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ABSTRACT Insulin and insulin-like growth factor (IGF) axes are major determinants of proliferation and apoptosis
and thus may influence carcinogenesis. In various animal models, modulation of insulin and IGF-1 levels through
various means, including direct infusion, energy excess or restriction, genetically induced obesity, dietary quality
including fatty acid and sucrose content, inhibition of normal insulin secretion and pharmacologic inhibition of
IGF-1, influences colonic carcinogenesis. Human evidence also associates high levels of insulin and IGF-1 with
increased risk of colon cancer. Clinical conditions associated with high levels of insulin (noninsulin-dependent
diabetes mellitus and hypertriglyceridemia) and IGF-1 (acromegaly) are related to increased risk of colon cancer,
and increased circulating concentrations of insulin and IGF-1 are related to a higher risk of colonic neoplasia.
Determinants and markers of hyperinsulinemia (physical inactivity, high body mass index, central adiposity) and
high IGF-1 levels (tall stature) are also related to higher risk. Many studies indicate that dietary patterns that
stimulate insulin resistance or secretion, including high consumption of sucrose, various sources of starch, a high
glycemic index and high saturated fatty acid intake, are associated with a higher risk of colon cancer. Although
additional environmental and genetic factors affect colon cancer, the incidence of this malignancy was invariably
low before the technological advances that rendered sedentary lifestyles and obesity common, and increased
availability of highly processed carbohydrates and saturated fatty acids. Efforts to counter these patterns are likely
to have the most potential to reduce colon cancer incidence, as well as cardiovascular disease and diabetes
mellitus. J. Nutr. 131: 3109S–3120S, 2001.
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The strong relationship between Westernization and colon
cancer incidence has spawned a number of explanatory hy-
potheses, many focused on the influence of dietary fat and fiber
on the colonic lumenal contents. Dietary fat induces secretion
of bile acids (1), which are converted to secondary and tertiary
bile acids by colonic bacteria (2). These bile acid products may
promote tumors by increasing colonic cell proliferation or by
mutagenesis (3,4). Fiber presumably dilutes fecal carcinogens
and bile acids and reduces colonic transit time, further limiting
exposure of the colonic mucosa to carcinogens (5). However,
recent case-control, cohort and some randomized studies have
cast doubt on the hypotheses that fat and fiber play the central
role in colon carcinogenesis (6,7). In contrast, an increasing
and diverse body of evidence indicates that variations in the

levels of insulin and insulin-like growth factors (IGF)3 could
account for many of the nutritional and other risk factors of
colon cancer and for its high incidence in Western countries.
This hypothesis is consistent with a diverse body of data,
including mechanistic, animal, clinical and epidemiologic
studies, which will be reviewed here.

Mechanisms whereby insulin and IGF may be related
to colon cancer

Insulin and the IGF axis each play important and comple-
mentary roles in metabolism and growth. Insulin influences
metabolism on a short-term basis (e.g., after a meal), whereas
the IGF axis exerts a longer-term integrating effect on growth.
IGF-1 inhibits apoptosis and is required for cell cycle progres-
sion (8). More than 90% of circulating IGF-1 is complexed
with insulin-like growth factor binding protein (IGFBP)-3.
Most IGF-1 and IGFBP-3 found in the circulation are pro-
duced in the liver, and are up-regulated by growth hormone
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(9). The actions of IGFBP can oppose those of IGF-1 in part
by binding IGF-1 and thus reducing free IGF-1 levels (10). In
addition, IGFBP-3 may directly inhibit target cells (11). In
tissues, IGFBP proteases enhance IGF-1 availability by cleav-
ing IGFBP, thereby increasing free IGF-1 concentration (9).
The biological activity of IGF is determined by the integrated
actions of circulating IGF-1 and IGFBP and by local produc-
tion of IGF, IGFBP and IGFBP proteases.

Both colorectal epithelia normal and cancer cells express
IGF-1 receptors in vitro; when activated by IGF-1, the receptor-
ligand complex inhibits apoptosis and allows progression through
the cell cycle (12–16). Thus, IGF-1 can influence both prema-
lignant and cancerous stages. Colorectal carcinogenesis results
from an accumulation of specific molecular alterations (17), and
increased cellular turnover may enhance the rate at which these
alterations accumulate. The IGF axis could influence carcinogen-
esis by being one of the important determinants of cellular turn-
over. In the colon of acromegalic patients, who are characterized
by growth hormone and IGF-1 hypersecretion, epithelial prolif-
eration is increased, the proliferative zone is extended and growth
hormone and IGF-1 levels correlate with cell proliferation (18).
Moreover, in colon cancer cell lines, IGF-1 increases production
of vascular endothelial growth factor, an angiogenic factor that
supports tumor growth (19). Further support of a link between the
IGF axis and cancer is that overexpression of IGF-1 receptors is
critical for the survival of transformed cells (20).

Similar to IGF-1, insulin stimulates growth of normal co-
lonic and carcinoma cells in vitro (14–16). Although colon
cancer tissue has both insulin and IGF-1 receptors (13,21), the
mitogenic properties of insulin, in contrast to its glycemic-
control properties, may be mediated through IGF-1 receptors
(22) or possibly hybrid IGF-1 and insulin receptors (23,24).
However, mitogenicity occurs at supraphysiologic levels of
insulin (25,26); thus other mediators of the mitogenic effects
of insulin are likely to be operative. Insulin increases bioactive
IGF-1 through various mechanisms. Growth hormone is the
primary regulator for hepatic production of IGF-1, and hepatic
growth hormone receptor number is partly regulated by insulin
(9,27,28). Additionally, insulin reduces hepatic secretion of
IGFBP-1 (29,30), a protein that binds IGF-1 with high affinity
and inhibits IGF-1 action in vitro (31–33). Conditions asso-
ciated with decreased insulin levels, including fasting, exercise
and poorly controlled juvenile-onset diabetes mellitus, are
associated with elevated IGFBP-1 (34–39). Long-term in-
creases in insulin secretion also decrease another IGFBP,
IGFBP-2 (40–43). By reducing levels of IGFBP-1 and IG-
FBP-2, high insulin levels increase free IGF-1 levels (Fig. 1).

