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Abstract

Background—Gut barrier dysfunction contributes to several gastrointestinal disorders, including
colorectal cancer, but factors associated with intestinal hyperpermeability have been minimally
studied in humans.

Methods—We tested the effects of two doses of calcium (1.0 or 2.0 g/d) on circulating
biomarkers of gut permeability (anti-flagellin and anti-lipopolysaccharide [LPS] immunoglobulins
[lgs], measured via ELISA) over a 4-month treatment period among colorectal adenoma patients
in a randomized, double-blinded, placebo-controlled clinical trial (n = 193), and evaluated factors
associated with baseline levels of these biomarkers.

Results—Baseline concentrations of anti-flagellin IgA and anti-LPS IgA were, respectively,
statistically significantly proportionately higher by 11.8% and 14.1% among men, 31.3% and
39.8% among those with a body mass index (BMI) = 35 kg/m?2, and 19.9% and 22.0% among
those in the upper relative to the lowest sex-specific tertile of waist circumference. A combined
permeability score (the summed optical densities of all four biomarkers) was 24.3% higher among
women in the upper tertile of plasma C-reactive protein (pieng < 0.01). We found no appreciable
effects of supplemental calcium on anti-flagellin or anti-LPS Igs.

Conclusion—Our results suggest that 1) men and those with higher adiposity may have greater
gut permeability, 2) gut permeability and systemic inflammation may be directly associated with
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one another, and 3) supplemental calcium may not modify circulating levels of gut permeability
biomarkers within four months.

Impact—Our findings may improve understanding of the factors that influence gut permeability
to inform development of treatable biomarkers of risk for colorectal cancer and other health

outcomes.
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Introduction

The gastrointestinal tract has the largest mucosal surface in the body interacting with the
environment, and an intact gut barrier with selective permeability is key to balancing the
absorption of nutrients and blocking harmful wastes, such as bacterial products (1).
Abnormal gut barrier function contributes to several gastrointestinal disorders, such as
inflammatory bowel disease (IBD), Celiac disease, food allergies (2), and colorectal cancer
(3-5). There is also emerging evidence that individuals with prevalent colorectal adenomas
are more likely to have higher plasma lipopolysaccharides (LPS) concentrations compared
to healthy controls (6). Factors associated with gut hyperpermeability have not been well-
characterized, although evidence suggests that diet, among other factors, may impact gut
permeability, based on animal studies and very limited human clinical trials (2, 7).

Calcium is a plausible agent that may play a role in modulating gut barrier function since
calcium can bind bile and fatty acids in the colon lumen by forming insoluble soaps, thus
preventing them from oxidatively damaging the colonic mucosa and consequently producing
inflammation (8-10), which, in turn, may help maintain the strength of the gut mucosal
barrier. Our research group previously conducted a 6-month pilot randomized controlled
trial among patients with previous colorectal adenoma, and found that among subjects
treated with calcium (n = 23) compared to the placebo (n = 23), 8-hydroxydeoxyguanosine
level (as a marker of oxidative DNA damage) in the normal-appearing colon tissue was
reduced by 22% (11), and a comprehensive summary z-score of multiple plasma biomarkers
of inflammation was reduced by 48% (12). Based on these data, we hypothesized that
calcium may also favorably modulate gut permeability. The effect of calcium
supplementation on gut permeability was previously tested in a very limited number of
animal studies (13-15) and one pilot human clinical trial (n = 32) (16), and their results all
support this novel hypothesis. However, to our knowledge, there are no reported full-scale
clinical trials that directly tested the effect of calcium on gut permeability in humans.

To address these gaps in the literature, we measured circulating levels of flagellin- and LPS-
specific immunoglobulins (Igs) IgA and 1gG among patients with previous colorectal
adenomas in a full-scale, randomized, double-blinded, placebo-controlled clinical trial (n =
193). Circulating levels of flagellin- and LPS-specific IgA and 1gG may serve as markers of
long-term systemic exposure to flagellin and LPS and may indicate altered adaptive immune
responses related to colonic hyperpermeability (17-19). We evaluated factors associated
with these circulating biomarkers of gut permeability at baseline (including major
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demographic, diet and lifestyle factors, and systemic inflammation levels) and tested
whether biomarker levels were affected by calcium supplementation over four months of
treatment.

Materials and Methods

This study was an adjunct investigation using data and blood samples from a
chemoprevention trial (1990 — 1994) in the Minneapolis, MN metropolitan area (20). The
parent study was approved by the Committee on Use of Human Subjects in Research of the
University of Minnesota. Written informed consent was obtained from each study
participant.

Participant Population

Detailed information on study recruitment protocol, eligibility and exclusion criteria was
published previously (20). Briefly, subjects aged 30 — 74 years who were in general good
health and had a history of pathology-confirmed adenomatous polyps within the previous
five years were recruited by project staff from the patient population of a major private-
practice gastroenterology group in Minneapolis-St. Paul, MN. Exclusion criteria included
contraindications to calcium supplementation or rectal biopsies; medical conditions, habits,
or medication usage that would otherwise jeopardize safety, adherence, or interpretation of
the study results, such as history of inflammatory bowel disease, familial polyposis
syndromes, active liver or pancreatic disease, calcium supplement use, and supplemental
daily intake of more than 400 IU of vitamin D; and failure to take > 80% of the prescribed
tablets in a 1-month placebo run-in trial.

