure 5. Relative geometric mean concentrations* of male IGFs and IGFBPs by alcohol consumption. p for heterogeneity is the heterogeneity of means
between categories, tested using the Ftest. p for trend was calculated using the analysis of variance test, with categorical variables entered as linear values
scored as the median value within each category and excluded nondrinkers. *Relative to 1-9 g ethanol/day, adjusted for study, age, height, BMI and
smoking status. *Significant heterogeneity by study p < 0.01. Abbreviations: IGF, insulin-like growth factor; IGFBP, insulin-like growth factor-binding protein.

Heterogeneity and sensitivity analysis the heterogeneity was due to differences in the magnitudes of
Some heterogeneity was observed between studies in the asso-  associations (data not shown).
ciations of IGF and IGFBP concentrations with anthropomet- Similarly, significant heterogeneity was observed across

ric and sociodemographic factors. When the associations were  studies in the associations between age and IGFBP-1, and
assessed separately for each study the direction was the same; BMI and IGFBP-2 by fasting status. Again, this heterogeneity
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IGF and IGFBP Geometric mean
concentrations concentration
by ethnic/racial group n (95% ClI)

IGF-I (nmol/1)

White 2076 24.9 (24.5-25.2)
Af Am/Cab 607 24.6(23.9-25.4)
Hispanic 227 21.6(20.6-22.6)
E Asian 200 24.6(23.3-26.0)
Other 38 24.2(21.7-27.0)
IGF-Il (nmol/1)

White 1105 165 (162-168)
Af Am/Cab 343 147 (143-152)
Hispanic 173 149 (144—-156)
E Asian 166 165 (158-173)
Other 33 153 (140-168)

IGFBP-1 (nmol/l)

White 575 0.48 (0.43-0.55)
Af Am/Cab 327 0.31(0.27-0.36)
Hispanic 155 0.38 (0.32-0.46)
E Asian 179 0.43 (0.36-0.53)
Other 26 0.43(0.28-0.66)

IGFBP-2 (nmol/l)

White 858 14.6(14.1-15.1)
Af Am/Cab 74 9.7 (8.6—10.9)
Hispanic 67 12.4(11.0-14.0)
E Asian 13 Insufficient data
Other 10 Insufficient data

IGFBP-3 (nmol/l)

White 1805 127 (126—129)
Af Am/Cab 444 120 (117-123)
Hispanic 227 113 (108-117)
E Asian 200 128 (123-134)
Other 38 123 (113-134)

The correlates of circulating IGFs and IGFBPs

p-het
<0.0001
—-
el
<0.0001 |
=
-
-
0.0008 # —t—
<0.0001 -
<0.0001 B
=
-
—-
0.5 1 1.5 2

Relative geometric mean* (95% CI)

Figure 6. Relative geometric mean concentrations* of male IGFs and IGFBPs by ethnic/racial group. p for heterogeneity is the heterogeneity of means
between categories, tested using the Ftest. *Relative to non-Hispanic whites, adjusted for study, age, height and BMI. #Significant heterogeneity by
study p < 0.01. Abbreviations: Af Am/Cab, African American/Caribbean; IGF, insulin-like growth factor; IGFBP, insulin-like growth factor-binding protein.

appeared to be due to differences in the magnitudes of the
associations (Supporting Information Figs. S6 and S7).

The results remained broadly similar after restricting the dataset
to non-Hispanic white men, ELISA only assays, excluding outlier
values for IGF and IGFBP concentrations, and after further adjust-
ment of all analyses for smoking and alcohol (data not shown).

Discussion

This analysis of individual participant data from 22 studies
confirms strong associations of age, anthropometric factors
and racial/ethnic groups with circulating IGFs and their bind-
ing proteins, and shows some novel associations, particularly
with height, smoking and alcohol consumption. The large size
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and inclusion of different populations enabled us to assess
these associations across a wider range of exposure distribu-
tions than has previously been possible.

Our results showed that age is associated with circulating
concentrations of all IGFs and binding proteins. IGF-I, IGF-II
and IGFBP-3 concentrations were lower in older men, which
has previously been reported.”> We also found that IGFBP-1
and IGFBP-2 concentrations were higher in older men, which
might be related to reduced insulin sensitivity***> and beta-
cell function.*®

We found that BMI had modest inverse U-shaped associa-
tions with IGF-I, IGF-II and IGFBP-3. Low energy consump-
tion is associated with lower circulating IGF-I concentrations,”’”
therefore increasing energy consumption may explain the mod-
erate associated increase in IGF-I concentrations in men with
BMI < 20.0 kg/m” through to BMI 25.0-27.5 kg/m”. Above this
BMI, higher adiposity may impair liver function, reducing IGF-
I secretion.”® BMI also had strong inverse associations with
IGFBP-1 and IGFBP-2, which may largely be driven by high
insulin concentrations.””>' Changes in circulating IGFBP-1
concentrations may affect IGF-I bioavailability,>** increasing
the risk of neoplastic transformation;**** consequently, a
reduction in IGFBP-1 may partly explain why BMI may influ-
ence the risk of cancers which are associated with circulating
IGF concentrations (prostate, colorectal, breast and thy-
roid).'**° After additional adjustment for BMI, both waist cir-
cumference and WHR remained significantly inversely
associated with IGFBP-1 and IGFBP-2. This suggests that cen-
tral adiposity may also be an important independent predictor
of these concentrations.