The insulin and IGF-1 signal transduction pathway in-

volved in the regulation of gene expression and mitogenicity is
mediated by activation of the ras protein (44,45); ras muta-
tions that increase activity of the ras protein occur in approx-
imately half of colonic cancers (46) and may enhance growth
of adenomas into cancers (17). In addition to a direct mito-
genic effect, insulin may prime cells to the effects of specific
growth factors by influencing farnesylation of ras, the modifi-
cation of ras at its carboxyterminal with a C15-prenyl (farne-
syl) group (47). Farnesylation of ras, catalyzed by a farnesyl
transferase, determines localization of ras in the plasma mem-
brane and is required for the function and transforming capa-
bilities of ras. Insulin increases the pool of farnesylated ras
protein in vitro (48) and in vivo (49), thereby priming the
cellular response of growth factors that use this ras pathway,
including IGF-1, epithelial growth factor and platelet-derived
growth factor. Among various growth factors examined, only
insulin appears capable of stimulating farnesyl transferase.

Animal models for IGF and insulin and colorectal tumors

Restriction of energy intake strongly inhibits carcinogenesis
in numerous animal models. Many of the metabolic conse-
quences of energy restriction result from the lowering of insu-
lin and IGF-1 levels (50–52). Accumulating evidence indi-
cates that lowering the level of insulin and IGF-1 is critical to
the anticancer effects of energy restriction (53–55). For exam-
ple, in one study, infusion of IGF-1 (via osmotic minipumps)
to p53-deficient and energy-restricted mice treated with a
bladder carcinogen entirely reversed the anticarcinogenic ef-
fects of energy restriction (56). Similarly, infusion of either
growth hormone or IGF-1 countered the inhibitory effect of
dietary restriction on mononuclear cell leukemia in Fischer
rats (57). Also supporting a cancer-promoting role of IGF-1 is
that octreotide, which reduces circulating IGF-1 levels, retards
colonic tumor growth (58,59).

Strong evidence directly implicating a cancer-enhancing
effect of insulin has come from models in which animals are
treated with insulin injections. In one experiment, Fischer 344
rats were given a single azoxymethane injection and were later
randomly assigned to groups receiving either insulin or saline
injections. Insulin enhanced the growth of aberrant crypt foci,
a colorectal cancer precursor (60), and increased the number
and size of tumors (61). Similar findings were observed in more
natural conditions when F344 rats were fed a high energy, high
fat diet that led to impaired glucose tolerance, insulin resis-
tance and elevated postprandial insulin (62). In contrast,
energy restriction and increased (n-3) fatty acid intake im-
proved insulin sensitivity and glucose tolerance and decreased
promotion of aberrant crypt foci (63). The degree of insulin
resistance induced by manipulating various dietary factors
correlated strongly with the degree of tumor promotion, as
assessed by aberrant crypt foci size (r 5 0.67; P , 0.001).
Dietary factors that enhance rat colon carcinogenesis show an
influence on insulin resistance before an effect on colon car-
cinogenesis is observed (62). However, in one study (64), diets
with a high glycemic index or low nutrient density or diets
that increase some indirect markers of insulin resistance did
not promote aberrant crypt foci growth in rat colons.

A recent study attempted to address hyperinsulinemia in
breast cancer development (65). When lean or obese Zucker
rats were treated with N-methyl-N-nitrosurea (intraperitoneal
injections), mammary tumorigenesis was not enhanced. How-
ever, an unexpected finding was the development of colon
carcinomas (13.3% incidence) in the obese rats. Typically,
N-methyl-N-nitrosurea is able to induce colon tumors only
when it is injected intrarectally.

FIGURE 1 Mechanisms whereby insulin increases free insulin
growth factor (IGF)-1. Solid lines indicate stimulating effect and broken
lines indicate inhibition. IGFBP, insulin growth factor binding protein.
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Epidemiological evidence the IGF axis is associated with
colorectal cancer risk

Clinical evidence (acromegaly). Acromegaly is a condi-
tion characterized by excessive production of growth hormone
and IGF-1. Studies spanning the past two decades show that
people with acromegaly are at elevated risk of developing both
benign and malignant colorectal tumors (66–78). Although
most of these studies are small, the consistent pattern strongly
supports that high levels of IGF-1 enhance risk of colorectal
neoplasia. In a recent study of acromegalic subjects (n 5 129),
the prevalence of colorectal neoplasia found during a colono-
scopic examination was considerably higher than that ex-
pected from published rates for asymptomatic screened con-
trols; specifically, the odds ratio (OR) was 13.5 [95%
confidence interval (CI) 5 3.1–75] for colorectal cancer and
4.2 (95% CI 5 2.5–6.8) for adenoma (73). Extension of the
previous report to 222 patients yielded the same results and
also showed that at a repeat colonoscopy, serum IGF-1 levels
were significantly higher in those with a recurrent adenoma
than in those without [mean, 390 mg/L (51.1 nmol/L) vs. 244
mg/L (32.0 nmol/L); P , 0.005] (79). In the largest study, a
multicenter retrospective cohort study (United Kingdom Ac-
romegaly Study Group) of acromegalic patients (n 5 1362)
(78), the overall cancer mortality rate was not increased for
acromegalic patients over the general population, but colon
cancer mortality was increased (standardized mortality ratio,
2.47; 95% CI 5 1.31–4.22). A higher risk in acromegalic
patients is further supported by the increase in epithelial cell
proliferation, the extension of the proliferative zone in the
colonic mucosa and the presence of a correlation between
growth hormone and IGF-1 levels with cell proliferation rate
(18,79).