Clinical Trial Protocol

Potential participants were first invited for an eligibility visit to complete questionnaires and
provide blood samples, after which those who appeared eligible entered a 4-week placebo
run-in trial. Only participants without substantial perceived side effects and who had taken >
80% of their tablets in the 4-week placebo run-in trial were eligible for randomized
assignment. Eligible participants (n = 193) then underwent a baseline visit and were
randomly assigned (stratified by sex) to one of three parallel groups: a placebo control group
(n=66) and 1.0 g/d (n = 64) and 2.0 g/d (n = 63) elemental calcium supplementation
groups. The supplement and placebo pills, prepared by SmithKline Beecham, Pittsburgh,
PA, were identical in size, appearance, and taste. The calcium tablets were in the form of
calcium carbonate and taken in two equally divided doses twice daily with food. The reasons
for choosing calcium carbonate were described previously (20).

The treatment period was 6 months, and participants attended follow-up visits at 1, 2, 4, and
6 months after random assignment (baseline). Pill-taking adherence was assessed at follow-
up visits by questionnaire, interview, and pill count. Participants were instructed to remain
on their usual diets during the study, and a Willett semi-quantitative food-frequency
questionnaire was administered at baseline and again at the final follow-up visit. Factors
hypothesized to be related to gut barrier function (such as interviewer-measured body mass
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index [BMI] and waist-hip ratio) were assessed at baseline, several were reassessed at each
follow-up visit, and all factors were reassessed at the final follow-up visit.

Peripheral venous blood samples were collected at the baseline and 4-month follow-up
visits, after the subject sat upright with his or her legs uncrossed for 5 minutes. Blood was
drawn into pre-chilled Vacutainer tubes for plasma and serum, and then immediately placed
on ice and shielded from light. Tubes were immediately processed, plasma and serum were
aliquotted into cryopreservation tubes, the air was displaced with nitrogen, and then the
aliquots were immediately placed in a —80 °C freezer until analysis. Blood samples were
available for 189 subjects at baseline and 174 subjects at follow-up.

Laboratory Protocol

Levels of flagellin- and LPS-specific IgA and 1gG were measured via a previously described
custom-made ELISA at Georgia State University (17-19). ELISA plates (Costar™) were
coated overnight with laboratory-made flagellin (100 ng/well; prepared from Salmonella
typhimurium, strain SL 3201 ljB~/~ as previously described (21)) or purified E. coli LPS (2
ug/well; from E. coli 0128: B12, Sigma, Catalog No. 2887). Plasma samples diluted 1:200
were applied to wells coated with flagellin or LPS. After incubation and washing, the wells
were incubated either with anti-1gG coupled to horseradish peroxidase (GE, Catalog No.
375112) or, in the case of IgA-specific antibodies, with horseradish peroxidase-conjugated
anti-1gA (KPL, Catalog No. 14-10-01). Using the established platform, specificity of
flagellin/LPS is observed when the signal is extremely low when using serum from germ
free mice (very low flagellin- or LPS-specific immunoglobulins) and completely abolished
using serum from RAG-1 knockout mice and germ free mice on an elemental diet (no
flagellin- or LPS-specific immunoglobulins). The specificity of the anti-human IgA and
anti-human IgG is in accordance to manufacturer's specifications, KPL and GE Healthcare
Life Sciences, respectively. Quantitation of total immunoglobulins was performed using the
colorimetric peroxidase substrate tetramethylbenzidine (TMB), and optical density (OD)
was read at 450 nm and 540 nm (the difference was taken to compensate for optical
interference from the plate), with an ELISA plate reader. Data are reported as OD corrected
by subtracting background (determined by readings in blank samples) and are normalized to
each plate’s control sample, which was prepared in bulk, aliquotted, frozen, and thawed
daily as used. Standardization was performed using preparations of known concentrations of
IgA, and IgG. The technician was blinded to treatment group and treated all samples
identically. Baseline and follow-up samples from each participant were included in the same
batch. The laboratory previously performed assays of these biomarkers in replicates with a
very low coefficient of variation (CV < 5%); therefore, our samples were analyzed in
singleton to minimize costs and time. The average within-batch CVs were 2.4%, 4.3%,
2.6%, and 4.6% for flagellin IgA, flagellin 1gG, LPS IgA, and LPS IgG, respectively, based
on three positive control samples included in each batch. The corresponding between-batch
CVs were 4.1%, 8.2%, 15.8%, and 25.8% for flagellin IgA, flagellin IgG, LPS IgA, and LPS
IgG, respectively. In addition, for quality control (QC), two duplicate plasma samples were
measured in each batch. The average within-batch CVs were 4.5%, 6.6%, 4.2%, and 7.7%
for flagellin 1gA, flagellin 1gG, LPS IgA, and LPS IgG, respectively. The corresponding
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between-batch CVs using QC samples were 6.2%, 5.0%, 27.0%, and 32.5% for flagellin
IgA, flagellin IgG, LPS IgA, and LPS IgG, respectively.

