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Abstract

BACKGROUND & AIMS: Recent increasing trends in early-onset colorectal cancer (CRC)
strongly supports that early-life diet is involved in CRC development. However, data are lacking
on the relationship with high sugar intake during early-life.

METHODS: We prospectively investigated the association of adolescent simple sugar (fructose,
glucose, added sugar, total sugar) and sugar-sweetened beverage (SSB) intake with CRC precursor
risk in 33,106 participants of the Nurses’ Health Study Il who provided adolescent dietary
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information in 1998 and subsequently underwent lower gastrointestinal endoscopy between 1999
and 2015. Odds ratios (ORs) and 95% confidence intervals (Cls) were estimated using logistic
regression for clustered data.

RESULTS: During follow-up, 2,909 conventional adenomas (758 high-risk) and 2,355 serrated
lesions were identified (mean age at diagnoses, 52.2+4.3 years). High sugar and SSB intake during
adolescence was positively associated with risk of adenoma, but not serrated lesions. Per each
increment of 5% of calories from total fructose intake, multivariable ORs were 1.17 (95% CI
1.05-1.31) for total and 1.30 (95% CI 1.06-1.60) for high-risk adenoma. By subsite, ORs were
1.12 (95% CI 0.96-1.30) for proximal, 1.24 (95% CI 1.05-1.47) for distal, and 1.43 (95% ClI
1.10-1.86) for rectal adenoma. Per 1 serving/day increment in SSB intake, ORs were 1.11 (95%
Cl 1.02-1.20) for total and 1.30 (95% CI 1.08-1.55) for rectal adenoma. Contrary to adolescent
intake, sugar and SSB intake during adulthood was not associated with adenoma risk.

CONCLUSIONS: High intake of simple sugars and SSBs during adolescence was associated
with increased risk of conventional adenoma, especially rectal adenoma.

Graphical Abstract

Simple sugar intake Risk of colorectal adenoma
during adolescence during adulthood
1.8 { =Total fructose
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INTRODUCTION

The global burden of colorectal cancer (CRC) is expected to increase to over 2.2 million new
cases and 1.1 million cancer deaths per annum by 2030.1 In many high-income countries,
the burden of CRC is rapidly shifting to younger individuals.2™ In the U.S., despite declines
in older adults, incidence is increasing in young and middle-aged adults with 22% of CRC
cases occurring in those under 55 years in 2013-2017.#° CRC incidence has been on the
rise among young adults aged 20-39 years since the mid-1980s, among those aged <50
years since the mid-1990s, and among those aged 50-64 years since 2011.48 This birth
cohort effect (elevated risk in generations born after 1950) strongly indicates that
population-level changes in early-life exposures, such as diet and lifestyle factors, may
explain the upward trend in early-onset CRC.24

Simple sugar, especially added fructose, intake has steeply increased in recent decades
largely due to the marked increase in sugar-sweetened beverage (SSB) intake.”:8 SSBs

Gastroenterology. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Joh etal.

Page 4

(carbonated and noncarbonated soft drinks, fruit drinks, and sports drinks) are mostly
sweetened with high-fructose corn syrup (usually 55% fructose and 45% glucose) or sucrose
(half fructose and half glucose).” In the U.S., SSB availability has risen dramatically since
the 1950s.9 Between 1965 and 1996, SSB intake among U.S. adolescents more than doubled
(per capita g/day: boys 364 to 1046, girls 303 to 678).10 Compared with other age groups,
adolescents had the highest SSB intake with about 10% of daily calories from SSBs in
2011-2014.11 SSB consumption is also rapidly increasing worldwide, particularly in
developing countries.12 In 53 low- and middle-income countries, 54% of adolescents
consumed carbonated soft drinks at least once per day in 2009-2013.13

High sugar intake can promote colorectal carcinogenesis by causing insulin resistance,
obesity, and type 2 diabetes!4—established risk factors for CRC.15 Despite the close link
between insulin resistance and CRC,16:17 most prospective studies have reported null
associations between adult sugar intake and colorectal neoplasia.1>18:19 However, data are
lacking on the association of high sugar intake during early-life. Considering the long
process of carcinogenesis generally spanning several decades and recent upward trends in
early-onset CRC,23 early-life diet may be etiologically relevant to CRC development.20
Moreover, adolescence is a unique growth period characterized by physiologically decreased
insulin sensitivity and a surge in insulin-like growth factor 1 (IGF1).21 Thus, adolescence
may be a critical period of enhanced susceptibility to the adverse effects of high sugar
consumption.