Serologic evidence (circulating IGF-1 and IGFBP-3).
Five recent studies examined circulating IGF-1 and IGFBP-3
in relation to colorectal neoplasia. On the basis of archived
samples in the Physicians’ Health Study, baseline plasma lev-
els of IGF-1, IGF-2 and IGFBP-3 among 193 men diagnosed
with colorectal cancer over a 12-y follow-up period were
compared with those from 318 age- and smoking-matched
controls (80). After adjustment for age, cigarette smoking,
body mass, alcohol intake and IGFBP-3 levels, men in the top
quintile of circulating IGF-1 had a relative risk (RR) of 2.51
(95% CI 5 1.15–5.46; P 5 0.02) compared with those in the
bottom quintile. For IGFBP-3, the RR for top vs. bottom
quintile was 0.28 (95% CI 5 0.12–0.66; P 5 0.005). Circu-
lating IGF-2 level was unrelated to risk of colorectal cancer.
The associations were similar even after the first 6 y of follow-
up were excluded, strong evidence against any effect of undi-
agnosed tumor on plasma IGF.

In the Nurses’ Health Study, three empirical stages of
colorectal carcinogenesis were examined in relation to base-
line plasma IGF-1 and IGFBP-3, i.e., low risk—small, tubular
adenomas that may indicate adenoma formation or initiation;
high risk—adenomas $1 cm in diameter or those with a
villous component (tubulovillous, villous, in situ cancers),
indicating adenoma progression; and adenocarcinomas (81).
Cancer-free controls were matched to cases by age, time of
blood draw and indication for endoscopy (for adenoma con-
trols); prediagnostic plasma IGF-1 and IGFBP-3 levels were
then measured. Controlling for IGFBP-3 level relative to
women in the low tertile of IGF-1, those in the high tertile
were at elevated risk of colorectal cancer (RR 5 2.18; 95% CI,
0.94–5.08) and high risk adenoma (RR 5 2.78; 95% CI,
0.76–9.76). Controlling for IGF-1 level, women in the high
tertile of IGFBP-3 were at lower risk of colorectal cancer (RR

5 0.28; 95% CI, 0.10–0.83) and high risk adenoma (RR
5 0.28; 95% CI, 0.09–0.85). Neither IGF-1 nor IGFBP-3 had
any appreciable relation to small, tubular adenomas.

Results from the Flexi-Scope Trial also found that high
IGF-1 and low IGFBP-3 levels increased risk of high risk
adenomas, defined as at least one adenoma $1 cm in diameter,
of tubulovillous or villous morphology or with severe dysplasia,
or the presence of three or more adenomas (82). Serum levels
of IGF-1 and IGFBP-3 were measured for 100 individuals who
then underwent a colonoscopy. For high risk adenoma, there
was a positive association after controlling for IGFBP-3 [RR
for a 1 SD increment 5 4.39 (95% CI 5 1.31–14.7); P 5 0.02];
a significant inverse association was observed for IGFBP-3 [RR
for a 1 SD increment 5 0.41 (95% CI 5 0.20–0.82);
P 5 0.01].

In a cohort of 14,275 women in New York, baseline IGF-1
and IGFBP were assayed from the serum of 102 women who
subsequently developed colorectal cancer and 200 matched
control subjects (83). Colorectal cancer showed a modest but
positively increased risk with higher levels of IGF-1 but also an
increased risk with higher levels of IGFBP-3. However, higher
levels of IGFBP-1 and IGFBP-2 were associated with a de-
creased risk of colorectal cancer, suggesting that a higher level
of bioavailable IGF-1 increases risk of colorectal cancer. As
discussed above, insulin lowers IGFBP-1 and IGFBP-2.

A relatively small case-control study conducted in Greece
of 41 patients with colorectal cancer and 50 healthy controls
supported the suggestion that high levels of circulating IGF-1
and IGF-2 and lower levels of IGFBP-3 were associated with
an increased risk of colorectal cancer (84). Because the blood
samples were drawn after the diagnosis of cancer in the Greek
study, it cannot be excluded that the tumor increased IGF
levels. In addition to colorectal cancer, individuals with higher
circulating IGF-1 and low IGFBP-3 levels are at increased risk
of prostate cancer (85), premenopausal breast cancer (86) and
lung cancer (87).

Related risk factors of the IGF axis from epidemiologic
studies

Unfortunately, relatively little is known about determi-
nants of normal variation of IGF-1 and IGFBP-3 levels (88).
Genetic factors may be dominant in well-fed populations. In
cases of serious energy or protein restriction, circulating IGF-1
levels are lowered substantially (50–52). However, the varia-
tion in IGF-1 and IGFBP-3 due to nutritional and other
nongenetic factors in populations that do not endure periods
of energy or protein shortages is unclear. Overfeeding is much
less potent in increasing IGF-1 levels than underfeeding is in
reducing IGF-1 levels (89). A recent study reported a moder-
ate correlation between IGF-1 levels and alcohol consump-
tion, but this association was observed only for men and
IGFBP were not considered (90). Effective exposure of free
IGF-1 is even more complicated because factors such as
IGFBP-1 and IGFBP-2, influenced largely by insulin, may be
critical.

