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INTRODUCTION: The identification of risk factors for precursor lesions of colorectal cancer (CRC) holds great promise in

the context of prevention. With this study, we aimed to identify patient characteristics associated with

colorectal polyps (CPs) and polyp features of potential malignant progression. Furthermore, a potential

association with gut microbiota in this context was investigated.
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METHODS: In this single-center study, a total of 162 patients with CPs and 91 control patients were included.

Multiple variables including information on lifestyle, diet, serum parameters, and gut microbiota,

analyzed by 16S-rRNA gene amplicon sequencing and functional imputations (Picrust2), were related

to different aspects of CPs.

RESULTS: We observed that elevated serum alkaline phosphatase (AP) levels were significantly associated with

the presence of high-grade dysplastic polyps. This association was further seen for patients with CRC.

Thereby, AP correlated with other parameters of liver function. We did not observe significant changes

in the gut microbiota between patients with CP and their respective controls. However, a trend toward

a lower alpha-diversity was seen in patients with CRC. Interestingly, AP was identified as a possible

clinical effect modifier of stool sample beta diversity.

DISCUSSION: We show for the first time an increased AP in premalignant CP. Furthermore, AP showed a significant

influence on the microbial composition of the intestine. Relatively elevated liver enzymes, especially

AP, may contribute to the detection of precancerous dysplastic or neoplastic changes in colorectal

lesions. The association between elevated AP, premalignant CP, and the microbiome merits further

study.
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INTRODUCTION
Colorectal cancer (CRC) is the third most common cancer
worldwide (1). CRC arises both on the ground of chronic in-
flammation and from nonmalignant colorectal polyps (CPs) (2).
The 2 major subtypes of CPs are conventional adenomas (tubu-
lar/tubulovillous/villous adenomas) and serrated lesions and
polyps (hyperplastic polyps, sessile serration lesions, and tradi-
tional serrated adenomas) (2). Removing polyps at an early stage
can reduce the risk of CRC, making colonoscopy the gold-
standard screening method. Several risk factors for malignant
transformation have been defined for colorectal adenomas such
as size $10 mm, the presence of at least 3 adenomas, villous
histology, or high-grade dysplasia (HGD) (3). However, although
early screening colonoscopy helped to lower the overall incidence
of CRC, the incidence increases in patients younger than 50 years
(4). Therefore, there is a persisting need to identify modifiable
risks and augment existing screening methods.

In recent years, studies have attempted to identify the impact
of lifestyle factors, such as diet, physical activity, and tobacco use
on the risk of CRC development. Certain dietary habits, including
a high consumption of red meat, are associated with an increased
risk of CRC (5). Fewer studies have examined associations of
dietary patterns with CP development. Among others, it was
demonstrated that a high intake of simple carbohydrates was
associated with increased risk for the occurrence of CP (6),
whereas green vegetables were negatively associated with CP (7).
Studies suggest that diet and lifestyle affect the development of
CRC through an altered intestinal microbiome (5,8). Moreover,
changes in the gut microbiota occur in patients with CP (9), and
the microbiome seems to change along the adenoma-carcinoma
sequence (10). However, the results from studies on gutmicrobial
changes in CRC and CP are not consistent and, in some cases,
contradictory (11–15).

Here, we examined multiple clinical factors for their associa-
tion with different biological aspects of CP and further evaluated

coincident changes to the gut bacterial composition in a large
cohort of patients. The aim of this study was to provide data on
diagnostic and potentially protective or risk factors associated
with the occurrence of CP and their progression toward CRC to
support preventive efforts.

METHODS

Patient recruitment and sample collection

Figure 1a and b provide an overview of the recruitment in-
frastructure and the cohorts. Participants underwent colono-
scopy examination for screening purposes or polypectomy. The
recruitment took place between July 2019 and January 2023 at the
University Hospital Klinikum rechts der Isar, Technical Uni-
versity Munich, Germany. Patients aged between 18 and 80 years
with suspected gastrointestinal disease were included. Patients
who had contraindications to biopsy (e.g., thrombocytope-
nia,50,000/mL, partial thromboplastin time .50 seconds) and
patients with poor general health (Eastern Cooperative Oncology
Group .2) were excluded.

