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ABSTRACT
Background: Putrescine, spermidine, and spermine are the poly-
amines required for human cell growth. The inhibition of ornithine
decarboxylase (ODC), which is the rate-limiting enzyme of poly-
amine biosynthesis, decreases tumor growth and the development of
colorectal adenomas. A database was developed to estimate dietary
polyamine exposure and relate exposure to health outcomes.
Objective: We hypothesized that high polyamine intake would in-
crease risk of colorectal adenoma and that the allelic variation at
ODC G.A +316 would modify the association.
Design: Polyamine exposure was estimated in subjects pooled (n =
1164) from the control arms of 2 randomized trials for colorectal
adenoma prevention [Wheat Bran Fiber low-fiber diet arm (n = 585)
and Ursodeoxycholic Acid placebo arm (n = 579)] by using baseline
food-frequency questionnaire data. All subjects had to have a diag-
nosis of colorectal adenoma to be eligible for the trial.
Results: A dietary intake of polyamines above the median amount
in the study population was associated with 39% increased risk of
colorectal adenoma at follow-up (adjusted OR: 1.39; 95% CI: 1.06,
1.83) in the pooled sample. In addition, younger participants (OR:
1.94; 95% CI: 1.23, 3.08), women (OR: 2.43; 95% CI: 1.48, 4.00),
and ODC GG genotype carriers (OR: 1.59; 95% CI: 1.00, 2.53) had
significantly increased odds of colorectal adenoma if they consumed
above-median polyamine amounts.
Conclusions: This study showed a role for dietary polyamines in
colorectal adenoma risk. Corroboration of these findings would con-
firm a previously unrecognized, modifiable dietary risk factor for co-
lorectal adenoma. Am J Clin Nutr 2012;96:133–41.

INTRODUCTION

Polyamines (eg, putrescine, spermidine, and spermine) are small,
cationic molecules that are necessary for cell growth and derived
from intrinsic (ie, intracellular biosynthesis) and extrinsic (ie,
diet, gut flora, sloughed cells, and digestion-related secretions)
sources (Figure 1). The combination of polyamine sources results
in submicromolar amounts of polyamines in sera (1–11). Poly-
amines move across the gastrointestinal epithelial barrier via api-
cal transporters and accumulate in intestinal and colonic cells at
near-millimolar concentrations. The transport of polyamines from
intestinal epithelia to other tissues occurs via basolateral trans-
porters (9).

Putrescine is the most abundant of the polyamines in humans
with de novo synthesis dependent on arginine and ornithine (Figure
1). Ornithine is decarboxylated by the rate-limiting enzyme or-
nithine decarboxylase (ODC)4 (4, 10, 12, 13). Both spermine and
spermidine are dependent on the methionine pool because de-

carboxylated S-adenosyl-methionine acts as the propylamine do-
nor (4, 9, 14).

Increased polyamine synthesis is common in epithelial tumors,
and the inhibition of polyamine biosynthesis has reduced tumor
growth in experimental models (3, 5–7, 13). Hixson et al (15)
documented that colorectal cancers display approximately double
the amount of putrescine (0.17 6 0.17 nmol/mg protein) and
spermidine (0.526 0.37 nmol/mg protein) than do normal rectal
mucosa. In addition, the synthesis of polyamines via ODC dif-
fers between individuals as a result of G.A genetic variation at
the +316 position in intron 1 of the ODC gene (rs2302615)
wherein the carriage of a G allele has been associated with in-
creased risk of colorectal adenoma (16–18). Although synthesis
has been most widely studied in tumorigenesis, animal studies
suggested that colonic mucosa growth is dependent on exogenous
polyamines. For colon tumorigenesis, feeding to mice that have
a mutation in one copy of their APC gene a diet high in putrescine
reduced the efficacy of sulindac, which is a nonselective, non-
steroidal antiinflammatory drug shown to prevent tumorigenesis in
this model of human carcinogenesis (19). However, despite ex-
perimental evidence, the assessment of polyamines in the human
diet and exposure-related cancer risk has been largely unstudied.
Zoumas-Morse et al (11) developed a dietary polyamine content
database for polyamine exposure by using data from 165 sub-
jects in whom the average exposure was 159.1 lmol putrescine/d,
54.7 lmol spermidine/d, and 35.7 lmol spermine/d. This poly-
amine database was designed for the estimation of individual- and
population-level polyamine exposures from foods to relate ex-
posure to health outcomes (eg, colorectal neoplasia).
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Therefore, to test hypotheses about the effect of dietary poly-
amine exposure on colorectal neoplasia risk, we applied the
polyamine-content database to food-frequency data collected
from participants in control arms of 2 large, completed ran-
domized chemoprevention trials with colorectal adenoma as an
endpoint. In addition, we explored the relation between the
high-risk ODC +316 genotype, dietary polyamines, and co-
lorectal adenoma incidence.