Childhood and adolescent levels of IGF-1 influence linear
growth and correlate with height (91). Height, however, ap-
pears to be either weakly correlated or uncorrelated with adult
IGF-1 level, suggesting that the determinants of preadult
IGF-1 differ from adult IGF-1 levels. Thus, adult height may
be an indirect marker of IGF-1 levels during the growth
period. Tallness is an independent risk factor for colorectal
cancer in a number of studies (92–97), although not all studies
show this association. The relative importance of the factors
that determine height may differ in diverse populations de-
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pending on factors such as nutritional status. Gunnell (98)
noted that IGF may be more closely related to leg length than
trunk length (the two components of height), and some stud-
ies indicate that leg length is the constituent most strongly
related to various cancers (94,99,100). The relationship with
tallness is consistent with high levels of circulating IGF-1 and
perhaps other growth factors during the growth period, predis-
posing to higher risk of colorectal cancer.

In postmenopausal women, estrogen replacement therapy
substantially lowers IGF-1 levels (101). This effect is interest-
ing given the consistent inverse association between post-
menopausal estrogen use and risk of colorectal neoplasia (102–
104).

Epidemiologic evidence that insulin is associated
with colorectal cancer risk

Clinical evidence [glucose intolerance, noninsulin depen-
dent diabetes mellitus (type 2 diabetes)]. The geographic
patterns for colon cancer and type 2 diabetes are strikingly
similar; both diseases were considered relatively rare before
industrialization or Westernization and their incidence usually
increases in regions undergoing economic development. The
major environmental determinants of type 2 diabetes include
high body mass index (BMI), increased central obesity, phys-
ical inactivity, excessive intake of energy and dietary patterns
that stimulate secretion of insulin (105). These factors are
remarkably similar to the constellation of risk factors emerging
for colon cancer, as discussed below.

The similar patterns for type 2 diabetes and colon cancer at
the population level are consistent with a common etiology,
but may also be due to common risk factors acting through
independent pathways. Thus, demonstration of a prospective
relationship between type 2 diabetes and colon cancer at the
individual level, after controlling for common risk factors,
would more convincingly implicate hyperinsulinemia. The
temporal relation between type 2 diabetes and colon cancer
risk is likely to be complex because early in the development
of type 2 diabetes, hyperinsulinemia exists, but in later stages,
b cell depletion leads to a hypoinsulinemic response. The
progression from normal to impaired glucose tolerance with
mild fasting hyperglycemia [fasting glucose 120–140 mg/dL
(6.7–7.8 mmol/L)] to type 2 diabetes [fasting glucose .140
mg/dL (7.8 mmol/L)] is generally characterized by progressive
fasting hyperinsulinemia, but the postprandial insulin response
begins waning after the level of plasma glucose reaches 120
mg/dL (6.7 mmol/L). At higher levels of fasting blood glucose
(i.e., greater severity type 2 diabetes), the postprandial insulin
decreases to a subnormal level (106).

Many earlier studies reported a slightly higher risk of colon
cancer (but not rectal cancer) in individuals with type 2
diabetes, particularly in men, but these studies were limited by
reliance on death certificates (107), autopsies (108), cross-
sectional data (109–111) and comparisons with external con-
trols (112,113). These studies were generally relatively small
and did not control for important covariates besides age. A
positive association between prevalent type 2 diabetes and risk
of colon cancer was observed in a case-control study by La
Vecchia et al. (114); the RR for colon cancer among those
with type 2 diabetes was 1.7 after adjustment for age, sex, area
of residence, education, BMI and selected indicators of diet. In
a more recent case-control study by Le Marchand et al. (115),
type 2 diabetes was slightly associated with an elevated risk for
colorectal cancer in men (RR 5 1.2; 95% CI 5 0.8–1.7) and
significantly associated in women (RR 5 1.8; 95% CI 5 1.2–
2.8), after controlling for numerous covariates including exer-

cise and BMI. The associations were particularly strong for
cases of colon cancer diagnosed at least 9 y after the diagnosis
of diabetes (RR 5 1.4 for men and 2.1 for women) and for the
left colon in men (RR 5 1.9; 95% CI 5 1.1–3.5) and women
(RR 5 3.0; 95% CI 5 1.2–7.1). One study examined risk of
adenomas of the sigmoid colon and found a modestly elevated
risk associated with type 2 diabetes (multivariate RR 5 1.4;
95% CI 5 1.0–2.0 for new type 2 diabetes and RR 5 1.4; 95%
CI 5 0.8–2.2 for type 2 diabetes under treatment, with ad-
justment for various covariates including BMI) (116).

Among prospective studies, the largest was the Cancer
Prevention Study (117), which encompassed 13 y of follow-up
among 15,487 subjects with diabetes and 850,946 subjects
without diabetes. An increased risk of colorectal cancer was
noted in men (RR 5 1.30; 95% CI 5 1.03–1.65) and a modest
nonsignificant elevation was seen in women (RR 5 1.16; 95%
CI 5 0.87–1.53), with some covariates including physical
activity and BMI controlled for. Several characteristics would
have tended to attenuate any association, i.e., diabetes was
assessed by a self-report from a checklist of diseases, which
included insulin-dependent diabetes, and the analysis did not
account for years since diabetes and included rectal cancer
cases. In the prospective Nurses’ Health Study (118), type 2
diabetes was associated with an elevated risk of colon cancer
(age-adjusted RR 5 1.60; 95% CI 5 1.17–2.18); when con-
trolled for a variety of factors, including BMI and physical
activity, the RR was only slightly attenuated (RR 5 1.49; 95%
CI 5 1.09–2.06). The association did not differ by colonic
subsite and was not observed for rectal cancer (RR 5 1.11).
The association was strongest 11–15 y after diagnosis (multi-
variate RR 5 2.83; 95%CI 5 1.67–4.58) but became atten-
uated at .15 y after diagnosis (RR 5 1.13; 95% CI 5 0.56–
2.28). The attenuation after 15 y is consistent with the
increasing hypoinsulinemic response with worsening of the
diabetic condition. Another recent study found that women,
although not men, with a history of type 2 diabetes were at
increased risk of colorectal cancer (age-adjusted RR 5 1.55;
95% CI 5 1.04–2.31) (119).