All patients provided stool samples. After sorting out the
samples with insufficient quality, 219 stool samples were con-
sidered for analysis. No serial sampling or analysis of mucosal
microbiotawas performed. To prevent the bowel preparations for
colonoscopy from affecting themicrobiome, the stool sample was
taken 4–6 weeks after bowel preparations (16). The sampling
vessel contained a stabilizer, which was used to stabilize bacterial
nucleic acids allowing storage at room temperature for at least
1 week (MaGix PBI medium; Microbiomix GmbH, Regensburg,
Germany). Blood samples were collected on the day of colono-
scopy and analyzed by the hospital’s Department of Clinical
Chemistry. Biopsies were stored in formalin and examined by at
least 1 experienced gastrointestinal pathologist. For complete
macroscopic inspection of the large intestine, ileum or caecum
was inspected in every colonoscopy. A subset of the individuals
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from the control group have been published regarding their in-
testinal bacterial composition in another project of our research
group (17).

Study population and CP subtypes

Patients in theCP cohort had at least 1 CP. Patientswithout known
gastrointestinal disease and an inconspicuous colonoscopy, in-
cluding unremarkable colorectal biopsies, served as healthy gut
controls. Table 1 lists the patients clinical characteristics.

All lesions were histologically classified in accordance to the
criteria given by the current World Health Organization classi-
fication of tumors of the digestive tract (18). The grade of dys-
plasia of conventional adenomas was subdivided into low-grade
and high-grade subgroups based on the degree of architectural
and cytomorphological abnormalities.

The full cohort comprised a total of 253 patients, 162 of whom
were diagnosed with 1 or more CP and 91 healthy gut controls. A
total of 350 CP were detected in 162 patients. In 77 (47.5%), 41

Figure 1. Recruitment infrastructure, cohort demographics, and analyses. (a) Overview of the study’s infrastructure and recruitment process, (b) patient
cohorts andbiomaterial availability, and (c) overviewof the respective comparisons in the study. In total, 162patients hadat least 1CP. Six comparisonswere
performed (#I–#VI) covering detection of polyps, comparison of conventional adenomas vs serrated lesions and risk signs. CP, colorectal polyp; CRC,
colorectal carcinoma; HPL, hyperplastic polyp; SSL, sessile serrated lesion; TA, tubular adenoma; TSA, traditional serrated adenoma; TVA, tubulovillous
adenoma.

American College of Gastroenterology Clinical and Translational Gastroenterology

C
O
LO

N

Systematic Evaluation of Clinical, Nutritional… 3



Table 1. Characteristics of the study population

Polyp

cohort

(N 5 162)

Healthy

gut controls

(N 5 91) P value

Sex, female:male 70:92 43:48 0.535

Age, yr, mean 60.5 57.4 0.099

BMI, mean 26.6 25.4 0.080

Stool samples, n 136 83

Blood samples, n 135 71

Comorbidities, n (%)

Diverticular disease 60 (37) 37 (40.7) 0.592

IBD 16 (9.9) 0 (0) 0.0007

Gastritis 32 (19.8) 26 (28.6) 0.121

Hepatitis 8 (4.9) 8 (8.8) 0.283

Liver cirrhosis 7 (4.3) 1 (1.1) 0.265

Liver metastases 7 (4.3) 1 (1.1) 0.265

Arterial hypertension 75 (46.3) 32 (35.2) 0.111

Chronic heart failure 5 (3.09) 1 (1.1) 0.424

Dysplipidemia 67 (41.36) 43 (47.3) 0.428

Atrial fibrillation 13 (8) 2 (2.2) 0.093

Type II diabetes 32 (19.8) 14 (15.4) 0.497

COPD 8 (4.9) 1 (1.1) 0.163

Hypothyroidism 43 (26.5) 17 (18.7) 0.169

Hyperthyroidism 2 (1.2) 2 (2.2) 0.620

Active cancer 31 (19.1) 3 (3.3) 0.0002

History of cancer 43 (26.5) 22 (24.2) 0.765

Chronic kidney disease 9 (5.6) 6 (6.6) 0.785

Medication, n (%)