SUBJECTS AND METHODS

Study population

Patients who had a colorectal adenoma detected at a recent
qualifying examination were recruited to participate in 1 of 2
clinical trials to test the effect of an agent to prevent metachronous
colorectal adenomas (ie, the development of a colorectal adenoma
during follow-up). Patients were excluded if they had familial
adenomatous polyposis, hereditary nonpolyposis colorectal cancer,
or a strong family history of colorectal cancer (ie, in �2 first-
degree relatives). Briefly, the Wheat Bran Fiber (WBF) Trial
(recruitment of study participants began in September 1990 and
was completed in July 1995) was a randomized, double-blinded,
controlled trial that tested the effect of a high-fiber compared with
low-fiber cereal supplement on the prevention of metachronous
colorectal adenoma (20). The Ursodeoxycholic Acid (UDCA)
Trial (recruitment of study participants began on 11 November
1995 and was completed on 17 December 1999) was a random-

ized, double-blinded, placebo-controlled trial that tested the effect
of UDCA on the prevention of metachronous colorectal adenoma
(21). The current study included only participants from the fol-
lowing 2 control arms: the WBF low-fiber diet arm (n = 585) and
the UDCA placebo arm (n = 579). Participants in treatment arms
were excluded to eliminate potential confounding by interven-
tions. In addition, only participants who successfully completed
the trial (ie, had a follow-up colonoscopy) were included in the
analysis (95.9% completion rate in the WBF low-fiber arm;
93.9% completion rate in the UDCA placebo arm). Participants
who did not complete the trial were lost to follow-up, withdrew
from the trial, or died. Participants in the study had a mean
follow-up time to physician-determined colonoscopy of 3.5 6
1.3 y (3.8 6 1.4 y in the WBF low-fiber arm; 3.2 6 1.2 y in the
UDCA placebo arm). In addition, the study evaluated adenoma
endpoints including the characterization of adenomas. Advanced
adenoma was defined as an adenoma that included one or more
of the following characteristics: 1) �1 cm, 2) villous histology,
3) high-grade dysplasia, or 4) �3 adenomas detected. The In-
stitutional Review Board at the University of Arizona approved
both original studies and ancillary studies of dietary factors. All
subjects provided written informed consent before enrollment.

Dietary measurement of polyamines and other nutrients

Dietary intakes were measured at the time of study enrollment
in both study populations by using 1 of 2 versions of the validated
Arizona food-frequency questionnaire (AFFQ) (22, 23). The

FIGURE 1. Overview of polyamine biosynthesis and dietary sources related to the polyamine pathway. Polyamines come from exogenous sources (mainly
the diet), or they can be biosynthesized in the cell. Putrescine is synthesized after arginine is converted into ornithine via the urea cycle. Ornithine is then
decarboxylated by the rate-limiting enzyme in polyamine synthesis, ODC. The addition of a propylamine group to putrescine gives rise to spermidine. This
propylamine group is donated by dcSAM via spermidine synthase. Spermidine can be subsequently propylaminated by spermine synthase to make spermine.
Spermine can be recycled back to spermidine and eventually putrescine via PAO. The polyamine cycle is closely tied to the Met cycle via SAM (20). SAM is
derived from adding an adenosine group to Met and can be decarboxylated by SAM decarboxylase to form dcSAM, which is vital for polyamine biosynthesis.
SAM can also be demethylated to SAH, hCys, and eventually recycled to Met. Met can also be derived from the diet. The conversion of hCys to Met is
a required coreaction to the 5-methyl THF to THF. This is the link between folate and Met cycles. THF can go on to purine synthesis or be converted to 5,10-
methyl THF for pyramidine synthesis. Like Met, THF can be derived from the diet. However, dietary folate must first be converted to DHF and then to THF.
dcSAM, decarboxylated S-adenosylmethionine; DHF, dihydrofolate; hCys, homocysteine; Met, methionine; ODC, ornithine decarboxylase; PAO, polyamine
oxidase; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; THF, tetrahydrofolate.
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AFFQ is a semiquantitative multi-item questionnaire that is a
modified version of the Block National Cancer Institute Health
Habits and History Questionnaire food-frequency component
(24). The AFFQ was used to ask respondents to report the fre-
quency of foodstuff consumption over the previous 12-mo period.
In addition, participants were queried about their usual portion
size (ie, small, medium, or large). The polyamine database, which
was originally developed for use with the Fred Hutchinson
Cancer Research Center food-frequency questionnaire, served as
the basis for the development of AFFQ-specific measures (11).
AFFQs administered before mandatory folate fortification in the
United States (1998) derived dietary folate intake by using pre-
fortification values, whereas AFFQs administered after folate
fortification derived dietary folate intake from postfortification
amounts. AllWBF and 11% of UDCA participants used an earlier
version of the AFFQ (113 items), whereas the other 89% of
UDCA participants used an updated version (153 items).