Serologic studies (hyperinsulinemia and hypertriglycerid-
emia). Data relating prediagnostic circulating insulin to risk
of colorectal cancer are limited. The Cardiovascular Health
Study followed ;6000 men and women $65 y old who had
provided a blood sample (120). Various anthropometric mea-
sures were taken, and fasting glucose, 2-h glucose, fasting
insulin and 2-h plasma insulin were measured. Over 7 y, 102
cases of colorectal cancer were identified. Waist circumference
(RR 5 2.2; 95% CI 5 1.2–4.1, between high and low quin-
tiles) and waist-to-hip (WHR) ratio (RR 5 2.6; 95%
CI 5 1.4–4.8) were risk factors, whereas BMI had a nonsig-
nificant positive association (RR 5 1.4; 95% CI 5 0.8–2.5).
Fasting and 2-h glucose were significantly and linearly related
to higher risk (P, trend 5 0.02 for each). Fasting insulin was
not related to a higher risk RR 5 1.2; 95% CI 5 0.7–2.1, but
2-h insulin was linearly associated with increased risk
(RR 5 2.0; 95% CI 5 1.0–3.8) (P, trend 5 0.04). As
predicted (121), postprandial insulin, which encompasses both
insulin resistance and secretory capacity of the pancreas, was a
stronger predictor than fasting insulin.

A study based on prospectively collected serum samples
from 14,275 women in New York examined the insulin-colo-
rectal cancer hypothesis (83). The analysis was based on 102
women with colorectal cancer and 200 control subjects. Colo-
rectal cancer risk increased with increasing levels of C-pep-
tide, a marker for insulin secretion. The OR was 2.92 (95%
CI 5 1.26–6.75) for the highest vs. the lowest quintile (P,
trend , 0.001). For colon cancer alone (n 5 75 subjects), the
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OR was 3.96 (95% CI 5 1.49–10.50). A decrease in colorectal
cancer risk was observed for increasing IGFBP-1 (OR 5 0.48;
95% CI 5 0.23–1.00; P, trend 5 0.02) and IGFBP-2
(OR 5 0.38; 95% CI 5 0.15–0.94; P, trend 5 0.06). As noted
above, insulin levels are inversely associated with these
IGFBP.

Several studies have examined colorectal adenoma or can-
cer in relation to hypertriglyceridemia, which may be consid-
ered a marker of insulin resistance (122,123). A Japanese
case-control study compared serum lipids in 129 men and
women with colorectal carcinoma in situ with levels in 258
matched control subjects (124). Even after adjustment for age,
sex, BMI, alcohol consumption and smoking status, there was
a strong direct association between plasma triglycerides and
risk of colorectal carcinoma in situ. Compared with individu-
als in the bottom quartile [#70 mg/dL (0.79 mmol/L)], the RR
was 3.0 (95% CI 5 1.4–6.4) for those in the top quartile
[.150 mg/dL (1.70 mmol/L)]; P 5 0.0008. A weaker associ-
ation was observed for serum glucose (RR 5 2.0; 95%
CI 5 0.9–4.4; P 5 0.11). A German study found that low
levels of HDL and high levels of VLDL (the major lipoprotein
carrier of triglycerides) were associated with a two- to threefold
higher risk of colorectal adenoma (125). Two other studies of
serum lipids and risk of colorectal adenoma reported a mod-
erate association with serum triglycerides (126,127).

Related risk factors of circulating insulin levels and hy-
perinsulinemia from epidemiologic studies. Insulin levels are
strongly influenced by a variety of factors (Fig. 2). Fasting
serum insulin level is largely determined by the degree of
insulin resistance. Factors that increase insulin resistance will
produce a compensatory fasting and postprandial hyperinsu-
linemia provided that adequate function of pancreatic b cells
exists (i.e., a nondiabetic state). Excess adiposity, particularly
visceral adipose, is a major determinant of insulin resistance.
Physical activity strongly increases insulin sensitivity. Beyond
the critical influence of overall energy intake, specific dietary
factors or patterns may affect insulin resistance as well as
determine the amount and nature of the postprandial rise in
insulin. The effect of each of these factors on hyperinsulinemia
and on risk of colon cancer is discussed.

Body mass, distribution of adiposity and risk of colonic
neoplasia. A major determinant of insulin resistance, per-
haps the most important, is energy balance. Negative energy
balance profoundly decreases insulin levels, whereas positive
energy balance increases circulating insulin. For epidemiologic
purposes, chronic energy balance is very difficult to assess and
is best approximated by level of obesity. In addition to BMI,
visceral adiposity is a particularly critical determinant of insu-
lin resistance and hyperinsulinemia (128). The correlation

coefficients between plasma insulin levels and estimated mea-
sures of visceral adiposity, such as waist circumference or
WHR are relatively high, ranging from 0.50 to 0.70 (129–
131).