Our hypothesis was that high sugar intake during adolescence may play a role in
development of CRC precursors, which are the early steps of colorectal carcinogenesis and
primary targets of screening colonoscopy for early intervention.322 We prospectively
investigated the association of adolescent simple sugar and SSB intake with risk of
colorectal polyps in a large cohort of young women.

METHODS

Study Population

The Nurses’ Health Study 11 (NHSII) is an ongoing prospective cohort established in 1989
when 116,430 U.S. female registered nurses aged 25-42 years returned a mailed
questionnaire about various lifestyle factors and medical history.23 Follow-up questionnaires
were mailed biennially to update the information and newly diagnosed diseases. We
included women who had completed a high school Food Frequency Questionnaire (HS-
FFQ)24 about adolescent diet in 1998 and subsequently underwent at least one lower
gastrointestinal endoscopy between 1999 and 2015. We excluded women who had no lower
bowel endoscopy during the follow-up because colorectal polyps are generally
asymptomatic and detected during an endoscopy. We also excluded women with a history of
any cancer (other than nonmelanoma skin cancer), colorectal polyps, Crohn’s disease, or
ulcerative colitis prior to the return of the HS-FFQ, and those reporting implausible
adolescent caloric intake (<600 or >5000 kcal/day) or extensive missing responses (>70 for
food items or =2 sections entirely blank other than dairy and eggs/meat sections), leaving a
total of 33,106 women for the current analyses. The study protocol was approved by the
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institutional review boards of the Brigham and Women’s Hospital and Harvard T.H. Chan
School of Public Health, and those of participating registries as required.

Dietary Assessment

Adolescent diet was assessed using a 124-item self-administered HS-FFQ, specifically
designed to include food items commonly consumed between 1960 and 1982 when
participants were 13-18 years.24 Participants were asked how often, on average, they had
consumed a standard portion size of each food or beverage when they were in high school,
with 9 possible responses ranging from “never or less than once per month” to “6 or more
times per day.” The reproducibility and validity of the HS-FFQ have been previously
described in detail.24:25 In brief, reproducibility at a 4-year interval was moderate-to-good
(correlation for overall nutrients, = 0.65; foods, 0.60; total fructose, 0.65; cola, 0.74; orange
juice, 0.74).24 In a validation study comparing dietary measures collected in 80 adolescents
(aged 13-18 years) with the HS-FFQ completed 10 years later in the same youths, adequate
validity was reported (7 for overall nutrients, 0.58; total fructose, 0.44).25 Since 1991, adult
diet was assessed every 4 years using a validated FFQ with approximately 131-food items.26

Total fructose intake was defined as the sum of free fructose and half of sucrose intake
because sucrose consists of half fructose and half glucose.” Likewise, glucose intake from
simple sugars was defined as the sum of free glucose and half of sucrose intake. Added
sugar referred to sugar added to foods and beverages during processing or preparation.2”
Total sugar represented the sum of free fructose, free glucose, sucrose, and maltose. SSBs
were defined as caffeinated and caffeine-free colas (e.g., Coke, Pepsi) and other carbonated
(e.g., 7-Up) and non-carbonated sugary beverages (fruit punches, lemonades, or other fruit
drinks). Artificially sweetened beverages (ASBs) included carbonated and non-carbonated
low-calorie or diet beverages. Standard serving sizes for SSBs and ASBs were 1 glass, a
bottle, or a can (12 ounces). Fruit juice included orange, apple, grapefruit, and other fruit
juices, with 1 small glass (6 ounces) as a serving size. Dairy products included milk, yogurt,
cheese, ice cream, sherbet, milkshake, and frappe.