Immunosuppressants 23 (14.2) 5 (5.5) 0.037

Laxatives 7 (4.3) 2 (2.2) 0.496

Pain killers 32 (19.7) 12 (13.2) 0.227

Heart medication 67 (41.4) 28 (30.7) 0.106

Antibiotics 40 (24.7) 20 (22) 0.648

Probiotics 8 (4.9) 8 (8.8) 0.283

Diet and lifestyle, n (%)

Whole grain bread

Frequent consumption 98 (60.5) 62 (68.1) 0.277

Occasional consumption 34 (21) 17 (18.7) 0.745

Rare consumption 24 (14.8) 9 (9.9) 0.332

NA 6 (3.7) 3 (3.3) 1

Vegetables, raw

Frequent consumption 108 (66.7) 60 (65.9) 1

Occasional consumption 40 (24.7) 20 (22) 0.648

Rare consumption 8 (4.9) 9 (9.9) 0.189

NA 6 (3.7) 2 (2.2) 0.715

Table 1. (continued)

Polyp

cohort

(N 5 162)

Healthy

gut controls

(N 5 91) P value

Vegetables, cooked

Frequent consumption 106 (65.4) 61 (67) 0.890

Occasional consumption 44 (27.2) 23 (25.3) 0.769

Rare consumption 5 (3.1) 5 (5.5) 0.503

NA 7 (4.3) 2 (2.2) 0.496

Fruits

Frequent consumption 114 (70.4) 67 (73.6) 0.664

Occasional consumption 32 (19.7) 16 (17.6) 0.740

Rare consumption 10 (6.2) 6 (6.6) 1

NA 6 (3.7) 2 (2.2) 0.715

Red meat

Frequent consumption 89 (54.9) 45 (49.4) 0.433

Occasional consumption 51 (31.5) 29 (31.9) 1

Rare consumption 16 (9.9) 15 (16.5) 0.161

NA 6 (3.7) 2 (2.2) 0.715

Alcohol

Daily or several times a week 53 (32.7) 28 (30.7) 0.780

Once a week 39 (24.1) 21 (23.1) 0.880

Less than once a week or never 63 (38.9) 39 (42.9) 0.594

NA 7 (4.3) 3 (3.3) 1

Smoking

Yes 94 (58) 50 (54.9) 0.692

No 61 (37.7) 39 (42.9) 0.425

NA 7 (4.3) 2 (2.2) 0.496

Physical activity

Active 105 (64.8) 62 (68.1) 0.679

Not active 51 (31.5) 27 (29.7) 0.779

NA 6 (3.7) 2 (2.2) 0.715

Laboratory parameters (mean)