An association between obesity and risk of colon cancer is
compelling, particularly in men, with evidence derived from
prospective (92,132–141) and retrospective (142–146) stud-
ies. In a prospective study by Lee and Paffenbarger (133), men
who were in the heaviest quintile of BMI during both college
years and middle age had a RR of 2.40 (95% CI 5 1.40–4.13)
compared with men consistently in the lowest quintile. In
another prospective study of colorectal cancer, men in the
upper tertile of BMI had a RR of 2.40 (95% CI 5 1.1–5.4)
(132). Among U.S. male health professionals (92), the age-
adjusted RR for BMI 29 or higher vs. , 22 was 1.82 (95%
CI 5 1.14–2.91; P , 0.001), but this association was some-
what attenuated in a multivariate model that included physi-
cal activity level among other covariates (RR 5 1.48; 95%
CI 5 0.89–2.46; P 5 0.02). In that study, when upper and
lower quintiles were compared, the RR for colon cancer in
relation to WHR was 3.41 (95% CI 5 1.52–7.66) and for
waist circumference it was 2.56 (95% CI 5 1.33–4.96). These
RR were only modestly attenuated when controlled for BMI.
In one study of Japanese men (141), although a significant
trend existed between BMI and colon cancer risk (P 5 0.005),
the association was relatively modest in size (RR 5 1.38; 95%
CI 5 1.01–1.90). However, the cut-off points for the top vs.
bottom category were $ 25.80 and , 21.70, which is much
narrower than in most other studies. In the Cardiovascular
Health Study (120), waist circumference (RR 5 2.2; 95%
CI 5 1.2–4.1, between high and low quintiles) and WHR
(RR 5 2.6; 95% CI 5 1.4–4.8) were risk factors, whereas BMI
had a nonsignificant positive association (RR 5 1.4; 95%
CI 5 0.8–2.5).

Of prospective studies that reported results separately for
women, four reported direct associations between BMI and
colon cancer risk (147–150), but some have not supported this
association (132,134,136). In general, the association between
BMI and colon cancer appears to be more consistently ob-
served and stronger for men than for women. In the Nurses’
Health Study, women who had a BMI . 29 had a RR of 1.45
(95% CI 5 1.02–2.07) in comparison with women whose BMI
was , 21. Data on body fat distribution and colon cancer risk
are very limited. Two studies in women (147,149) reported
suggestive but not significant positive associations between
WHR and risk of colon cancer. Case-control studies have been
somewhat less consistent with six supporting but nine not
supporting an association, according to one summary (150).
However, case-control data have been nearly as conflicting for
men, for whom the prospective data are quite compelling. In
part, the case-control literature may be less consistent because
before 1990, most of the case-control studies relied on body
weights that antedated the diagnosis of cancer by #3 y, and
weight loss to undiagnosed cancers may have obscured associ-
ations.

In women, the association between BMI and colon cancer
appears to exist at younger ages but is less evident at older ages
(132,134,136,148–151), suggesting that the effect of obesity
may differ by menopausal status. In postmenopausal women, in
addition to being associated with high insulin, high BMI is
also associated with higher estrogen levels, which, as suggested
by the hormonal replacement studies, may confer some benefit
against colorectal cancer (102–104). Thus, the apparently
more complex relationship between BMI and colon cancer in
women may stem from potentially complex interactions
among insulin, IGF-1 and estrogen.FIGURE 2 Determinants of hyperinsulinemia.
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Obesity has also been examined in relation to risk of
adenoma, either as a primary report or within the context of
other findings. In all of these studies, the control group was
free of adenomas as assessed by endoscopy. Five studies that
assessed risk by adenoma size (92,125,152–154) found RR of
two- to threefold for some measure of obesity and risk of large
adenoma ($1 cm) or high risk adenoma ($2 cm, tubullovil-
lous or villous, or multiple) but not for small adenoma. Neugut
et al. (153) found a strong association between high BMI and
risk of large adenoma in women (RR 5 3.1) but a slight and
not significant association in men (RR 5 1.6). A case-control
study by Sandler et al. (155) found that female cases had a
higher mean BMI than controls (27.6 vs. 26.4), but the BMI
was identical for male cases and controls (25.3).

Risk of adenoma seemed to be more strongly associated
with central adiposity. In Japanese men (154), when modeled
simultaneously, the RR of large adenoma for higher vs. low
quartile for WHR was 3.4 (95% CI 5 1.5–7.6), whereas that
for BMI was 1.2 (95% CI 5 0.5–2.5). For U.S. male health
professionals, BMI had only a nonsignificant association with
large adenomas (RR 5 1.43; 95% CI 5 0.78–1.62), whereas
strong positive associations were found with waist circumfer-
ence (RR 5 2.48; 95% CI 5 1.15–5.36; P, trend 5 0.007) and
WHR (RR 5 3.42; 95% CI 5 1.57–7.47; P, trend 5 0.01). In
women of the Nurses’ Health Study (152), BMI was directly
associated with risk of large distal colon adenoma (multivari-
ate RR 5 2.21; 95% CI 5 1.18–4.16) for BMI $29 vs. ,21).
Waist circumference and WHR were not related to risk of
large adenoma independently of BMI, but women with both a
high BMI and high WHR were at greater risk (RR 5 1.99;
95% CI 5 0.98–4.05) than women with high BMI and
relatively lower WHR (RR 5 1.35, 95% CI 5 0.61–2.97).
Weight gain also is associated with increased risk of colon
adenoma (156–158).

In summary, the overwhelming majority of studies indicate
that higher BMI is associated with an elevated risk of colon
cancer, although this association is less convincing for older
women. This association is also observed for adenomas, par-
ticularly large adenomas, suggesting that some aspect of obe-
sity is associated with promotion of adenomas. In a number of
studies, particularly strong associations were observed for mea-
sures of visceral or central adiposity, consistent with a role of
hyperinsulinemia.