Plasma levels of the inflammation biomarkers were measured using
electrochemiluminescence detection-based immunoassays (Meso Scale Discovery [MSD])
in the Emory Multiplexed Immunoassay Core (EMIC). All biomarkers were measured in
duplicate, according to the manufacturer’s protocol, and the technicians were blinded to the
treatment group assignment. Eleven biomarkers were initially chosen to represent different
aspects of the inflammatory response/immunomodulation in order to provide a more
complete summary of systemic inflammation. Out of these biomarkers, we selected those
with an average intra-assay coefficient of variation (CV) < 15% for further analysis,
including C-reactive protein (CRP), interleukin (IL)-10, IL-12p40, IL-18, IL-6, IL-8, tumor
necrosis factor (TNF)-a, and vascular endothelial growth factor (VEGF). Interferon gamma
(IFN-vy), 1L-17, and IL-4 were excluded (intra-assay CVs > 15%).

Statistical Analysis

Treatment groups were compared on baseline characteristics using analysis of covariance
(ANCOVA) for continuous variables, and the chi-square or Fisher’s exact test for
categorical variables; sex was included as a covariate when appropriate. Pearson correlation
coefficients were calculated for each pair-wise combination of the four gut permeability
biomarkers. Associations of selected baseline demographic, diet and lifestyle factors, and
circulating biomarkers of inflammation with gut barrier function biomarkers were assessed
using ANCOVA, adjusted for sex and BMI as appropriate. To better present different
aspects of inflammation, we created a baseline cytokine summary z-score, as the sum of the
z values for each cytokine [z = (x — W)/8, where X is the natural log-transformed values for
each individual marker, and p and § are the sex-specific mean and standard deviation of the
natural log-transformed biomarker value, respectively, at baseline]. The z-score for IL-10
was included with a negative sign because of its anti-inflammatory properties (22).

The primary analysis of the effects of calcium on gut barrier function biomarkers was based
on random assignment of treatment group regardless of adherence (intent-to-treat). Because
the biomarker values were normally distributed, they were not log-transformed before
statistical testing. Treatment effects on the biomarkers from baseline to 4-month follow up
across the three treatment groups were compared using a mixed linear model for repeated
measures data as implemented in SAS Institute’s Mixed Procedure (SAS version 9.4; SAS
Institute, Cary, NC). The model included as predictors the intercept, visit (baseline and 4-
month follow-up), treatment groups (coded as dummy variables), and a treatment-by-visit
interaction term. An absolute effect, obtained from the Mixed model, was defined as
[(treatment group follow-up mean) — (treatment group baseline mean)] — [(placebo follow-
up mean) — (placebo baseline mean)]. In order to provide a conservative estimate of the
proportional change in the treatment group relative to that in the placebo group, we also
calculated a relative effect, defined as (treatment group follow-up mean/treatment group
baseline mean) / (placebo follow-up mean/placebo baseline mean). Its interpretation is
somewhat analogous to that of an odds ratio (e.g., a relative effect of 1.10 would mean that
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the proportional change in the treatment group was 10% higher than that in the placebo
group).

We first analyzed each gut permeability biomarker individually. Then, we created several
combinations to better capture different aspects of gut barrier function, including anti-
flagellin 1gs (flagellin 1gA + flagellin 1gG), anti-LPS Igs (LPS IgA + LPS IgG), IgA
(flagellin IgA + LPS IgA), 1gG (flagellin 1gG + LPS IgG), and all four biomarkers combined
as a permeability score (flagellin IgA + flagellin 1gG + LPS IgA + LPS IgG). These
biomarkers were directly summed up because their optical density measurements were
approximately on the same scale. To adjust for possible batch effects, we ran sensitivity
analyses using batch-adjusted biomarker levels calculated as the original value divided by
the mean level within the batch.

The mean age of the study participants was 59 years, 63% were men, 99% were White, and
28% had a family history of colorectal cancer in a first-degree relative. The baseline
characteristics of the participants did not differ significantly across the three treatment
groups (Table 1).

Among the 193 participants, measurements of the plasma biomarkers of gut permeability
were available for 189 at baseline, and 174 at follow-up. The baseline gut permeability
biomarkers were moderately to strongly correlated (Pearson correlation coefficients 0.20 —
0.67 for men and 0.37 — 0.80 for women), and the p-values for all pair-wise Pearson
correlations were < 0.05 (Supplementary Table S1). As shown in Table 2, the baseline levels
of anti-flagellin 1gA and anti-LPS IgA were, respectively, statistically significantly
proportionately higher by 11.8% and 14.1% among men (p value < 0.05) relative to women,
31.3% and 39.8% among those who were very obese (BMI =35 kg/m?) relative to those who
were underweight/normal weight (pyeng < 0.01), and 19.9% and 22.0% among those in the
upper relative to the lowest sex-specific tertile of waist circumference (pireng < 0.01). A
combined permeability score (the summed optical density measurements from all
biomarkers) was 24.3% higher among women who were in the upper relative to the lowest
tertile of plasma C-reactive protein concentrations (pyreng < 0.01), but not among men (Table
3). No associations of any of the gut barrier function biomarkers were found with age, waist-
hip ratio, cigarette smoking, alcohol drinking, NSAID use, or adenoma characteristics
(Table 2), nor with physical activity, vitamin/mineral supplement use, intakes of fat, red/
processed meat, and fruit/vegetable, or a comprehensive oxidative balance score (OBS,
which reflects combined contributions of anti-oxidant and pro-oxidant diet and lifestyle
exposures) (23, 24) (data not shown). Batch-adjustment did not change the results (data not
shown).