AP (40–129 U/L) 84.8 68.8 0.003

GGT (,39 U/L) 51.6 32.1 0.091

AST (10–35 U/L) 31.9 34.5 0.257

ALT (10–35 U/L) 24.8 27.5 0.291

LDH (,244 U/L) 212.9 215.4 0.771

Frequent consumption5 several times a week or daily, occasional consumption
5 several times amonth or once aweek, rare consumption5 1 time permonth or
less. Physically active5Aminimumof 2 hours of physical exercise per week, or at
least 30 minutes of cycling per day, or at least 1 hour of walking per day. For
calculation of P value, Fisher exact test and paired t test were used.
ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate
aminotransferase; BMI, body mass index; COPD, chronic obstructive pulmonary
disease; CRC, colorectal carcinoma; GGT, gamma-glutamyl transferase; HPL,
hyperplastic polyp; IBD, inflammatory bowel disease; LDH, serum lactate
dehydrogenase; NA, not available; SSL, sessile serrated lesion; TA, tubular
adenoma; TSA, traditional serrated lesion; TVA, tubulovillous adenoma.
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(25.3%), and 44 (27.2%) patients, respectively, 1, 2, and 3 ormore
polyps were detected on colonoscopy. Most of the patients (N5
122, 75.3%) carried exactly 1 histological polyp subtype even if
more than 1 polypwas present. Patients withmultiple histological
subtypes (N 5 40, 24.7%) were allowed to participate in the
evaluation of each histological subtype of interest if all other in-
clusion criteria for the comparison were met. Further details are
specified in Figure 1c and the results section for each of the
outcome variables.

Patient data acquisition

Participants answered a questionnaire, developed by a team of
experts in the field of the gut microbiome. The questionnaire
included questions on (i) epidemiological and family background
(e.g., origin, residence, marital status, family history, and em-
ployment), (ii) health (e.g., chronic diseases, stool irregularities,
and medications), (iii) exercise (sports and work activity), (iv)
smoking, (v) alcohol consumption, and (vi) diet (e.g., different
types of meat and fish, various kinds of vegetables, fruits, dairy
products, whole grain products, chewing gum, and coffee).

The questions addressed the patient’s lifestyle of the past 6
months. However, some questions were also asked to clarify
whether patients ever pursued a particular lifestyle (e.g., “have
you ever smoked tobacco products?”).

For dietary questions, patients indicated frequency of con-
sumption: 1 timepermonth or less (“rare”), several times amonth
or once a week (“occasional”), or several times a week or daily
(“frequent”). Patients whomet 1 or more of the following criteria
were assigned to the physically active group: a minimum of
2 hours of physical exercise per week, or at least 30 minutes of
cycling per day, or at least 1 hour of walking per day.

Medical information, such as comorbidities, continued to be
collected during the educational interview and was extracted from
ourhospital’smedical records. The respective answers to the patients’
questionnaire can be found in detail in Supplementary Table 1 (see
Supplementary Digital Content 1, http://links.lww.com/CTG/B47).
A total of 60 patients reported having taken antibiotics and 16
patients reported having taken probiotics in the last month before
stool collection. However, the exact time of intake could not be de-
termined. Patients taking antibiotics and probiotics were not ex-
cluded to increase the statistical power of the analysis regarding
multiple clinical variables. Furthermore, we aimed for a comprehen-
sive analysis of possible risk or protective factors on the development
of precancerous and cancerous polyps, without prior exclusion of
single factors. However, we investigated the potential impact of
antibiotics and probiotics on the gut microbiota (Figure 3d).

16S rRNA gene amplicon sequencing and analysis

Preparation and sequencing ofmicrobial sampleswere performed as
described previously (19). Briefly, sample preparation and paired-
end sequencing were performed on an IlluminaMiSeq targeting the
V3V4 region of the 16S rRNA gene using primers 341F and 785R.
Raw FASTQ files were processed using the NGSToolkit (https://
github.com/TUM-Core-Facility-Microbiome/ngstoolkit) based on
USEARCH to generate denoised zero-radius operational-taxonomic
units (zOTUs). Assessment of alpha diversity and taxonomic bin-
ning were conducted using the Rhea software pipeline (20). Specif-
ically, the following metrics were computed and compared between
groups of interest: sample richness, normalized richness, Shannon,
andSimpson index andeffective. Similarityofmicrobial profiles, that
is, beta diversity, was assessed using generalized UniFrac distances