The nutrient database corresponding to each questionnaire cycle was primarily derived from
U.S. Department of Agriculture sources and supplemented with information from
manufacturers.2428 Nutrient intake was adjusted for total energy intake using the residual
method.29:30 For sugar intake, we also calculated nutrient density (percentage of daily
calories contributed by each sugar) because most current dietary recommendations for added
sugar intake are based on percentage of total calorie intake (e.g., the 2015-2020 and 2020—
2025 Dietary Guidelines for Americans [DGA] have recommended limiting added sugar
intake to <10% of total calories per day).2”31 We considered changes in diet over time
during follow-up, including simple sugar and beverage intake. To better represent long-term
diet and reduce measurement error due to within-person variability,29 cumulative updated
intake was calculated for adult diet by averaging the repeated measures from all available
FFQs up to 2 years prior to the most recent endoscopy. As an indicator of overall diet during
adolescence, we derived prudent and western dietary patterns using principal component
analyses as reported previously (Supplementary Table 1).32 A western dietary pattern was
characterized by high intake of desserts, sweets, snacks, red and processed meat, and refined
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grains; whereas a prudent pattern was characterized by high intake of vegetables, fruits,
better-quality grains, fish, and poultry. For analyses of SSBs, ASBs, and fruit juice, dietary
patterns were derived after excluding each beverage variable to avoid collinearity with the
primary exposure.

Outcome Ascertainment

On each biennial questionnaire, participants were asked whether they underwent a lower
bowel endoscopy and the reasons why (screening, family history of CRC, symptoms), and
whether CRC or polyps were diagnosed. Self-reported negative colonoscopy was reliable in
our cohorts.33:34 |n random samples of participants reporting negative colonoscopy (7= 114
in the NHS, 140 in the Health Professionals Follow-Up Study [HPFS]), concordance rate
was high between self-reported negative endoscopy and endoscopic record review (97% in
the NHS, 100% in the HPFS). Participants who reported a diagnosis of polyps were asked
for permission to access medical and pathological records. Physicians blinded to participant
exposure information reviewed the records to verify the diagnosis and accrue information on
polyp size, number, subtype (adenoma, serrated lesion), subsite (proximal, distal, rectal), and
histology (tubular, tubulovillous, villous; with or without high-grade dysplasia). We
subdivided adenoma into high risk (=1 cm, any villous histology, high-grade dysplasia, or =3
adenomas) and low risk (1-2 tubular adenomas <1 cm in size).3° Serrated lesions included
hyperplastic polyps, sessile serrated adenoma/polyp, and traditional serrated adenoma,36 and
were subdivided by size (small, <1 cm; large, =1 cm) as a predictor for the malignant
potential .33

Assessment of covariates—From the HS-FFQ and biennial questionnaires during
follow-up, we collected and updated information on BMI at age 18 years, adult height,
current weight, smoking (adolescent, current), alcohol consumption (age 18-22 years,
current), family history of CRC in first degree relatives, history of type 2 diabetes,
menopausal status and menopausal hormone use, and current aspirin use. Information on
physical activity during adolescence was obtained in 1997 as described in detail previously.
37,38 n brief, participants reported average time spent per week on walking and a variety of
recreational activities during early-life. Each activity was converted to metabolic equivalent
of task (MET)-hr/week and then summed up to obtain total physical activity.3® Adolescent
physical activity was defined as total physical activity during grades 9-12. Physical activity
during adulthood was assessed in 1989, 1991, 1997, 2001, 2005, 2009, and 2013, and
cumulative updated averages were calculated.

Statistical Analysis

Sugar intake was categorized into quintiles using either nutrient density or energy-adjusted
intake. SSB and other beverage intake was grouped into 4 categories: <1 serving/week, 1-6
servings/week, 1 serving/day, and =2 servings/day. Sugar and SSB intake was also treated as
continuous variables. Individuals with missing responses for each exposure variable of
interest were excluded from analyses (SSBs, /7= 666; ASBs, 840; fruit juice, 56). We
generated a new dataset for each questionnaire cycle when participants reported an
endoscopy. Thus, participants with multiple endoscopies during follow-up could provide
multiple records. Once polyp(s) were diagnosed, the participant was censored. Time-varying
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variables were updated to 2 years prior to most recent endoscopy. To handle individuals with
multiple endoscopies and time-varying variables efficiently, the Andersen-Gill data structure
was used.40

Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated using logistic
regression for clustered data (SAS PROC GENMOD) where each participant represented a
cluster. We constructed 3 multivariable models with adjustment for various potential
confounders during both adolescence and adulthood.1> Model 1 included age, time period of
endoscopy, time since most recent endoscopy, number of endoscopies, and reason for
endoscopy. Model 2 was additionally adjusted for family history of CRC, menopausal status/
menopausal hormone use, current aspirin use =2 times/week, history of type 2 diabetes,
adult height, body mass index (BMI, at 18 years and current), smoking (adolescent, current),
alcohol consumption (18-22 years, current), and physical activity (adolescent, current). In
model 3, to assess whether associations were independent of other dietary factors and overall
unhealthy dietary pattern, we further adjusted for adolescent and adult intake (total calorie,
total calcium, vitamin D, total folate, fiber, fruits, vegetables, and dairy), current total red
meat intake, western dietary pattern score during adolescence, and corresponding adult
variables to adolescent exposure variables.

Tests for trend were performed by assigning a median value to each category of exposure
variables and modeling this value as a continuous variable, using the Wald test to assess
statistical significance. Stratified analyses were performed to examine whether associations
varied across strata of known CRC risk factors during adolescence (e.g., family history of
CRC, BMI, physical activity, fruit and vegetable intake). Tests for interaction were
performed by including cross-product terms of exposure and stratification variables in the
model and utilizing a Wald test. To examine the effects of dietary changes across different
life stages, we examined joint associations of adolescent and adult sugar intake with
adenoma risk. According to the 2020-2025 DGA 3! the effects of substituting fruits, fruit
juice, or dairy for SSBs were estimated by simultaneously including both SSBs and one of
these food items as continuous variables in models; ORs and 95% Cls were calculated from
the differences in coefficients and corresponding variances and covariances.*! All tests were
two-sided with P< .05 considered statistically significant. All analyses were performed
using SAS version 9.4 (SAS Institute, Cary, NC).

Baseline characteristics of the participants are described in Table 1. During adolescence,
12.6% of women had consumed =1 serving/day of SSBs (=2 servings/day, 4.8%), whereas in
adulthood, 11.1% consumed =1 serving/day (=2 servings/day, 3.2%). Adolescent SSB intake
contributed to 2.6% of daily calories, on average. When stratified by year of birth, younger
birth cohorts tended to have higher fructose and SSB intake during adolescence compared
with older birth cohorts, largely consistent with the U.S. national data.19 Participants with
higher adolescent fructose intake tended to consume less red meat and more fruits and
vegetables, but those with higher SSB intake tended to consume more red meat and less
fruits and vegetables. The correlation between total fructose and SSB intake during
adolescence was low-to-modest (Spearman correlation, r= 0.38; Supplementary Table 2).
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Adolescent diet was only weakly correlated with adult diet (total fructose, r= 0.26; SSBs, r
=0.25).

During follow-up, 4,744 women were diagnosed with at least one colorectal polyp, of whom
2,909 had at least one adenoma (1548 proximal, 1205 distal, 458 rectal, and 758 high-risk
adenomas), and 2,355 at least one serrated lesion (196 large serrated lesions). The mean age
at diagnoses was 52.2+4.3 years, with the majority of cases diagnosed at relatively young
ages (76.5% before 55 years). In adenoma cases, the proportions of rectal adenoma tended to
be higher among women born after 1960 (born before 1960, 15.2% vs after 1960, 19.6%).

Sugar and SSB intake and CRC precursor risk

Independent of adult intake, higher intake of total fructose and SSBs during adolescence was
significantly associated with increased risk of total adenoma (Tables 2 and 3). For total
fructose intake, positive associations were not significant in models 1 and 2. However,
additional adjustment for dietary covariables (especially adolescent fruit, fiber, and calcium
intake) substantially strengthened the associations in model 3. In fully adjusted models, the
ORs of total adenoma were 1.17 (95% CI 1.05-1.31; Pyeng = .006) per each increment of
5% of calories from total fructose intake and 1.11 (95% CI 1.02-1.20; Pyreng = -01) per 1
serving/day of SSB intake. By subsite, higher total fructose intake (per 5% of calories) was
associated with increased risk of distal (OR 1.24, 95% CI 1.05-1.47) and rectal (OR 1.43,
95% CI 1.10-1.86) adenoma; higher SSB intake (per 1 serving/day) was associated with
increased risk of proximal (OR 1.13, 95% CI 1.02-1.26) and rectal (OR 1.30, 95% CI 1.08-
1.55) adenoma. Neither sugar nor SSB intake during adolescence was associated with risk of
total and large serrated lesions (all Pend = .35).