Overall adherence to visit attendance was 95.3%, and did not differ among the treatment
groups. The mean percentage of pills taken in each group was 97%, and > 98% of all
participants in each group took > 80% of their pills. Changes in the gut barrier function
biomarkers, alone or in combination, for each calcium treatment group relative to the
placebo group, are shown in Table 4. We found no appreciable or statistically significant
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treatment effects of either supplemental calcium dose on any of the biomarkers, alone or in
combination. The results were similarly null among categories of BMI, sex, age, OBS,
NSAID use, adenoma characteristics, and usual pre-trial calcium intake, and when the
analyses were restricted to participants with good treatment adherence (data not shown).

Discussion

Our results suggest that 1) men and participants with higher overall or abdominal adiposity
may have higher levels of anti-flagellin and anti-LPS IgA, indicating greater gut
permeability; 2) markers of gut permeability and systemic inflammation may be directly
associated with one another, particularly among women; and 3) supplemental calcium at
moderate and relatively higher doses has no substantial effect on levels of biomarkers of gut
barrier function over four months among individuals with previously diagnosed colorectal
adenoma.

We found higher levels of anti-LPS and anti-flagellin Igs in men than in women. Overall,
levels of anti-LPS and anti-flagellin 1gs may reflect erosion of mucosal anatomic and
immune barriers, gut bacteria composition and their ability to translocate across the gut, and
immune responses against bacterial antigens. Because men generally have lower innate and
adaptive immune responses than women (25), it is likely that men are systemically exposed
to a higher level of bacterial products as a result of impaired gut barrier function and/or
distinct microbiome profiles (26) potentially due to diet, lifestyle, or hormonal factors.
Alternatively, there is evidence that given the same amount of in vivo LPS exposure, male
mice produce higher levels of LPS-binding protein and higher inflammation mediators than
female mice (27). While the exact biological mechanisms require further investigation,
future observational epidemiologic studies for the association of gut permeability with
various health outcomes may need to consider sex as an important confounder and/or effect
modifier.

Our findings that BMI and waist circumference, a reliable predictor of visceral fat, are
positively associated with colonic permeability is largely consistent with previous literature.
Evidence from several human cross-sectional studies supports a positive association of
obesity (especially abdominal obesity) with several intestinal permeability measurements,
such as the sucralose-to-mannitol ratio, 1gG against bacterial antigens, and LPS-binding
protein (LBP) (28-30). One possible explanation is that obese individuals may have different
gut microbiota and/or gut microbiome patterns (31); for example, obese individuals often
consume a high-fat diet, which may favor the growth of gram-negative bacteria in the gut
(32). Gram-negative bacteria may have a greater ability to translocate across the gut mucosa
into the circulation compared to gram-positive microbes (33). Furthermore, LPS is a major
component of the outer membrane of Gram-negative bacteria. Therefore, it is biologically
plausible that obese individuals have higher levels of anti-LPS and anti-flagellin Igs.
However, the temporal sequence of gut barrier dysfunction and obesity cannot be assessed
in such cross-sectional studies. Results from a few animal and human trials suggested that
gut barrier dysfunction and obesity could influence each other. For example, mice with
induced metabolic endotoxemia (through infusion of LPS) experienced weight gain in 4
weeks, suggesting that the LPS system may trigger the onset of obesity (34). Conversely,
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mice with induced-obesity had significantly higher IgG against bacterial extracts (29), and
rats with transplanted visceral adipose tissue or that were injected with leptin had increased
colonic epithelial permeability as measured by expression of trans-epithelial resistance and
tight junction proteins, suggesting that obesity may induce gut barrier impairment (35). In
humans, plasma LPS levels were higher in obese individuals (n = 49) than in controls (n =
17), but they were reduced after bariatric surgery; however, reduced LPS levels were not
found with a preoperative weight-loss intervention, and the postoperative LPS reduction was
not correlated with a BMI reduction, suggesting mechanisms beyond weight loss (36).

Our study provides some evidence that levels of systemic inflammation may be positively
correlated with gut permeability. We previously hypothesized that oxidative damage and
subsequent inflammatory responses in the gut result in damage to the gut barrier and
increase gut permeability. Current evidence suggests that enhanced mucosal immune
activities may also be a consequence of gut barrier dysfunction (1). For example, Hollander
et al. found that compared to healthy controls, patients with Crohn’s disease and their
clinically unaffected relatives had similarly increased gut permeability, suggesting that gut
barrier dysfunction is not secondary to intestinal inflammation (37). In experimental studies,
translocation of flagellin across epithelia mediated Salmonella-induced mucosal
inflammatory activities in vitro (21), via activating basolaterally expressed Toll-like receptor
5 (TLR5) (38), and systematic injection of flagellin in mice induced the expression of a
panel of pro-inflammatory mediators such as cytokines (39). Gut permeability and
inflammation are likely closely related in a complex manner, and may act together in the
pathogenesis of metabolic disorders such as diabetes and obesity (34, 40, 41), both of which
are associated with the incidence of several types of cancer, including colorectal cancer.