which were calculated using the GUniFrac R package v1.7 (21).
Rarefaction curves of the sequencing data showed that all samples
with $5,000 reads are sufficiently covering the diversity of the
samples (median read count per sample: 20,000). Thus, we omitted
samples below 5,000 reads. Read number was normalized to the
lowest read number of a given sample in the sample set by rule of
proportion/rule of 3 (i.e., 5,000 reads) following (20). For each of 40
samples, controls were included. These controls represented positive
controls (ZymoBIOMICS Microbial Community Standard, Zymo
Research, Germany) or mock controls (i.e., testing stabilizer tubes
without a sample starting with DNA isolation) or negative controls
(i.e., water controls for the polymerase chain reactions conducted).
Positive controls showed very high repeatability between sequencing
cartridges and batches. The variation of the sequencing cartridges
from Illumina was found to be very minor in recent years. In addi-
tion, spurious taxa were filtered if below 5% relative abundance to
account for nonmicrobial sequences, for example, due to crosstalk or
contamination by environmental DNA. Thus, batch effects were
considered negligible. To avoid adding noise in the analysis, the data
were not rarefied prior analysis (22).

Statistical analysis

Statistical analysis of 16S rRNAprofileswas conducted as described
previously (19). Briefly, read counts were normalized, and differ-
ences in relative abundanceof taxa and/or zOTUswere determined
by a Kruskal-Wallis rank sum test for multiple groups and Mann-
Whitney U tests for pairwise comparisons, respectively. P values
were adjusted for testingmultiple hypotheses using the Benjamini-
Hochberg procedure, where an adjusted P value #0.05 was con-
sidered significant. Confounders and possible effect modifiers of
microbial ecosystems were determined through a permutational
multivariate analysis of variance as implemented in the adonis3
function from the GUniFrac R package v1.7 (21) using a matrix
comprising generalized UniFrac distances. We used the Picrust2
(23) algorithm for prediction of functions from 16S sequences.
Pathway abundances per sample were inferred using the Picrust2
(23) software (v2.5.2), and differential pathway abundance analysis
was performed using the ALDEx2 R package (24).

For clinical, laboratory, dietary, and epidemiological cova-
riates, univariate testing was performed using Mann-Whitney U
and Fisher exact tests for continuous and categorical data, re-
spectively. P values were adjusted for testing multiple hypotheses
using the Benjamini-Hochberg procedure, where an adjusted
P value #0.05 was considered significant. Significant findings
underwent evaluation in a multivariate logistic regression model.
The baseline model considered covariates with an established
connection to colorectal carcinogenesis and known factors
influencing the gut microbiota: the consumption of products rich
in fiber (fruits, vegetables, and whole grain bread), red meat and
alcohol, physical activity level, smoking habits, age, sex, and body
mass index (8,25–28). Significant covariates identified in our
study were then added to the model, and the direction and sig-
nificance of their effect were compared with their univariate
results. Table 1 presents the distribution of patients’ diet and
lifestyle factors studied in the multivariate model.

RESULTS
Frequency of individual polyp subtypes in our cohort and

corresponding analyses

Owing to the occurrence of multiple polyps and histologies in
some patients, we found at least 1 tubular adenoma (TA) in 90, at
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least 1 hyperplastic polyp (HPL) in 53, at least 1 sessile serrated
lesion (SSL) or traditional serrated adenoma (TSA) in 29, at least 1
tubulovillous adenoma (TVA) in 16, and at least 1 colorectal
carcinoma (CRC) in 20 patients. Drawing from this cohort of
patients and a set of 91 control patients, we designed the following
comparisons to evaluate possible clinical and microbial associa-
tions with CP detection and histology (Figure 1c): (I) patients
with noncancerous CPs (N5 142) vs healthy gut controls (N5
91) and (II) patientswith only conventional adenomas (TVA,TA,
N 5 77) vs those with only serrated polyps (SSL, TSA, HPL,
N5 49).