IGF-I plays a fundamental role in the regulation of growth
in height.”” In our analyses, height had modest positive associ-
ations with IGF-I and IGFBP-3, and a marked inverse associa-
tion with IGFBP-1. Prospective studies consistently indicate
that greater height is associated with an increased risk of pros-
tate (aggressive forms), colorectal and breast cancer,>*® and
it is possible that increased IGF-I bioavailability, which may
be influenced by IGFBP-1,>** may account for part of these
associations.

Smoking status was associated with differing circulating con-
centrations of IGFBPs. The inverse association between
smoking and IGFBP-3 in men has been reported previously,
although this association has not been observed in women.***
To the best of our knowledge, previous studies have not found
an association between smoking and IGFBP-1 and IGFBP-
2,*"*2 but they did not stratify by sex. Our findings, however,
did not show evidence of a linear trend when we tested the
association excluding nonsmokers. Although smoking increases
the risk of many cancers,™'® the small magnitudes of the associ-
ations with IGFBPs that we report here imply that changes in
these concentrations due to smoking are unlikely to contribute
to these large increases in cancer risk.

Alcohol consumption was inversely associated with IGF-I
and IGFBP-2 concentrations and positively associated with

11

IGF-II. Alcohol affects the liver by impaired insulin receptor
binding and increased oxidative stress due to the toxicity of
ethanol,*> which may in turn cause changes in IGF synthesis
by the liver. We are unaware of any previous studies which
have found an association between alcohol and IGF-II or
IGFBP-2, although in mice hepatic IGF-II has been shown to
increase after liver injury as part of the repair process.** Alco-
hol consumption is associated with short-term decreases in
IGF-I and increases in IGFBP-1 concentrations, but concen-
trations normalise after alcohol metabolism;** no data were
available in our dataset regarding the men’s time or quantity
of last drink. Alcohol consumption increases the risk of sev-
eral cancers, including breast and colorectal cancer;’ our
results indicate that alcohol may also affect cancer risk via
IGF-related pathways.

Five studies had adequate representation of men across dif-
ferent racial/ethnic groups, all from the US. Hispanics and
African American men had lower IGF-II, IGFBP-1, IGFBP-2
and IGFBP-3 concentrations compared to non-Hispanic
whites. Hispanics also had lower IGF-I concentrations than
white men,*® whereas concentrations of IGF-I in African
Americans were similar to those in whites. Overall, Hispanics
have a lower incidence of cancers associated with circulating
IGF concentrations, in comparison with non-Hispanic whites,
while African Americans have an increased incidence of pros-
tate cancer.'"'? In Hispanics, the reduction in both IGF-I and
IGFBPs may reduce the concentration of bioavailable IGF-I,
whereas the lower concentrations of IGFBPs in African Amer-
icans might lead to an increase in bioavailable IGF-I. These
differences may contribute to cancer risk between racial/ethnic
groups.

For several associations, there was heterogeneity between
the included studies. This was generally due to differences in
the magnitudes of associations, rather than the direction. Het-
erogeneity may have been due to differences in sample
populations, study design and assays. The majority of studies
used ELISA assays, although exact methods varied, which may
contribute to some of the observed differences in magnitudes
of associations.*”*®

This analysis has a number of strengths. The large size of
the dataset enabled us to assess these associations across a
wider range of exposure distributions than previously possible,
particularly for IGF-II and IGFBP-1 and IGFBP-2, which have
been the focus of less research. Our analysis also accounts for
differences between studies to enable comparisons of the mag-
nitudes of the associations relative to the different IGFs and
their binding proteins.

The analysis also has some limitations. The data are cross-
sectional and therefore it is not possible to infer whether the
observed associations are causal. Our analysis is also based on
single measurements, on the assumption that these measures
are representative of participants’ hormone concentrations
over the medium-to-long term. Studies suggest that IGF-I has
acceptable temporal reproducibility over 1- to 5-year period
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(intraclass correlation coefficient 0.70-0.75),'%*° fewer data
are available for IGF-II, IGFBP-1 and IGFBP-2. In this
dataset, no data were available for some other potential deter-
minants or confounders such as physical activity,”® diet,'**"
comorbidities (such as diabetes and kidney or liver disease) or
treatment for these diseases,”>>*> which might also influence
cancer risk via IGFs.>»* Fasting status was missing for 58%
of IGFBP-1 and IGFBP-2 data.

In conclusion, our large collaborative analysis indicates
that age, BMI, height and ethnic/racial group are strongly
associated with circulating IGF and IGFBP concentrations,
while smoking status and alcohol consumption have more
modest associations. IGFs and IGFBPs might therefore
account for some of the observed association of BMI, height
and race/ethnicity and risk of IGF-related cancers. These find-
ings improve our understanding of the mechanisms through
which these factors influence cancer risk.

The correlates of circulating IGFs and IGFBPs
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