The effect of calcium on gut permeability has rarely been studied before. Bovee-
Oudenhoven and colleagues conducted several controlled trials in rats, and reported that a
high-calcium diet reduced the translocation of Salmonella, inhibited the increase in intestinal
permeability as measured by urinary chromium EDTA (CrEDTA), and improved resistance
to intestinal infection (13-15); they also found a similar effect of high-calcium milk relative
to low-calcium milk against enterotoxigenic Escherichia coli (ETEC) infection in rats and a
small group of men (n = 32) (16), but the potential interaction between calcium and other
components in milk could not be excluded. We found no effects of calcium supplementation
on immunoglobulins against selected bacterial products, possibly due to several reasons.
First, calcium may simply have no important effect on gut permeability in humans. Second,
the circulating biomarkers investigated in this study may not be the most direct measurement
of gut permeability; however, emerging evidence suggests a positive correlation of
antibodies against LPS and flagellin with serum fluorescein isothiocyanate—dextran (a direct
measurement of intestinal barrier function) (42), or with LPS (43), and these antibodies are
also elevated in patients with short bowel syndrome and Crohn’s disease, conditions known
to involve gut barrier dysfunction (17-19, 44). Third, although the treatment period of the
original trial was 6 months, blood was only collected at baseline and month 4, since blood
biomarkers were not the pre-specified primary outcomes of the trial. This treatment duration
may be insufficient to observe an effect of calcium on these permeability markers, as
antibodies against bacterial products can persist for several months (45, 46), and the effect

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al. Page 9

of calcium on gut barrier function may not be immediately accompanied by a decrease of
antibody levels. Fourth, the original trial was conducted in the 1990s, so it is possible that
the samples deteriorated over the years; however, we did not find strong evidence to support
this. The samples were immediately processed and stored with no additional freeze-thaw
cycles since the original storage, the levels of the inflammation markers were comparable to
those in another trial with more recently collected blood samples (12), and anti-LPS and
anti-flagellin 1gs are stable over time (personal communication with A. Gewirtz) and, as
described above, were associated with BMI as in other reported studies. Finally, chance
remains a possible explanation.

Major strengths of our study include that it is a full-scale randomized, controlled trial with a
dose-response component. Other strengths include the inclusion of novel gut permeability
biomarkers and the excellent overall adherence to treatment. We also collected detailed
questionnaire information and were able to evaluate associations of baseline demographic,
diet, and lifestyle factors with gut permeability levels, which may provide insights for future
epidemiological studies. Limitations of the study include the above-mentioned relatively
short treatment period and long storage period of the blood samples. In addition, the gut
permeability biomarkers were measured in singleton; however, based on previous assays on
these same biomarkers we expect that our biomarker measurement reliability was high. The
use of antibiotics may impact gut bacteria and subsequent immune responses against
bacterial products. We excluded patients who were on antibiotics at baseline but lacked data
on the use of antibiotics during the trial or during the year prior to the trial (which may have
a long-term effect on the gut microbiota); however, antibiotic use is expected to be balanced
among the three groups due to randomization. Also, this study is based on a population of
patients with a history of colorectal adenoma who were participating in a chemoprevention
trial, and thus our findings may have limited external generalizability. In addition, although
there is evidence that colorectal adenoma patients have higher levels of plasma LPS than do
healthy controls (6), whether they also have higher Igs against flagellin and LPS is unclear,
and needs to be examined in a future case-control or cohort study. Furthermore, evidence
from animal studies suggests that intestinal barrier dysfunction exists at the site of colorectal
adenomas (47), but whether adenoma removal would improve or resolve such dysfunction is
unclear and warrants further investigation.

In conclusion, taken together with previous literature, our results suggest that those with
greater adiposity may have greater gut permeability. Our results also suggest that men may
have greater gut permeability and that markers of gut permeability and systemic
inflammation may be directly associated with one another. Finally, supplemental calcium
may not modify circulating levels of biomarkers of gut permeability, at least in sporadic
colorectal adenoma patients, within a 4-month treatment period. Our findings may facilitate
better understanding of the factors that influence gut permeability biomarkers to inform
development of treatable biomarkers of risk for colorectal cancer and other health conditions
and outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Selected baseline characteristics of the study participants (n = 193)a

Table 1

Treatment group

Characteristics Placebo Calcium1lg Calcium2g P-valueb
(n=66) (n=64) (n=63)
Age, yrs. 60 (9) 60 (9) 58 (10) 0.37
Men (%) 64 63 62 0.98
White (%) 98 100 100 >0.99
College graduate (%) 35 19 33 0.08
Employed (%) 52 45 56 0.48
Family history (%) 26 25 30 0.78
Take aspirinC (%) 2 27 16 0.34
Take non-aspirin NSAID® (%) 9 1 10 0.92
Currently smoke (%) 20 16 24 0.53
Alcohol intake, g/d 11 (19) 13 (20) 8 (13) 0.20
Body mass index, kg/m?2
Men 28.0(3.8)  29.0(3.1) 28.8 (4.5) 0.47
Women 301(52)  28.1(8.4) 26.3 (4.4) 0.12
Vigorous/moderate physical activity, 33 (21) 30 (22) 28 (21) 0.47
MET-hours/d
Dietary intakes
Total energy, kcal/d 2,097 (753) 2,000 (627) 2,102 (633)  0.63
Total fat, g/d 64 (27) 62 (24) 70 (24) 0.19
Dietary fiber, g/d 24 (10) 22 (7) 22 (9) 0.33
Total vitamin D, 1U/d 345(251) 294 (268) 314 (207) 0.48
Total calcium, mg/d 884 (339) 787 (364) 855 (416) 0.33
Phosphorous, mg/d 1,359 (435) 1,248 (441) 1,327 (418) 0.34
Omega-3 fatty acids, g/d 0.2(0.2) 0.2(0.2) 0.2(0.2) 0.41
Take any vitamin supplement(s) (%) 38 38 33 0.82
Biomarker measurementsd
Flagellin IgA 1.6 (0.5) 1.7 (0.5) 1.6 (0.5) 0.42
Flagellin 1gG 1.7 (0.4) 1.8 (0.4) 1.6 (0.4) 0.07
LPS IgA 1.4 (0.6) 1.4 (0.5) 1.4 (0.5) 0.69
LPS 1gG 0.8 (0.4) 0.8 (0.4) 0.9 (0.4) 0.77