Physical activity and risk of colonic neoplasia. Physical
activity level contributes to insulin sensitivity in two ways.
First, the level of physical activity is one of the determinants
of obesity, which increases insulin resistance. Moreover, phys-
ical activity appears to result in a preferential loss of visceral
adipose relative to subcutaneous adipose (159). Second, inde-
pendent of its influence on adiposity, physical activity directly
increases insulin sensitivity (160) and reduces plasma insulin
levels (161–164). The increase in insulin sensitivity induced
by an episode of exercise lasts for several days (165,166), and
improvements in insulin sensitivity are enhanced with higher
levels of physical activity (167,168). Skeletal muscle is the
principal site of insulin-mediated glucose disposal (169). In
normal subjects, variability in insulin-stimulated glycogen syn-
thesis in muscle tissue accounts for most of the variance in
insulin sensitivity (170), and in type 2 diabetes patients,
impairment of this pathway is the major contributor to insulin
resistance (171). Chronic physical inactivity contributes to
insulin resistance, hyperinsulinemia, depletion of pancreatic b
cells and ultimately to type 2 diabetes (106,172–175).

Results of prospective (119,132,133,149,176–183) and ret-
rospective (142,143,184–194) studies support an association
between physical inactivity and risk of colon cancer. In the

Nurses’ Health Study (195), women who were in the upper
quintile of leisure-time physical activity were at almost half
the risk of developing colon cancer compared with relatively
inactive women (RR 5 0.54; 95% CI 5 0.33–0.90). When
physical activity and BMI are assessed jointly, the highest risk
of colon cancer occurs among those both physically inactive
and with high BMI levels (92,151). In composite, the studies
suggest a dose-response relationship with risk reduction across
a wide range of activity levels and intensities. On the basis of
an extensive review of the literature, Colditz et al. (196)
reported an ;50% reduction in incidence of colon cancer
among the most active individuals. Increased physical activity
has also been associated with a reduced risk of colon adenoma,
particularly large adenomas (92,152,197–199).

Many characteristics of the inverse association between
physical activity level and risk of colon cancer indicate that it
is causal. This association is consistent in numerous studies
conducted in diverse populations for large adenomas and can-
cer in men and women and using retrospective and prospective
assessments of activity. When assessed, dietary factors did not
confound the inverse association between physical activity
and colon cancer (92,149,151,176). Perhaps the most compel-
ling evidence against an unmeasured confounding factor is
that this relationship has been observed independently for
occupational activity and for recreational activity (196). It is
highly unlikely that a confounding factor would generate a
similarly spurious relationship for both recreational and occu-
pational activities in diverse populations.

Dietary determinants of hyperinsulinemia and risk of co-
lon cancer. Energy balance is likely to be quantitatively the
most important determinant of insulin resistance, but dietary
patterns may also influence insulin resistance or the size of the
postprandial spikes in insulin. The nature of carbohydrates and
the specific fatty acids are particularly important. Dietary glu-
cose, in the form of either simple sugars or starch, is eventually
absorbed into the blood from the intestines, producing a
compensatory increase of blood insulin. The effect of diet on
the rapidity of the rise in blood glucose is complex—simple
sugars tend to be absorbed quickly and starch that is easily
digestible can also lead to a rapid rise in blood glucose.

Sucrose and fructose. Sucrose and fructose are the major
sweeteners in most populations. In animals, diets very high in
sucrose or fructose induce hypertriglyceridemia and hyperin-
sulinemia (200). The decreased insulin sensitivity caused by
high sucrose diets is likely related to the fructose component of
sucrose (201). In humans, the effect of sucrose or fructose on
insulin sensitivity is less clear, possibly resulting from less
variation in diet, heterogeneity in study populations and com-
plexities of study design. Nonetheless, some evidence suggests
that at least for carbohydrate-sensitive individuals (those with
hypertriglyceridemia and hyperinsulinemia), high sucrose or
high fructose diets may further decrease insulin sensitivity
(202–205). Of note, sucrose intake is significantly correlated
with fasting insulin even after adjustment for other predictors
of insulin levels (including BMI, WHR and other dietary
variables) (206), suggesting that sucrose influences insulin
sensitivity. However, although the effect of sucrose on insulin
sensitivity in humans is controversial, high sucrose diets do
induce high peaks and lower troughs for serum insulin (204).

Animals studies have found with relative consistency that
dietary sucrose is a colon tumor promotor (207–211). Because
sucrose is absorbed in the small intestine well before it reaches
the large intestine, any influence on the large bowel is likely to
be through circulatory factors. Sucrose intake definitely in-
creases insulin resistance in animals (200) and, as discussed
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above, hyperinsulinemia enhances colon carcinogenesis in an-
imal studies.

Human studies of colon cancer also suggest an adverse
effect of sucrose. In 1994, Bostick et al. (147) summarized the
literature and reported that high sucrose intakes were associ-
ated with an increased risk of colon cancer in 12 of 14
epidemiologic studies that presented relevant data. An addi-
tional study found that frequency of eating snacks, which tend
to consist of refined, high sucrose foods, was associated with a
higher risk of colon cancer (212). Subsequently, a case-control
study conducted in Uruguay found that sucrose intake was
associated with an increased risk of colorectal cancer, and the
RR for the upper vs. lower quartile was 2.18 (95% CI 5 1.35–
3.51). A large case-control study in Italy found a significant
trend of increasing risk of colon cancer with increasing intake
of cakes, desserts and refined sugar (213,214). In a recent large
case-control study conducted in the United States (215), the
dietary sucrose-to-fiber ratio was associated with an increased
risk of colon cancer, particularly in men and women who were
sedentary and thus relatively insulin resistant. For men and
women, relative to those who were active and lean and had a
low sucrose-to-fiber ratio, the RR was 4.58 (95% CI 5 2.33–
8.98) for those who were sedentary and consumed a high
dietary sucrose-to-fiber ratio, but among sedentary people with
a low dietary sucrose-to-fiber ratio, the RR was only 2.40 (95%
CI 5 1.17–4.89).