Polyamine values for AFFQ food items that were not listed in
the original polyamine database developed by Zoumas-Morse
et al (11) were imputed by using a previously described meth-
odology by the same research group at the University of Cal-
ifornia, San Diego. Polyamine values for individual food items
were merged into the proprietary Metabolize software (version
3.1; The University of Arizona) for the AFFQ by using estab-
lished protocols and were reported as nanomoles per serving.
Average daily intakes of putrescine, spermidine, and spermine
were calculated; the sum of these 3 measures yielded the total
polyamine intake.

ODC genotypes

As noted, polyamine synthesis is dependent on the activity of
the ODC enzyme. ODC contains a single-nucleotide polymor-
phism of G (major allele) or A (minor allele) at the +316 nucle-
otide position (rs2302615) that influences the binding efficiency
of the transcriptional repressor Mad and the inducer Myc (18). A
portion of participants in each trial donated blood from which
DNA was extracted, as previously described (23). Briefly, sam-
ples were genotyped for rs2302615 (25). The WBF low-fiber
group had 168 GG participants (54.7%) and 139 GA/AA par-
ticipants (45.3%) compared with 251 GG participants (54.2%)
and 212 GA/AA participants (45.8%) in the UDCA placebo
arm. Both control arms were individually, and in combination, in
Hardy-Weinberg equilibrium (data not shown).

Statistical analysis

Participant and adenoma characteristics were compared be-
tween WBF and UDCA trials by using 2-sample t tests for
continuous variables and chi-square tests for categorical vari-
ables. For measurements of dietary intakes, variables were log
transformed, and mean amounts estimated from trial populations
were compared by using 2-sample t tests. In the case of supple-
mental folic acid, values were compared by using a Wilcoxon’s
rank-sum test because many participants reported zero intake,
and the amounts of intake were ordinal-like rather than contin-
uous. Correlations between measurements of dietary intake were
calculated by using Pearson’s correlation coefficient for the
pooled population. The association between the total polyamine
intake (ie, the sum of spermidine, spermine, and putrescine) and

colorectal adenoma development was tested by using uncon-
ditional logistic regression and treating polyamine intake as a
binary (above or below the median of 289.2 lmol/d), categorical
(quartiles), or continuous variable. The binary version was similar
to the intake cutoff of ;233 lmol polyamine/d used by Raj et al
(26). ORs and 95% CIs were calculated for the effect of baseline
polyamine exposure on adenoma risk at a follow-up colono-
scopy, which occurred, on average, 3.5 y after baseline. Multi-
variate models were adjusted for age, sex, trial (WBF or
UDCA), total energy intake (continuous and log transformed),
total folate intake (food plus supplements; continuous and log
transformed), and follow-up time (continuous). Separate strati-
fied analyses were performed on the basis of sex, age (,65
compared with �65 y), and folate. Potential interactions between
polyamine intake and sex, age, and arginine, methionine, and
folate intakes on colorectal adenoma development were tested by
using likelihood-ratio tests. All statistical analyses were per-
formed with Stata 12.1 (StataCorp), and all statistical tests were
2 sided.

RESULTS

Baseline characteristics of both control groups of WBF and
UDCA trials

The combined study population (n = 1164) predominantly
consisted of non-Hispanic whites (94.9%) and men (65.8%)
(Table 1). Participants were followed for an average of 3.5 y,
and nearly one-half of participants (48.1%) had a colorectal
adenoma at a follow-up colonoscopy. No significant differences
were noted between the 2 trials with respect to sex, race, aspirin
use, and proportion of participants with advanced colorectal
adenoma at study entry. In contrast, WBF patients, compared
with UDCA participants, were slightly younger (65.5 com-
pared with 66.5 y, respectively; P = 0.049), had lower BMI (in
kg/m2; 27.6 compared with 28.2, respectively; P = 0.013), and
were much less likely to report the use of supplemental folic
acid (35.7% compared with 54.2%, respectively; P , 0.001).
In addition, WBF patients, compared with UDCA participants,
were less likely to report a personal history of any colorectal
polyp before a qualifying colonoscopy (39.3% compared with
45.5%, respectively; P = 0.044) or a family history of colorectal
cancer (16.8% compared with 29.5%, respectively; P , 0.001).
Also, the qualifying colorectal adenoma of WBF patients was
less likely than that of UDCA participants to be located in the
proximal region of the colon (48.4% compared with 54.3%,
respectively; P = 0.045), and WBF patients were more likely
than UDCA participants to develop any adenoma at follow-up
(52.3% compared with 43.9%, respectively; P = 0.004).