Results for glucose (from simple sugars), added sugar, and total sugar were similar to the
results for total fructose, but effect sizes were slightly smaller than total fructose
(Supplementary Table 3). Neither ASB nor fruit juice intake was associated with risk of
adenoma (Supplementary Table 4). Contrary to adolescent intake, sugar intake during
adulthood was not associated with adenoma risk. After adjustment for adolescent intake, the
multivariable ORs for total adenoma were 0.96 (95% CI 0.87-1.06) for adult intake of total
fructose (per 5% of calories) and 0.94 (95% CI 0.86-1.03) for SSBs (per 1 serving/day).

Sugar and SSB intake and risk of high-risk adenoma

Higher intake of total fructose during adolescence was positively associated with high-risk
adenoma (Table 4). The multivariable ORs of high-risk adenoma were 1.30 (95% CI 1.06-
1.60; Pyrend = -012) per 5% of calories from total fructose intake. By subsite, higher fructose
intake (per 5% of calories) was borderline significantly associated with increased risk of
distal (OR 1.33, 95% CI 1.00-1.78; Pyeng = -.052) and rectal (OR 1.47, 95% CI 0.99-2.19;
Pirend = -055) high-risk adenoma. Higher adolescent SSB intake (per 1 serving/day) was
significantly associated with rectal high-risk adenoma with the OR of 1.34 (95% CI 1.01-
1.79; Pyend = .044).

Similar (but somewhat weaker) results were found for glucose (from simple sugars), added
sugar, and total sugar (Supplementary Table 3). Sugar and SSB intake during adulthood was
not associated with high-risk adenoma with multivariable ORs of 0.97 (95% CI 0.80-1.17)
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for total fructose (per 5% of calories) and 0.99 (95% CI 0.84-1.16) for SSBs (per 1 serving/
day) after adjustment for adolescent intake.

Risk of adenoma by age at diagnosis

We stratified adenoma cases into 3 groups by age at diagnosis: <50, 50-54, and =55 years
(Supplementary Table 5). Per each increment of 5% of calories, total fructose intake during
adolescence was positively associated with risk of total adenoma diagnosed <50 years (Pirend
=.07) and 50-54 years (Pyeng = -02), but no association was found for adenoma diagnosed
=55 years (Pyrend = -42). In particular, adolescent total fructose intake was significantly
associated with increased risk of rectal adenoma diagnosed <50 and 50-54 years (Piend
<.04) and high-risk adenoma diagnosed <50 years (Pyeng = -004). For adolescent SSB
intake, similar, albeit weaker, positive associations were observed with rectal adenoma
diagnosed <50 and 50-54 years (per 1 serving/day, Pyenq < .07).

Sensitivity analysis
Overall, sensitivity analysis results were consistent with the principal findings
(Supplementary Tables 6-8). In brief, similar results were obtained after further adjustment
for ASB and fruit juice intake or prudent dietary pattern, use of energy-adjusted sugar intake
(instead of nutrient densities), and restricting analyses to individuals who underwent
colonoscopy. When the omitted responses to SSB items (7= 666) on the HS-FFQ were set
to zero or estimated intake from regression,2 associations were essentially unchanged (data
not presented). We conducted further analyses for serrated lesions in the proximal colon (n7=
802) and large (=1 cm) proximal serrated lesions (n7= 145), and found no significant
association (Supplementary Table 9).

After additional adjustment for glycemic index and glycemic load as potential mediators,
positive associations were substantially attenuated, especially after adjustment for glycemic
load: per each increment of 5% of calories from total fructose, ORs were 1.08 (95% ClI
0.94-1.25) for total and 1.21 (95% CI 0.94-1.55) for high-risk adenoma (Supplementary
Tables 6).