Abbreviations: MET, metabolic equivalents of task; NSAID, nonsteroidal anti-inflammatory drug

a . . .
Unless otherwise specified, values presented are mean (standard deviation).
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P values calculated from analysis of covariance for continuous variables, and chi-square or Fisher’s exact test for categorical variables. Sex was

included as a covariate when appropriate.

c
Regularly take once or more a week.

dThe units for the permeability biomarkers is optical density (OD). The OD ranges at baseline among all participants were: 0 — 2.8 (Flagellin IgA);
0-2.8 (Flagellin 1gG); 0 - 3.1 (LPS IgA); 0.1- 2.6 (LPS IgG).

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2017 February 01.



Page 14

Yang etal.

810 TLG G00 080 L00 8v'T 900 LT L00 697 S SOA
w._mw: dIVSN hm_:mmm_
€6°0 Zr0 2SS ve0 €00 /80 870 v00 96T 980 v00 89T 650 v00 T9T 87T ON
220 S5 900 6.0 800 EvT 100 /9T 800 99T 8¢ SOA
layows mtm‘_mm_o usaIn)
700> LT0 G6G  0T0 G00 /80 TO0> 900 GST  SEO 00 TLT  T00> 900 18T 29 €almaL
LTO  ¥¥'G S00 060 900 62T S00 0LT 900 SST €9 zalmaL
LTO 6T S00 9.0 900 [ZT S00 59T 900 TST 9 TaIMoL
nEo ‘90U8J3WNJII ISIEAA
8T°0 810 ¥.G  §S0 G00 S80  LTO 00 ST 20 G00 LT ETO 900 €LT 29 €almaL
LT0  TFS G00 880 100 YET S00 59T 900 ST 9 z 8oL
LTO  THS S00 T80 L00 TET S00 69T 900 6ST €9 TalMoL
poles diy-isrem
700> GE0 929 800 0T0 860 100> €TI0 G9T V€0 IT0 0LT 100> €TI0 €671 ST Ge<
6T0 V.G G00 €80 L00 LT 900 2T L00 2T 05 66'7€ - 0F
20 Y9G 900 ¥6°0 800 OV'T 00 OLT 800 T9T v 66'62-05LC
v20  6Y'S 100 ¥80 600 9€T 100 2T 600 8ST e 6v'LC-SC
610 ¥0G S00 9.0 L00 8TT 900 €971 100 L¥T (34 Gz >
2W/Bx ‘INg
500 9T0 2€S 290 v00 980 200 900 82T 0 S00 S9T 100 900 €ST 0L a[ewad
210 €L €00 €80 S00 9v'T v00  €LT v00 TLT 6T I
X3S
670 810 ¥5S  cv0 G00 T80  LEO L00 OrT 890 900 9T 120 L00 997 9§ G9<
9T0  ¥9°G S00 980 900 6ET S00 WLT 900 S9T 2L 79- 6§
810 LEG G00 /80 L00 2€T 900 ¥9T 900 GST 19 g6 >
'sIK ‘aby
oneAd IS UBW eneAd IS UBIN dSneAd IS U 8njeAd IS URIN dneAd IS U N
o,%_oom Alljiqeaw l_d Qoc_mn_._ g<c_mn_._ Qwc_ ul|pbe|4 Q%_ ul|pbel4

Author Manuscript

SI010e) 31A1sa41] pue a1ydelBowsp Aq siaxsewolq Aljigeswsad 1nb Jo sjans| ewse|d suljaseq uean|

¢ ?olgel

Author Manuscript

Author Manuscript

Author Manuscript

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2017 February 01.



Page 15

Yang etal.

“elIOUape SNOJ|1A0INGN} 10 SNOJ|IA Jo (W T <) able| auo Ises] Je Jo (Z <) ewouspe ajdnjnw jo Aloisiy e Buiney se paulyag

)
"Y99M B 310U IO 30UO e} >_E_:mmm_o

*01J1090s-X3s a.Je S3|1L9 ._._o

"siasewolq Aujigeawdad (e Jo sanisuap [eando ayr Jo wins ay) se pauyeq,

'(@0) Aususp Jeando si uolyeulqwiod ul 1o auoje Jaxsewolq AljigeswJtad Aue Joj 1un ay L

q

"sa1106a1ed 0M] < Ssey 3|qeLieA Alojeue|dxa ay JI puall Joj S anjeA d ‘(snonunuod) [Ag 104 palsnipe os|e 81am a2UalayWwinalld 1siem pue ‘orjel diy-1siem ‘Xapul ssewl
Apoq Inq sajgelieA [|e 10} S|9POIA “(UsoM/USLL) X3S 10} palsnipe alam xas Inq Sa|qeLieA |[e 4o} S|apoi ‘(WAODNY) 22URLIBAOD JO SISAJeue Buisn pajejnajes alam sanjeA d pue ‘siole prepuels ‘sues __<m