Furthermore, we grouped colorectal adenomas according to risk
signs ofmalignant transformation andnecessity of close endoscopic
follow-up (29,30) into adenomas or SSL/TSA $10 mm, $3 ade-
nomas or SSL/TSA in 1 patient, tubulovillous histology, and the
presence of HGD. The currently valid German guideline of man-
agement of colorectal carcinoma (29) recommends closer follow-up
of patients carrying an adenoma exhibiting at least one of the
specified risk signs. In this context, we considered the risk factors
leading to the diagnosis of advanced adenoma (HGD, $10 mm,
villous component) (3) separately. This allowed us to identify spe-
cific associationswhosebiological significance canbe investigated in
further studies. The guideline (29) further recommends endoscopic
follow-up after removal of an SSL or a TSA analogous to conven-
tional adenomas with features of risk. Therefore, we also applied
these risk signs of conventional adenomas to SSL and TSA and
studied these subtypes regarding these endpoints together with
conventional adenomas. Owing to the lower potential of malignant
transformation, HPL was not considered in the context of risk
factors (3,31). Since CRC is not a precursor lesion, patients with
CRC were included only in the analysis of HGD. This approach
yielded another 3 comparisons including: (III) patients with at least
1 adenoma or SSL/TSA of size$10mm (N5 37) vs those without
(N5 69), (IV) patients with$3 adenomas or SSL/TSA (N5 24) vs
those without (N 5 91), and (V) patients with at least 1 tubulo-
villous polyp (N 5 13) vs those without (N 5 64). Of note, no
adenomas with only villous morphology were detected. For com-
parisons III through VI, patients diagnosed with CRC and those
carrying only 1 or more HPL were excluded. Finally, we evaluated
(VI) patients inwhomat least 1CPwithHGDorCRC(N534)was
detected vs those without (N5 101). Of the entire 253 study par-
ticipants, 111 (43.9%) contributed to only 1 comparison, whereas
the remaining 142 (54.1%) were evaluated in 2 or more compar-
isons. Figure 1c shows the comparisons between the individual CP
groups, covering detection of noncancerous polyps, comparison of
conventional vs serrated lesions, and risk for malignant trans-
formation in adenomas and SSL/TSA.A per individual summary of
the outcome variables is provided in Supplementary Table 1 (see
Supplementary Digital Content 1, http://links.lww.com/CTG/B47).

Alkaline phosphatase levels correlatewith a higher occurrence of

HGD in CPs

For each of the aforementioned comparisons, we evaluated
associations between a comprehensive collection of clinical data,
including comorbidities, medication, laboratory values, nutri-
tional preferences, and epidemiological variables with polyp de-
tection (comparison I), subtype (comparison II), and risk factor
(comparison III–VI), respectively.

With the exception of the presence of HGD or CRC, no out-
comes of our interest yielded significant associations with
patients’ clinical data after correcting for the testing of multiple

hypotheses.Here, alkaline phosphatase (AP) levels were relatively
elevated and significantly higher in patients carrying a polyp with
high-grade dysplastic features or CRC (Mann-Whitney U test,
false discovery rate [FDR],0.01, Figure 2a). Next, we evaluated
a multivariate logistic regression model accounting for clinical
factors with well-described relationships to colon carcinogenesis
(see Methods for further details), where AP levels retained their
significant association (Figure 2b). Among clinical covariates, we
observed significant positive correlation with other parameters of
liver function testing such as gamma-glutamyltransferase as well
as aspartate and alanine transaminase (Figure 2c), suggesting that
AP elevations were related to liver damage.However, in the group
of patients with HGD and CRC, liver disease (liver metastases
together with other liver diseases, such as hepatitis or cirrhosis)
was not observed more frequently when compared with controls
(data not shown). To determine whether there was an association
between high-grade dysplastic polyps and AP or whether the
association was a result of patients with CRC, we next considered
precancerous polyps and CRC separately. Interestingly, patients
with high-grade dysplastic CP (N 5 14) showed significantly
increased levels of AP compared with respective controls (N 5
101, FDR 5 0.018). This association continued to be significant
when only patients with CRC were considered (N5 20, FDR5
0.0017, Figure 2d). There was no significant difference in AP
levels between patients carrying a high-grade dysplastic CP and
patients diagnosed with CRC, indicating that the association of
AP with HGD is not driven by patients with CRC. The specific
examination of the individual factors of advanced adenoma (3)
allowed us to better understand associations with the respective
risk factor of malignant progression. In addition, we investigated
whether AP is also relatively increased in patients with polyps
covering any risk factor of malignant progression. For this pur-
pose, we classified and compared the polyps in advanced ade-
noma (adenoma with HGD and/or villous component and/or
size $10 mm, N 5 42), nonadvanced adenoma (adenoma
without these features of risk, N5 73), healthy gut controls and
HPL (N 5 118), and CRC (N 5 20). With this approach, we
found that AP levels were still shown to be elevated in CRC but
not in advanced adenoma (Figure 2e). This underscores the
finding of relatively elevated AP in high-grade dysplastic lesions.