One study examined dietary, lifestyle and demographic
factors in relation to colorectal epithelial cell proliferation
kinetics. Sucrose was associated with higher proliferation rates
(labeling index) and with the shift of the proliferation zone
from one confined to the lower 60% of the colonic crypt to
one that includes the entire crypt (216). Both these kinetic
indicators are similarly altered in individuals at increased risk
for colon cancer. Among many dietary factors assessed, sucrose
had the strongest effect in the upward shift of the proliferation
zone. However, in a study in which 107 patients were ran-
domly assigned to a low sucrose diet or were instructed to
continue their usual diet for 1 mo, overall proliferation or the
distribution of proliferation along the crypt was not affected
(217).

Starch. In typical diets of most populations, starch is the
greatest source of glucose. Of note, the major sources of starch
in various populations have been related to a higher risk of
colon cancer, including rice in Japan (218), pasta, rice, bread,
polenta, potatoes and cereals in Southern Europe (213,214),
potatoes in Australia (219) and total starch in Russia (220). A
meal high in refined sugars and carbohydrates produces a sharp
glycemic response due to readily absorbable glucose, but the
absolute starch or sugar content of a food alone will be a poor
determinant of the blood glucose response. The assessment of
starchy foods has revealed large differences in the rates of
digestion, based primarily on the form of starch (amylose vs.
amylopectin), complementary dietary factors such as fiber con-
tent, phytates, lectins, tannins, saponins and enzyme inhibi-
tors, how food is processed and possibly host factors (221). A
large case-control study in Italy found a significant trend of
increasing risk of colon cancer with increasing intake of bread
and cereal dishes, potatoes, cakes and desserts and refined
sugar but a slight inverse association with whole-meal bread
(213,214), suggesting that more refined sources of sugars and
starch tend to increase risk. In an ecological study conducted
in 65 rural counties in China, county per capita intakes of rice,
processed starch and sugar were correlated with colon cancer
incidence rates (222).

Glycemic index. A more direct way to account for the
effect on blood glucose and insulin levels by various foods is

through the glycemic index (223). Low glycemic index foods
are digested more slowly, thus reducing the immediate post-
prandial glycemic response; that is, the slower the rate of
digestion, the flatter the blood glucose response will be. In a
recent large case-control study conducted in the United States
(215), a dietary glycemic index was developed on the basis of
responses to a dietary questionnaire. Men and women who
consumed a diet with a high glycemic index were at elevated
risk of colon cancer, and those at highest risk from a high
dietary glycemic index were those who were sedentary (for
men, relative to those who were sedentary and had a low-
glycemic index diet, RR 5 3.46; 95% CI 5 1.78–6.70, and for
women RR 5 2.00; 95% CI 5 0.98–4.07). For those who
were physically active, the glycemic index was not an impor-
tant risk factor. Similar patterns were observed with a high
dietary sucrose-to-fiber ratio in this study, as described above.
An insulinemic index may be a more optimal way to test the
hyperinsulinemia hypothesis, but currently data are not suffi-
cient for constructing such an index.

Dietary patterns. Although individual dietary factors have
been studied in relation to outcomes such as insulin sensitivity
and colon cancer risk, the whole dietary pattern, involving all
of the interactions and synergisms, has recently become of
interest. Of note, some recent studies using factor analysis
have related risk of cancer to specific dietary patterns. For
example, a dietary pattern termed the Western diet has been
associated with increased risk of colon cancer (224). A West-
ern dietary pattern includes a diverse array of factors, including
red and processed meats, high saturated and trans fats, and
highly processed carbohydrates and sugars. Interestingly, in the
Nurses’ Health Study, such a dietary pattern was also been
shown to be related to higher circulating insulin levels (225).

Summary

In summary, insulin and the IGF axis mediate many of the
physiologic consequences of nutritional status. In this review,
a diverse body of evidence that related high levels of insulin
and IGF-1 to colon cancer risk was summarized. Mechanisti-
cally, as major determinants of proliferation and apoptosis,
there is a strong rationale to suspect that these factors influ-
ence carcinogenesis. In various animal models, modulation of
insulin and IGF-1 levels through various means, including
direct infusion, energy excess or restriction, dietary quality
including sucrose content, genetically induced obesity, inhi-
bition of normal insulin secretion and pharmacologic inhibi-
tion of IGF-1 influences colonic carcinogenesis. Human stud-
ies consistently show that high levels of insulin and IGF-1
increase risk of colon cancer. People with type 2 diabetes and
people with acromegaly, who have high levels of insulin and
IGF-1, respectively, are at elevated risk of colon cancer in
most studies. Recently, studies that have directly assessed
circulating concentrations of C-peptide, 2-h insulin and IGF-1
(and IGFBP-3, IGFBP-1 and IGFBP-2) found that these pre-
dict risk of colon cancer and adenoma. Determinants (physical
inactivity, high BMI, central adiposity) and markers (hyper-
triglyceridemia) of insulin resistance and of high IGF-1 levels
(tall stature) are consistently related to higher risk of colon
neoplasia. The relation between diet quality and insulin is
complex and has not been studied systematically in relation to
colon cancer. Nonetheless, many studies indicate that high
consumption of sucrose, various starches and diets with a high
glycemic index and general dietary patterns that stimulate
insulin secretion are associated with a higher risk of colon
cancer. These dietary patterns may be particularly deleterious
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in those with a sedentary lifestyle and who thus are relatively
insulin resistant.

In aggregate, evidence strongly implicates insulin and the
IGF axis as critical determinants of colon cancer. Although
additional environmental and genetic factors are likely to
affect colon cancer, the incidence of this malignancy was
invariably low before the technological advances that ren-
dered sedentary lifestyles and obesity common and that made
highly processed carbohydrates widely available. These factors
affect cardiovascular disease, diabetes mellitus, colon cancer
and perhaps other cancers. Public health efforts to counter
these patterns are likely to have the most potential to improve
general health status as well as reduce colon cancer incidence.
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