Baseline dietary intakes of polyamines, arginine,
methionine, and folate

Mean daily dietary intakes of selected nutrients were com-
pared between the 2 trials. No significant differences were noted
for total energy, protein, arginine, methionine, total fiber, total
polyamines, putrescine, spermine, or spermidine (Table 2). How-
ever, WBF participants, compared with UDCA participants, con-
sumed more total fat (67.5 compared with 60.7 g/d, respectively;
P , 0.001) and saturated fat (22.3 compared with 19.6 g/d,
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respectively; P , 0.001). Overall, putrescine was the primary
contributor of polyamines in the diet and accounted for 72.3% of

the total polyamine intake in both trials combined.
Consistent with secular trends, all 3 measures of folate and

folic acid intake (food, supplements, and total) were lower in

WBF than in UDCA patients (all P , 0.001; Table 2). A ma-

jority of participants in both trials (64.0%) showed total folate

intakes greater than the Recommended Dietary Allowance of

400 lg/d, although the proportion was significantly higher in

UDCA than in WBF participants (77.4% compared with 50.8%,

respectively; P , 0.001).

Dietary sources of polyamines

Grapefruit juice, orange juice, bananas, specific cheeses (ie,
cheddar, Monterey Jack, Swiss, and cream cheeses), oranges, and
tangerines contributed ;50% of total dietary polyamines in both
trials; grapefruit juice was the single highest dietary contributor. Our
findings were slightly different from those of Zoumas-Morse et al
(11) because they showed that the major contributors of polyamines
to the diets of their participants (n = 165) were citrus juice (pu-
trescine), green peas (spermidine), and ground meat (spermine).
Because of the limited exploration of dietary polyamines and ade-
noma risk in previous studies, and because each food or beverage

TABLE 1

Patient and adenoma characteristics of control groups by trial (WBF Trial low-fiber arm and UDCA Trial placebo arm)1

Characteristic Combined trials (n = 1164) WBF Trial (n = 585) UDCA Trial (n = 579)

Age (y) 66.0 6 8.62,3 65.5 6 8.9 66.5 6 8.3

BMI (kg/m2)4 27.9 6 4.63 27.6 6 4.4 28.2 6 4.8

Sex, M [n (%)] 766 (65.8) 385 (65.8) 381 (65.8)

White race [n (%)] 1096 (94.9) 561 (95.9) 535 (93.9)

Aspirin use [n (%)]5 317 (27.2) 156 (26.7) 161 (27.8)

Supplemental folic acid use [n (%)]6 523 (44.9)3 209 (35.7) 314 (54.2)

Family history of colorectal cancer [n (%)]4,7 263 (23.4)3 92 (16.8) 171 (29.5)

Baseline advanced adenoma status [n (%)]4,8 597 (51.5) 300 (51.7) 297 (51.3)

Baseline proximal adenoma [n (%)]4 580 (51.4)3 266 (48.4) 314 (54.3)

Any adenoma at follow-up [n (%)] 560 (48.1)3 306 (52.3) 254 (43.9)

1 UDCA, Ursodeoxycholic Acid; WBF, Wheat Bran Fiber.
2 Mean 6 SD (all such values).
3 Significant difference between the 2 trials by using t tests for continuous variables and chi-square tests for categorical variables, P , 0.05.
4 Data are missing for BMI (0 subjects in the WBF group and 7 subjects in the UDCA group), family history (38 subjects in the WBF group and

0 subjects in the UDCA group), baseline advanced status (5 subjects in the WBF group and 0 subjects in the UDCA group), and baseline proximal adenoma

(35 subjects in the WBF group and 1 subject in the UDCA group).
5 Regular use of aspirin within the month before enrollment.
6 Any supplement that contained any amount of folic acid.
7 A parent, sibling, or child with a history of colorectal cancer.
8 Any adenoma �1 cm, villous histology, high-grade dysplasia, or �3 adenomas at qualifying colonoscopy.

TABLE 2

Daily dietary intakes in control groups of select nutrients at baseline by trial (WBF Trial low-fiber arm and UDCATrial

placebo arm)1

Nutrients Combined trials (n = 1164) WBF Trial (n = 585) UDCA Trial (n = 579)