Stratified analysis

Associations of fructose and SSB intake with adenoma risk did not differ appreciably by
family history of CRC, birth year, adolescent BMI, physical activity, smoking, or alcohol
consumption (all Anteraction = -15; Figure 1, Supplementary Table 10). Positive associations
between sugar intake and adenoma risk were significantly stronger among women with low
fruit intake (<1.3 servings/day) during adolescence than women with high intake (=1.3
servings/day). Among those with low fruit intake, ORs of total adenoma were 1.51 (95% ClI
1.26-1.82; Pinteraction < -001) for total fructose (highest vs lowest quintile) and 1.34 (95% ClI
1.12-1.60; Pinteraction = -028) for SSBs (=1 serving/day vs <1 serving/week). Similar
differential associations were observed after stratification by vegetable and fiber intake and
prudent dietary pattern. In contrast, positive associations with adenoma risk did not differ
appreciably by fruit juice intake (Pinteraction = -75). By joint categories of fruit (high/low) and
fruit juice (high/low) intake, positive associations were strongest in the ‘low fruit/high fruit
juice’ subgroup, with significant differences across subgroups (Pinteraction < -017; Figure 1).
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Stratified analysis results for high-risk adenoma were similar to those for total adenoma
(Supplementary Table 11).

Joint analysis of adolescent and adult diet

Compared with women with low fructose or SSB intake during both adolescence and
adulthood, women with high intake during adolescence had increased risk of total, rectal,
and high-risk adenoma (Supplementary Table 12, Supplementary Figure 1). Associations did
not differ significantly between the ‘high adolescent/low adult intake’ and “high adolescent/
high adult intake” groups. However, these results should be cautiously interpreted given
higher added sugar and calorie intake during adolescence and differences in nutritional/
caloric requirements between adolescence and adulthood.

Substitution analysis

The 2020-2025 DGA recommend 2 cup-equivalents of fruits (whole fruits and 100% fruit
juice) at the 2000-calorie level and 2-3 cup-equivalents of dairy per day for children and
adolescents.3! Substituting 1 serving/day of fruit juice for 1 serving/day of SSBs during
adolescence was not associated with lower risk of adenoma (Supplementary Table 13). In
contrast, replacement with 2 servings/day of fruits for 2 servings/day of SSBs was
marginally associated with reduced risk of proximal (OR 0.75, 95% CI 0.54-1.05) and rectal
(OR 0.61, 95% CI 0.35-1.07) adenoma. Substituting 2 servings/day of dairy products for 2
servings/day of SSBs was significantly associated with lower risk of rectal adenoma (OR
0.53, 95% CI 0.30-0.94).

DISCUSSION

In this large cohort of young women, high intake of simple sugars, especially fructose, and
SSBs during adolescence was significantly associated with increased risk of colorectal
adenoma, particularly rectal adenoma. Results were similar, albeit slightly weaker, for
glucose, added sugar, and total sugar. Neither sugar nor SSB intake was associated with risk
of serrated lesions. Thus, high sugar intake during adolescence may be etiologically more
important for CRC arising from the conventional adenoma-carcinoma sequence, which
accounts for approximately 85% of CRC,?2 rather than the serrated neoplasia pathway.

To our knowledge, no previous study has investigated the association of adolescent sugar
intake with risk of CRC precursors. Previous studies on adult sugar and SSB intake in
relation to CRC risk have generally found null associations, including 2 comprehensive
pooled analyses of prospective studies as well as a recent large cohort study.18.1943 |n 2018,
the World Cancer Research Fund/American Institute for Cancer Research reported that
evidence was limited for sugars and foods containing sugars with regard to CRC risk.1519
However, this conclusion was based on intake during adulthood, mostly capturing mid-to-
late adulthood cases. Consistent with previous studies, we observed that adult sugar and SSB
intake was not associated with adenoma risk. One possible explanation for the differential
associations between adolescent vs adult sugar intake is that adolescence may be a critical
developmental period of enhanced susceptibility to the adverse effects of high sugar intake.
During adolescence, accompanied by growth and accelerated cell proliferation, distinctive
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hormonal and metabolic changes occur, including physiological (obesity-unrelated)
hyperinsulinemia, decreased insulin sensitivity, and elevated IGF1 levels (up to 4-fold higher
than in adulthood).2! Therefore, adolescents may be particularly susceptible to high sugar
intake that can further decrease insulin sensitivity.