10149 prepuess ‘3S ‘6nip Alojewwejul-nue jeplolsisuou ‘glvSN ‘apureyasesAjododil ‘sS4 fulingojBfounwiwi ‘6] (xapul ssew Apog ‘|G :SUONBIABIGQY

170 ST0 899 100 700 880 8.0 S00 8€T ¥T°0 S00 €7 4% G000 697 68 ON
¥1'0 9€'S ¥00 8.0 S00 9€T ¥00 ¥9T S00 /ST 56 SBA
uﬁ%Eocmvm Nsu-ybiy Jo A1oisiH
190 LT0 8¥S S50 S00 ¢80 €0 900 ¥ET G990 G00 997 ¢80 900 997 IZA ¢<
020 09§ 900 /80 100 8€T 900 LT 00 197 144 ¢-T0
8T°0 099 S00 980 000 T¥'T 900 697 100 ¥9'T SS9 0
Aep 1ad syuip |oyody
1Z4Y ¢ro S¥'s  TEO €00 980 900 00 €€T 920 00 997 920 00 65T GET ON
aneAd IS UeN B8nead IS UBN 8nend IS UBN 8neAd 3S UBN 8neAd IS Ul N
P 0% Aulligesw Rd q2P1sd1 qvP1Sd q2P1unpbeld q V01 uliebel

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2017 February 01.



Page 16

Yang etal.

620 SZ'G 100 980 0T0 62T 100 8ST 10 2§T 12 z 8a)
T€0  ¥9°G 800 ¥80 10 ErT 800 ¥9T 210 €9T ¢ T 318}
ww‘_oom.N
100> 620 86S T00> 00 TOT 800 TIT0 /T 900 800 2¢/T €00 TIT0 8.T €2 € 8|13}
820 €IS L00 880 0T0 8TT 100 12T 10 8T #2 Z 8uey
620 187 L00 890 10 02T 800 0ST 10 €T €2 ][
ddo
USWOM
000 TZ0 O0T9 €TI0 900 T60 ¥OO 800 ¥9T 920 00 LLT  S§0 200 6LT  OF  €dIM
120 SSG 900 280 800 ¥ET 100 9.7 00 €9T OF  Zonuey
120 995G 900 8.0 800 OYT 100 S9T 100 €LT  6¢ T 8|1u8}
meoom.N
G560 TZ0 08S ¥EO 900 080 00 800 €ST  8T0 00 €T S60 200 GLT  Ov  €8IM}
120 €vS 900 280 800 9€T 100 097 00 ¥9T OF  Zenue
120 66'G 900 880 800 6V 100 98T 00 9T 6 T 313}
ddo
(ET)
90 /T0 TLS STO SO0 060 090 900 €¥T  ¥T0 SO0 LT 690 900 €9T  ¥9 ][N
LT0 8€§ 500 ¥80 900 0ET 500 897 900 /ST V9 z a3y
8T0 8v'S S00 080 00 8ET S00 €97 900 9T 19 T 8|13}
meoom.N
ZC0  LTO 08S 960 S00 880 8T0 900 8YT Z60 SO0 TLT 8T0 900 €LT €9 € sy
LT0 /2§ S00 S80 900 [TT S00 €97 900 2ST V9 z 83y
IT0 156 S00 180 100 9T 500 LT 900 29T 29 T 8|1u8}
ddo
P3UIGUII USWOM PUE USIN
P 38 W PR4 IS ueN P®Md 35 ueeN P®Hd 35 vy PPRg IS weBIN N g&:ommao
pg2 0% Alljiqesw Jod ,9PISd ,VPISdT 91 uljpbeld 5 VRl Ullebe|S

SSIovIeWoOIq UoNeWILE| Ul J1WAISAS JO $9]11491 214193ds-Xxas Aq siaxrewolq Aljigqeswaad In6 Jo sjans] ewsed auljaseq ues|n

Author Manuscript

€9l|qel

Author Manuscript

Author Manuscript

Author Manuscript

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2017 February 01.



Page 17

Yang etal.

‘ubis anirebau e Yyim papnjoul sem 0T-] 104 anjeA
-z 3y ‘[aunjaseq 1e ‘AjaAndadsal ‘anjeA JayJewolq paw.oysues)-foj [ednjeu sy Jo UOITRIASP pJepuels pue Ueaw J1319ads-Xas ay} aJe  pue H pue ‘Jay ew [enplAIpul Yoea 1o} SanjeA pawiojsuesl-fo| [ednjeu ayy
s1 X a1aym ‘g/(r - x) = z] auny01A2 yaes 10) anfeA-z ay) JO UOITRWUNS 8U} Se Pare|ndfed (0T-T11 pue ‘493A ‘0rdzT-11 ‘8-11 ‘O-4NL ‘dT-11 ‘9-T1) SaujolAd Alojewweljul-nue pue -0id JO 8103s-z \cmEE:mw

‘slayjJewolq Aujigeawsad [Je Jo sanisuap [eando sy 4o wins auy) se um:cmo_o

‘(@0) Ausuap Jeando sI uoieUIGWOI Ul 10 auoje Jaxewolq Ajjigqesw.ad Aue Jog Jun mﬁu