Total energy (kcal) 1914.2 6 721.8 1896.5 6 678.0 1932.0 6 763.6

Total protein (g) 72.0 6 27.9 71.0 6 25.8 73.0 6 29.7

Arginine (g) 3.31 6 1.34 3.34 6 1.30 3.27 6 1.37

Methionine (g) 1.40 6 0.57 1.42 6 0.55 1.39 6 0.59

Total fat (g) 64.1 6 29.82 67.5 6 29.5 60.7 6 29.8

Saturated fat (g) 20.9 6 10.82 22.3 6 10.9 19.6 6 10.5

Total fiber (g) 21.9 6 10.1 22.0 6 10.0 21.7 6 10.2

Total polyamines (lmol)3 332.5 6 195.8 331.7 6 199.5 333.4 6 192.2

Putrescine (lmol) 238.6 6 173.7 240.3 6 179.9 236.9 6 167.4

Spermidine (lmol) 62.0 6 27.2 59.8 6 24.0 64.2 6 29.8

Spermine (lmol) 31.9 6 14.5 31.6 6 13.7 32.3 6 15.2

Folate, food only (lg)4 396.7 6 204.72 326.8 6 139.1 467.4 6 234.0

Folic acid, supplements only (lg)5 196.9 6 245.12 155.2 6 230.5 239.0 6 252.4

Total folate (lg)6 593.6 6 336.12 481.9 6 265.9 706.4 6 361.2

1 All values are means 6 SDs. UDCA, Ursodeoxycholic Acid; WBF, Wheat Bran Fiber.
2 Significant difference in intake between the 2 trials (P , 0.05) by using a Wilcoxon’s rank-sum test (folic acid

supplements) or t tests (all other variables, first log transformed).
3 Sum of putrescine, spermidine, and spermine in foods and beverages.
4 Folate that originated from foods and beverages but not dietary supplements (ie, multivitamins).
5 Folic acid that originated from dietary supplements only.
6 Sum of food-only and supplement-only folate.
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item contained multiple nutrients, we examined correlations of
nutrients. Specifically, we looked at folate (27–29), arginine (30),
and methionine (31), which have previously been shown to modify
adenoma risk. In our pooled population, arginine, methionine, and
food-derived folate intakes were strongly correlated with total and
individual polyamines (Table 3).

Association between baseline polyamine intake and risk of
adenoma at follow-up

With both trials combined (Table 4), participants in the top 2
quartiles of polyamine intake had nonsignificantly higher odds of
colorectal adenoma at follow-up compared with those of partic-
ipants in the lowest quartile after adjustment for age, sex, trial,
energy, total folate intake, and follow-up time. When treated as
a continuous variable, we observed a nonsignificant increase for
colorectal adenoma development (OR: 1.04; 95% CI: 0.80, 1.36).
Because colorectal adenoma risk differs by age and sex (32, 33),
we conducted stratified analyses to examine the effect of poly-
amine intake in different subgroups. For women, risk of colorectal

adenoma development showed a significant positive trend with
increasing population-based (P-trend = 0.005) and sex-specific
quartiles (P-trend = 0.037) of polyamine exposure. However,
there was no significant association between adenoma in women
and polyamine exposure treated as a continuous variable (OR:
1.17; 95% CI: 0.75, 1.82). In men, we saw no main effect of
polyamine exposure, regardless of the modeling strategy.

On the basis of the apparent threshold effect in the total pop-
ulation near the median of polyamine exposure (289 lmol/d), we
subsequently used this value as the cutoff for low compared with
high polyamine intakes to assess the consistency of the main
effect across sex, age, and study (Figure 2). We showed that
women with polyamine intakes above the population median had
significantly increased odds of colorectal adenoma in the pooled
sample (OR: 2.43; 95% CI: 1.48, 4.00). There was no association
for men, and a test for polyamine-by-sex interaction was signif-
icant (P = 0.010). When stratified by age, subjects �65 y old
showed significantly increased odds of colorectal adenoma with
higher polyamine consumption (OR: 1.94; 95% CI: 1.23, 3.08);

TABLE 3

Dietary constituent correlations in the control arms from both trials (Wheat Bran Fiber Trial low-fiber arm and

Ursodeoxycholic Acid Trial placebo arm; n = 1164)1

Nutrient Total polyamines2 Putrescine Spermidine Spermine Folate, food only3 Arginine

Total polyamines2

Putrescine 0.977

Spermidine 0.757 0.622

Spermine 0.533 0.376 0.849

Folate, food only3 0.605 0.511 0.746 0.619

Arginine 0.534 0.394 0.804 0.887 0.626

Methionine 0.485 0.353 0.747 0.837 0.597 0.975

1 Pearson correlation coefficients are provided for each log-transformed variable (all P , 0.001).
2 Sum of putrescine, spermidine, and spermine in foods and beverages.
3 Folate that originated from foods and beverages but not dietary supplements (ie, multivitamins).