Several biological mechanisms may explain our findings. First, hyperinsulinemia and insulin
resistance may play important roles. The high amount of liquid sugar in SSBs can induce
rapid spikes in blood glucose and insulin levels, which over time lead to insulin resistance
and elevated free IGF1 levels.12 The insulin/IGF1 system can promote carcinogenesis by
activating intracellular signaling pathways related to altered gene expression, stimulating
cell proliferation, differentiation, and angiogenesis, and inhibiting apoptosis.344 We found
that additional adjustment for dietary glycemic load substantially attenuated positive
associations of high sugar intake, supporting this hypothesis.

Second, hyperglycemia may exacerbate chronic inflammation that has been implicated in
CRC pathogenesis.*® Previous studies have reported that SSB intake was significantly
associated with increased circulating inflammatory cytokines and biomarkers (e.g., C-
reactive protein, interleukin-6, tumor necrosis factor receptors).1446

Third, the distinctive metabolism of fructose, a major ingredient of SSBs, can exert
additional adverse effects. Unlike glucose, fructose is metabolized predominantly in the liver
after absorption in the small intestine.12 When fructose intake chronically exceeds the
metabolic capacity of the liver, fructose triggers hepatic de novo lipogenesis, promoting
visceral and ectopic fat accumulation, glucose intolerance, and insulin resistance.” In a
recent animal study, fructose was metabolized into glucose in murine small intestine as well,
and intestinal fructose-to-glucose conversion was not suppressed by insulin, suggestive of a
novel unregulated pathway.4’

Furthermore, fructose may affect carcinogenesis by directly acting on colorectal cells or
interacting with the gut microbiome. Although fructose is readily absorbed in the small
intestine, high doses or rapid flux of fructose could saturate small intestine clearance
capacity, with excess fructose reaching the colon.#”48 An 8-week oral administration of
high-fructose corn syrup in mice enhanced colorectal tumor cell growth, even at a moderate
dose, in the absence of obesity and metabolic syndrome, suggesting direct effects of fructose
on tumor cell metabolism.*® Moreover, sugars may change the gut microbiome composition,
50,51 which could affect CRC development through modulation of gut immune and
metabolic responses and epigenetic alterations.52:53

In stratified analyses, positive associations of high sugar intake were significantly stronger
among women with low fruit, vegetable, or fiber intake during adolescence than those with
high intake. However, fruit juice intake did not offset the adverse effects of high sugar
intake, and substituting fruit juice for SSBs showed no benefits. These results may be
explained as follows: although fruits and some vegetables contain naturally occurring sugars,
21 many beneficial micronutrients and potential anti-tumorigenic agents (e.g., fiber, folate,
vitamins) may offset or dilute the adverse effects of sugars.1> Moreover, whole fruits and
fruit juice have different intestinal fructose release rates.4’ Fructose in whole fruits is slowly
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digested due to the fiber content and the need to disrupt cell structure, facilitating gradual
and complete intestinal clearance.1? In contrast, rapid flux of liquid fructose from fruit juice
may exceed small intestine uptake capacity, resulting in fructose overflow to the liver and
colon.1247.48 We also found stronger associations among women with unhealthy (low
prudent and high western) dietary patterns during adolescence than those with healthy
patterns. Thus, excessive sugar intake may promote colorectal carcinogenesis particularly
when combined with overall unhealthy dietary patterns by further exacerbating underlying
chronic insulin resistance.>*

If confirmed, our findings may have substantial public health implications for the prevention
of CRC. The rising incidence of sporadic CRC among younger adults has been primarily
driven by a disproportional increase in distal and rectal cancers.3 In our results, positive
associations were stronger for distally-located adenoma, especially rectal adenoma. Simple
sugar intake during adolescence was more strongly associated with adenoma diagnosed <55
years, further supporting the link between early-life diet and earlier initiation of colorectal
carcinogenesis. In recent decades, the global SSB consumption among youths has markedly
increased.11-13 In the U.S., 65.4% of adolescents consumed SSBs on a given day in 2013—
2014,55 and 72% of male and 76% of female adolescents exceeded the DGA limit of added
sugar intake (<10% of total calorie) in 2013-2016.31 Therefore, if applied to the current
general population, the impact of high sugar intake may be even larger than observed in our
results.