Landscape of the gut microbiota in patients with CP

Matching, high-quality 16S rRNA stool profiles were available for
a total of 219 individuals, that is, 83 healthy controls and 136
patients with CP detected on colonoscopy. Comparing individual
microbiota compositions confirmed diverse ecosystems domi-
nated by the 2 major phyla Firmicutes and Bacteroidetes (cu-
mulative mean relative abundance, 86%) (Figure 3a). The cohort
was characterized by an average individual richness of 1146 34
OTUs and 49 6 21 Shannon effective number of species
(Figure 3b). Unsupervised analysis based on generalized UniFrac
distances did not show any clear relation to CP biology as ex-
emplified for the presence of any polyp in general and the pres-
ence of a polyp with dysplastic histological features or carcinoma,
respectively (Figure 3c). Multivariate permutational analysis of
metadata with the fecal microbiota profiles identified 19 of 164
features with significant covariation including laboratory (e.g.,
AP levels), clinical (e.g., watery stool consistency), and dietary
(e.g., poultry intake) information (Figure 3d), indicating an in-
fluence on the bacterial composition of the gut. Although the
intake of antibiotics achieved significant results in this analysis, its
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frequency was balanced between all groups compared. Reported
probiotic intake was also balanced across groups and had no
significant effect on the gut microbiota (Table 1).

For each of our comparisons I through VI, we undertook an
extensive evaluation of multiple measures of alpha diversity (e.g.,
species richness), and the abundance ofmore than 400 taxa, more
than 500 zOTU, and more than 300 functional pathways, im-
puted by Picrust2 (23). However, we did not observe significant
changes between any of our outcomes and the respective control
group after correcting for the testing of multiple hypotheses. We
then investigated whether the microbiota differed in patient with
malignant lesions, namely CRC, and noncancerous CP and in
patients with CRC and healthy controls, respectively. Here, an
insignificant tendency for lower richness and alpha diversity was
seen in patients with CRC compared with healthy gut controls.
This trend was not seen in the comparison of CRC and non-
cancerous CP. Analysis of microbial differences between ad-
vanced adenoma, nonadvanced adenoma, controls, and CRC did

not reveal significant differences in alpha diversity. Furthermore,
there were no significant differences at the genus or phylum level.
However, a previously described trend of lower alpha diversity in
patients with CRC could be appreciated (Figure 3e).

DISCUSSION
Various modifiable risk factors of CRC are known, including
smoking, alcohol consumption, and obesity (32). In addition, the
gut microbiome seems to play a role in the development of CRC
(10). Fewer studies have addressed lifestyle and dietary risk fac-
tors for CP (26,33–35) and revealed associations with the gut
microbiome (36,37). In this study, we aimed to integrate various
patients’ characteristics to examine their association with differ-
ent aspects of CP biology and concurrent changes in the gut
microbiota.