TABLE 4

Effect of polyamine intake on colorectal adenoma at follow-up colonoscopy in control arms from both trials (Wheat Bran

Fiber Trial low-fiber arm and Ursodeoxycholic Acid Trial placebo arm) stratified by sex and quartile of polyamine

exposure1

Polyamine intake All Women Men

Regular quartiles2

1 1.00 1.00 1.00

2 0.96 (0.67, 1.36) 0.62 (0.33, 1.15) 1.11 (0.71, 1.73)

3 1.41 (0.97, 2.06) 1.65 (0.87, 3.13) 1.30 (0.81, 2.07)

4 1.28 (0.85, 1.92) 2.29 (1.13, 4.66)3 1.03 (0.63, 1.70)

P-trend 0.082 0.0053 0.829

Sex-specific quartiles4

1 1.00 1.00 1.00

2 0.95 (0.67, 1.35) 0.85 (0.45,1.61) 0.96 (0.63, 1.48)

3 1.29 (0.89, 1.88) 1.46 (0.75, 2.84) 1.22 (0.77, 1.92)

4 1.21 (0.81, 1.82) 1.85 (0.90, 3.80) 1.00 (0.31, 1.64)

P-trend 0.169 0.0373 0.772

Continuous 1.04 (0.80, 1.36) 1.17 (0.75, 1.82) 0.97 (0.70, 1.36)

1 All values are ORs; 95% CIs in parentheses. Values were calculated by using unconditional logistic regression

adjusted for age, sex, trial, energy and total folate intakes, and follow-up time.
2 Polyamine intake quartile ranges for both sexes pooled [quartiles 1 (35 to �194 lmol/d), 2 (.194 to �289 lmol/d),

3 (.289 to �412 lmol/d), and 4 (.412 to 1295 lmol/d)].
3 P , 0.05.
4 Polyamine intake quartile ranges for each sex separately [quartiles 1 (women: 35–177 lmol/d; men: 40 to �207

lmol/d), 2 (women: 187–262 lmol/d; men:.207 to 297 lmol/d), 3 (women: 266–396 lmol/d; men: 298 to �425 lmol/d),

and 4 (women: 398–1183 lmol/d; men: .425 to 1295 lmol/d).
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nonetheless, there was no association in older (.65 y of age)
participants (test for polyamine-by-age interaction, P = 0.129).
Stratification by both age and sex simultaneously revealed that
high-polyamine consumers who were women, regardless of age,
had significantly higher odds of adenoma (age �65 y, OR: 2.46;
95% CI: 1.09, 5.56; age .65 y, OR: 2.38; 95% CI: 1.26, 4.47). In
men, only younger participants with higher polyamine intakes had
increased risk (OR, 1.76; 95% CI: 1.01, 3.07); there was no
significant association in older men (OR: 0.83; 95% CI: 0.54,
1.27; test for polyamine-by-age interaction in men, P = 0.096).
All associations were similar in magnitude and direction in each
of the individual trials.

Polyamine intake amounts by sex and age

When adjusted for energy intakes, women had a significantly
higher mean polyamine intake than did men (200.2 6 102.1
compared with 166.8 6 83.0 lmol/1000 kcal, respectively; P ,
0.001), and individuals aged �65 y had a significantly lower
mean intake than did older subjects (158.7 6 82.0 compared
with 191.7 6 94.9 lmol/1000 kcal, respectively; P , 0.001).
Thus, although we did not see a significant 3-way interaction (P =
0.38) between sex, age, and polyamine intake on odds of co-
lorectal adenoma, there were clear sex- and age-specific differ-
ences in the consumption of polyamine-rich foods.

Effect of arginine, methionine, and folate on risk of
adenoma at follow-up

As mentioned, de novo synthesis of polyamines is dependent
on arginine (putrescine) and methionine (spermine and spermi-
dine) availability (30, 31). To explore the potential contribution of
de novo synthesis of polyamines on adenoma risk, we assessed

whether dietary intakes of arginine or methionine increased odds
of adenoma development. We observed no association between
arginine or methionine intake and colorectal adenoma risk in the
pooled sample (P = 0.42 and 0.66, respectively). In addition,
exploratory analyses conducted in the total population and by
sex did not support an interactive effect of arginine or methio-
nine amounts with risk of adenoma (data not shown). In con-
trast, analyses of polyamine intake stratified by folate amounts
showed a significant interaction for polyamine (continuous) by
folate and polyamine (quartiles) by folate in women only (P =
0.029 and 0.044, respectively). Exploratory stratified analyses
suggested that high folate amounts may partially modify risk of
adenoma associated with a high polyamine intake (see Table 1
under “Supplemental data” in the online issue). However, small
numbers yielded unstable estimates. Polyamine-associated risk
of adenoma in women with high folate intakes was limited to
women with the highest polyamine consumption (P-trend = 0.043),
but risk in women with low folate intakes was inconsistent across
polyamine quartiles with no clear trend. When polyamine intake
was treated as a continuous variable and stratified by folate
amounts, the interaction was significant for both men and women.
The apparent risk-reducing effect of folate was also present when
we stratified at the recommended daily allowance of 400 lg fo-
late/d (data not shown).