*01J109ds-Xas aJe 3|19 ho_

‘(snonunuod) |Ng 10} paisnipe os|e alam aduaJajwnalId I1SIem pue ‘onjel diy-1siem ‘Xapul ssew
Apoq Ing sa|qelieA e Joj S|9POIA (UBWOM/UBL) X8S 10} palsn(pe a1am xas Ing sajgelieA [[e 1o S|3POIN "(YAODNY) 80UBLIBAOD JO SISAJeue Buisn paje|ndjed a1am sanjeA d pue ‘si0.id pJepuels ‘sueaw v,

10113 plepuess ‘3s ‘apreyodesAjododi) ‘'S4 ‘utingojBounwiwi ‘B] ‘uislold aA1RaI-D ‘YD Xapul ssew Apog ‘|G SUOIBIAIGQY

6€0 0€0 SIS 180 800 /80 100 170 €TT 70 800 ¢L'1 €C0 170 ev't ve €918l

POy 35 ueW PPd 35 wew PP 35 e PP 35 wen PPy 35 wew N go OO

pg? 0% AM|iqesw i ,901sd ,VPISdT ,9P1 ulpoeld VI ullRbe|

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2017 February 01.



Page 18

Yang etal.

70T 50 900  ¥00 010 2S¢ 85 070 0S¢ 29  Bruwnoed
0710 [Z€ 65 070 62€ 9 0gaoe|d

(961 + vhI) urjabel4

66'0 18°0 900 TO0- 800 1I§C .S 800 6Fz €9  Bzwnpoed
66'0 zL0 900 200- 800 ¥9Z 85 800 297 ¢9  BrwnpoEd
800 957 65 800 25 ¥9 0gaoeld

961 (Sd7 + uniabel)

€01 8T°0 900 800 Zr0 TTe .S ZT0 80t €9 Bzwnioped
€01 LT0 900 600 210 STE 85 ¢TI0 TTE 9 Brwnped
210 26T 65 2T0 6T P9 0gaoe|d

Vb1 (Sd1 + unjebel)

560 €v'0 v00  €00- S00 280 /S SO0 280 €9  Bzwnword
160 50 v00  200- S00 ¥80 85 SO0 €80 29  Brwnioped
S00 /80 65 GO0 €80 ¥9 0gaoe|d

961 5d1

20T 92°0 €00  ¥00 00 vrT LS L00 wrT €9 Bzuwnoped
vO'T 60°0 €00 900 100 €T 85 00 OvT 29  Brwnioped
00 YET 65 900 LET  ¥9 0gaoeld

Vb1 Sd1

70T 19'0 €00 200 S00 9T .S S00 29T €9 Bzwnioped
70T 880 €00 000 S00 08T 85 S00 6T ¢9  Brwnped
S00 69T 65 S00 69T  ¥9 0gaoe|d

RIRVITELETE

€01 670 v00  S0°0 900 /9T /S 900 ¥9T €9  Bzwnpped
20T ov'0 ¥00 €00 900 LT 8§ 900 TLT 29  Bruwnoed
900 83T 65 900 09T  ¥9 0gaoe|d

b1 unjabery

JeH3  enead 35 U IS W U IS WenN U

SAERY 5515 JUBWIes 11aIN[osq Y dn-moj o} aulpsed
a yiuow-y

SI9vIeWoIq uonouNy Jalireq 1B Jo suonenuadu0d ewse|d uo uoneuswsajddns wnioped Jo S198)3

v alqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2017 February 01.



Page 19

Yang etal.

‘siayjdewolq Ayjigeawad [1e Jo sanisuap [eando ay) Jo wins ay) se paulaq

p

‘[(aurjaseq ogaoejd/dn-moy|o) ogaded) / (auljaseq dnoib juswiea.y/dn-mojjo) dnoib Juswiean)] = 10848 w>:m_mmo

‘uonoeIaul 1sIA dn-mojjoy Ag dnoib Juswizealy pue ‘dnouf Juswieasy ‘UsiA dn-mojjos ‘1dsalaiul Wopuel papnjoul SaleLIRA0D [9poW paxiw
Jeaul] ay} wolj anjea d pue 3S ‘ueaw Jo suonenajed fenyoe ([auljaseq dnoib ogade|d - dn-mojjoy dnoab ogaoeld] - [surjaseq dnoub juswieass - dn-mojjoy dnolb Juswiesly]) = 19848 JuUsWILaI] 8INjOSAY

q

'(@0) Ausuap Jeando s uoireuIqWod Ul o auoje Jaxsewolq Aljigesw.ad Aue Joj 1un ms._.,m

10113 pJepuels ‘3S ‘apueyodesAjododi] ‘'S4 ‘utingojBounwiwi ‘6] :SuUoneIABIGOY

70T 670 0T0 00  8T0 295 IS LTO 985G €9  bBzunwed
10T 150 0T0 00  /TO 6.5 8§ LTO ¥.S 29  Bruwnwoed
ITO 8¥S 65 LT0 6VS 9 0g89e|d
uﬁoom Aujigeswiad
00T 160 900 T00  0TO0 T€Z .S OT0 o0gz €9  Bzunwoed
10T 850 900 €00  0T0 [ZZ¢ 85 OT0 €22 29  Brwnped
0T0 TzZ 65 600 022 9 ogsoeld
(961 + vbI) sd1
20T 820 900 900  0T0 T€E /S OT0 92¢ €9  Bzwnped
a3 enead 3 weW 35 ueN U 35 WeN U
OABRY 15575 Jlewies 11em|0sqY dn-mo|o} aulpseq
q yiuow-

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2017 February 01.