This study has several strengths. To our knowledge, this is the first prospective study
investigating the role of high sugar intake during adolescence in risk of colorectal polyps.
Dietary data were collected before endoscopic procedures and polyp diagnoses, thus
minimizing the potential of recall bias. The large sample size of 33,106 women and 4,744
polyp cases enabled assessment by subtypes and subsites, and stratified analyses with
sufficient power. Diet and lifestyle information was validated and obtained throughout
different life stages, enabling us to examine both independent and joint associations of
adolescent and adult diet. We comprehensively updated information on and adjusted for
most of the established CRC risk factors during both adolescence and adulthood. In rigorous
sensitivity analyses, the principal results were robust.

Potential limitations of this study need to be considered. First, substantial measurement error
is likely in adult recall of adolescent diet. However, the HS-FFQ showed reasonable
reproducibility and validity,2425 supporting the ability to rank individuals adequately.
Recalled adolescent diet was only weakly correlated with current diet.2425 Although recall
time period varied between participants (16-35 years later), a previous study showed that
adult age was not related to the reproducibility of recalled diet during high school, a distinct
time of life.58 In addition, given the prospective design, any measurement error in exposure
assessment should be non-differential, which generally attenuates risk estimates towards the
null association.?# Second, residual and unmeasured confounding could exist. High sugar
intake could be a marker for generally unhealthy diet and lifestyle that might track
throughout life. However, we controlled for numerous dietary and lifestyle factors as well as
overall dietary patterns during both adolescence and adulthood. Third, we did not have
sufficient information to distinguish hyperplastic polyps from sessile serrated adenoma/
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polyp and traditional serrated adenoma because diagnostic criteria for serrated lesions have
changed over time. All endoscopies in this study were performed when standardized
diagnostic criteria for serrated lesions were not routinely applied by pathologists.3® Finally,
the study population consisted of predominantly white female nurses, and thus results may
not be generalizable to other populations. However, secular trends in CRC incidence are
similar by sex, and incidence rates under 45 years are comparable between men and women
in the U.S.,% reflecting shared main drivers. In addition, exposure-CRC associations in our
cohorts have been highly consistent with findings in diverse populations, 153857 suggesting a
common underlying biology.

In conclusion, high intake of simple sugars and SSBs during adolescence was significantly
associated with increased risk of total and high-risk adenoma, especially rectal adenoma.
Given the profound increase in added sugar and SSB intake during the past several decades,
our findings may partly explain the current upward trends in early-onset CRC rates. Further
prospective studies using valid information on early-life diet in other populations are
warranted to confirm our findings.
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Figure 1. Risk of total adenoma according to (A) total fructose and (B) sugar-sweetened beverage
intake during adolescence by lifestyle and dietary factors in the Nurses’ Health Study 11, 1998-

2015

CRC, colorectal cancer; BMI, body mass index

Data were adjusted for age, time period of endoscopy, number of endoscopies, time since
most recent endoscopy, reason for endoscopy, family history of CRC, menopausal status/
menopausal hormone use, current aspirin use =2 times/wk, history of type 2 diabetes, adult
height, BMI (age 18y, current), smoking status (adolescent, current), alcohol consumption
(age 18-22y, current), physical activity (adolescent, current), adolescent and current (adult)
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dietary intake (total calorie, total calcium, vitamin D, total folate, fiber, fruits, vegetables,
and dairy), current total red meat intake, western dietary pattern score during adolescence,
and current total fructose or sugar-sweetened beverage intake except for the stratifying
variable of each stratum.

(A) highest vs lowest (referent) quintile.

(B) =1 serving/d vs <1 serving/wk (referent).

@High: highest tertile (=59 MET-hr/wk); low: two lower tertiles (<59 MET-hr/wk).
bCut-off: median intake (fruits, 1.3 serving/d:; fruit juice, 0.4 serving/d; vegetables, 2.8
serving/d; fiber, 20.2 g/d).
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