Potential effect modification of ODC genotype on the
association between polyamine intake and risk of adenoma
at follow-up

Although we have shown that dietary polyamine exposure above
the median increased odds of colorectal adenoma at follow-up by
39% overall (Figure 2), it is unknown whether this risk was
modified by the ODC +316 genotype. Although we detected no

FIGURE 2. Forest plot of ORs for associations between total polyamine intake (high compared with low) and adenoma development in the WBF (low-fiber
arm) and UDCA (placebo arm) chemoprevention trials. Each sample was also stratified by sex or age. Logistic regression models were adjusted for age, sex,
study, energy and total folate intakes, and follow-up time. P values of interactions with respect to odds of metachronous adenoma were as follows: polyamine-
by-sex, P = 0.010; polyamine-by-age, P = 0.129; and polyamine-by-sex-by-age, P = 0.38. UDCA, Ursodeoxycholic Acid; WBF, Wheat Bran Fiber.
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main effect of the GG genotype on risk of colorectal adenoma in
the pooled control arms (data not shown), GG carriers (ie, the
high-risk genotype) with a high polyamine consumption had
a significant 59% increased odds of a metachronous adenoma
compared with those of GG carriers with a low polyamine intake
(Table 5). In contrast, we detected no effect of polyamine intake
on metachronous colorectal adenoma at follow-up in carriers of
the AA/AG genotypes, which previously have been associated
with lower risk of colorectal adenoma at follow-up (test for
polyamine-by-genotype interaction, P = 0.171). We lacked
sufficient numbers of participants to explore the effect of poly-
amine intake on adenoma development in subgroups defined by
sex, age, and ODC genotype simultaneously.

DISCUSSION

To our knowledge, this study provided the first evidence to
support an association between high dietary polyamine intake
and risk of colorectal adenoma. In addition, we observed that the
relation between polyamine consumption and adenoma risk was
modified by sex and ODC genotype.

Little is known about dietary exposure to polyamines, but our
data suggested that there is a distribution of exposure that varies
by sex and age. Although we could not definitively explain the
apparent interaction of polyamine exposure with age or sex, our
data suggested that being a woman or being older was associated
with a higher polyamine consumption, after adjustment for en-
ergy intake, as follows: older women had greater intake than all
other age-by-sex groups; younger women had approximately the
same intake as older men; older men had lower intake than all
other age-by-sex groups. Although these data supported a relation
between polyamines and adenoma risk, we did not find consistent
evidence of a linear relation between polyamine intake and risk of
metachronous colorectal adenoma. In the total population, our
results suggested a threshold effect of polyamine intake for in-
creased risk of colorectal adenoma near the median intake of
polyamines that was significant in women and not present in men.
When adjusted for energy intake, women had significantly higher
exposure amounts than did men to total polyamines from their
diets. The median amount of polyamine intake in the population
approximated the exposure from two 8-oz glasses of processed
orange juice per day, which was one of the primary sources of
exposure in our population. For women, risk of colorectal ade-
noma development showed a positive trend with increasing
quartiles of polyamine intake; however, when treated as a con-
tinuous exposure, the association between polyamine intake and
adenoma risk in women was not significant, which suggested that
the association may be nonlinear. Future studies are needed to
examine the dose-response relation in women, and possibly in
younger men, as well as to explore the potential effect modifi-
cation caused by folate. Our data suggested that this amount of
exposure could be modified to potentially reduce risk of adenoma
in select subgroups of the population.

A polymorphic nucleotide at the +316 position (rs2302615) of
the ODC gene influences polyamine content in rectal tissue (GG
carriers have higher rectal polyamine amounts) and relative
baseline risk of colorectal adenoma (16, 25, 34, 35). To assess
a gene-by-diet interaction, we investigated the relation between
this polymorphism and dietary polyamine intake on colorectal
adenoma risk by stratifying by ODC genotype. Participants with

higher polyamine intakes and the GG genotype had significantly
higher odds of colorectal adenoma compared with participants
with the same genotype but lower polyamine intakes. We ob-
served no effect of polyamine exposure on colorectal adenoma
risk in carriers of any A allele. These findings suggested that a
gene (ODC)-by-diet (polyamine exposure) interaction may in-
fluence risk of colorectal adenomas. Although the exact mech-
anism of this relation is unknown, it is possible that certain ODC
genotypes are able to reset polyamine homeostatic pathways
and, thereby, affect the polyamine-transport processes. However,
future studies are required to identify this exact relation and to
inform on specific recommendations regarding polyamine intake
in individuals at risk of adenomas on the basis of the individual
genotype of ODC.

Although our findings were supported by studies in commonly
used mouse models of colorectal carcinogenesis, in which a high
dietary polyamine intake increased the degree of polyp dysplasia
(19), there have been limited studies in humans that related
polyamine exposure from dietary intake and colorectal adenoma
development. With the use of the same database as was used in
the current study, Raj et al (26) reported a positive correlation
between polyamine intake and the rectal mucosa polyamine
content. In addition, this group showed that the efficacy of tar-
geted inhibition of polyamine synthesis was modified by dietary
polyamine amounts. Previous studies have demonstrated a 70%
reduction in risk of colorectal adenoma on treatment with di-
fluoromethylornithine (DFMO) and sulindac (36, 37). However,
Raj et al (26) showed that, in individuals in the upper quartile
of polyamine intake, there was no reduction in risk with DFMO
and sulindac. Seventy-six percent of subjects in the DFMO and
sulindac trial (36, 37) were men with a mean age of ;60 y, and
the upper quartile of polyamine intake was equivalent to the me-
dian intake of our population (26).

Although our study has a number of strengths, including the re-
plication of results across the 2 cohorts and a strong biological basis,
it was a secondary analysis and should be considered hypothesis
generating. In addition, inherent to any food-frequency ques-
tionnaire analysis of dietary intake is the recall bias of subjects,
inaccuracy of portion sizes, and limited food options on the food-
frequency questionnaire or in the polyamine database itself. Also,
we showed that the polyamine content in food was positively
correlated with other nutrients that modify adenoma risk (ie,
folate, methionine, and arginine). Intakes of these other nutrients

TABLE 5

Main effect of polyamine intake on colorectal adenoma at follow-up

colonoscopy in control arms from both trials (Wheat Bran Fiber Trial

low-fiber arm and Ursodeoxycholic Acid Trial placebo arm) stratified

by ODC genotype (rs2302615)

ODC genotype and

polyamine intake n/total (%) adenoma OR (95% CI)1

GG

Low 95/210 (45.2) 1.00

High 110/209 (52.6) 1.59 (1.00, 2.53)2

AA/AG

Low 82/170 (48.2) 1.00

High 77/181 (42.5) 0.80 (0.49, 1.32)

1 Calculated by using unconditional logistic regression adjusted for age,

sex, trial, energy and total folate intakes, and follow-up time.
2 P , 0.05.
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could have confounded our findings, despite our attempts to control
for statistically relevant factors. Specifically, arginine (30), which
is the precursor of ornithine and, therefore, putrescine, has pro-
neoplastic effects on the colon, whereas methionine, which is an
important methyl donor, has antineoplastic effects (31). The cor-
relation between folate and folic acid and polyamine intake is also
of great interest because, in our previous study, supplemental folic
acid was shown to be protective against adenoma in individuals
with low plasma folate, whereas increased risk was observed in
subjects with replete plasma folate who were exposed to high folic
acid amounts (28). Our results for polyamine exposure and ade-
noma risk by folate suggested that higher folate amountsmay act to
partially mitigate the neoplastic effect of polyamines in the col-
orectum and shift the tumorigenic dose of polyamines higher. If
corroborated, the manipulation of the joint effects of folate and
polyamine exposure may offer a dietary approach for risk re-
duction for colorectal neoplasia.

An important limitation when pooling study populations is the
inherent differences in secular dietary trends across time as de-
scribed for differences in WBF and UDCA because of the man-
datory folate fortification that took place after the WBF trial (28).
Therefore, to address dietary and other differences between trial
populations, we conducted all of our analyses in each study sep-
arately. The magnitude and direction of the effects shown in both
the pooled sample and individual control arms of the 2 trials were
similar and, therefore, provided consistency to our findings across
more than one study. Last, because no study, to our knowledge,
has measured dietary polyamine exposure in a representative US
population, and our sample included only participants with
a history of adenoma, our findings may not be generalizable to the
US population at large.

In conclusion, although our findings describe the first human
evidence, to our knowledge, that links polyamine intake to risk of
colorectal neoplasia, future studies are needed to confirm these
findings and determine the thresholds at which dietary polyamine
intake may protect against or promote disease. This effort should
include gaining a better understanding of polyamine exposure in
the general population by age and sex and a consideration of
genetic background as a modifier of risk. The development of an
accurate biomarker of dietary polyamine exposure at systemic
(urinary) or tissue-specific levels would improve the accuracy of
exposure measurements beyond food-frequency questionnaire
estimates. In addition, biomarkers would establish the reliability
of the existing database for the estimation of polyamine content
in common diet items. Because of the abundance of polyamines
in the food supply and the strong preclinical data that relate
polyamine exposure to tumor growth, our findings support the
need for additional investigation of dietary polyamines in human
health.
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