In view of the analyzed clinical metadata, we observed a sig-
nificant association of relatively elevated serumAP levels with the
presence of HGD and CRC. In this regard, AP was significantly

Figure2.Clinical covariates related to risk factors ofmalignant progression in colorectal polyps. (a) Association of thepresence ofAssociation of thepresence
of adenoma with HGD feature or CRC (x-axis) with serum AP levels (y-axis). Hypothesis testing was performed using a 2-tailed Mann-Whitney U test.
(b) Comparisons ofP valuesderived fromunivariate assessment (grey) vsmultivariatemodeling (blue) for alkalinephosphatase levels. (c) Pairwise Spearman
rank correlation between alkaline phosphatase levels and the indicated numeric covariates. (d) Association of the presence of HGD or CRC (x-axis) with
serumalkalinephosphatase levels (y-axis). (e) Associationof the indicatedpatient groups (x-axis)with serumalkalinephosphatase levels (y-axis).Hypothesis
testingwasperformedusinga2-tailedMann-WhitneyU testwith post hocadjustmentofP valuesusing theBenjamini-Hochbergmethod. Inboxplots, thebox
ranges from Q1 (the first quartile) to Q3 (the third quartile) of the distribution and the range represents the IQR. The median is indicated by a dashed line
across the box. The “whiskers” on box plots extend from Q1 and Q3 to 1.5 the IQR. **FDR #0.01; *FDR #0.05; ns not significant. ALT, alanine
aminotransferase; AP, alkaline phosphatase; AST, aspartate aminotransferase; CRC, colorectal carcinoma; FDR, false discovery rate; GGT, gamma-glutamyl
transferase; HGD, high-grade dysplasia; HPL, hyperplastic polyps; IQR, interquartile range; LDH, serum lactate dehydrogenase.
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Figure 3.Microbial properties of the study population. (a) Relative abundances of phyla across control individuals andpatients with polyp. Samples are ordered
according to increasing relative abundances of Firmicutes. (b) Alphadiversity of the fecalmicrobiota in thewhole cohort. Richness (left; 114634) andShannon
effectivenumberof species (right; 49621). (c) Phylogeneticdistance treecalculated fromgeneralizedUnifracdistances for allmicrobial stool samples.Stacked
barplots show taxonomic distribution on the phylum level. Inner label shows the presence of the indicated polyp features. (d) Explained variations in fecal
microbiota composition by covariates. All variables shown had a significant influence (P# 0.05), displayed as proportions of explained variations based on R2.
(e) Associationof the indicatedpatient groups (x-axis)with species richness (y-axis).Hypothesis testingwasperformedusinga2-tailedMann-WhitneyU testwith
post hoc adjustment of P values using the Benjamini-Hochberg method. In boxplots, the box ranges from Q1 (the first quartile) to Q3 (the third quartile) of the
distributionand the range represents the IQR.Themedian is indicatedbyadashed lineacross thebox.The “whiskers”onboxplots extend fromQ1andQ3 to1.5
the IQR. **FDR#0.01; *FDR#0.05; ns, not significant. ALT, alanine aminotransferase; AP, alkaline phosphatase; CRC, colorectal carcinoma; DM, diabetes
mellitus; FDR, false discovery rate; HDL, high-density lipoprotein; HTN, hypertension; HPL, hyperplastic polyp; IQR, interquartile range.
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higher in both precancerous high-grade dysplastic polyps and
patients with CRC compared with the respective control group.
This implies that the relatively increased AP in precancerous
lesions is not explained by metastases in patients with CRC. This
association retained its significance when subjected to a multi-
variate logistic regression model. The analysis of AP levels com-
prises many distinct enzymes of the AP family in the body (38),
amongwhich the intestinal AP seems tomodulate gutmicrobiota
(39). Patients suffering fromCRC showed a proportional increase
in AP levels with disease progression (40), and AP levels showed
a significant association with the stool microbial ecosystem di-
versity in our analysis. Hence, measuring AP levels may serve to
support screening colonoscopy for the detection of premalignant
and malignant colorectal lesions. Of note, in most cases, AP was
not elevated above the upper limit of 129 U/L considered relevant
in Germany, but rather, it was shown to be elevated relative to the
control group (Figure 2a). We further observed a significant
correlation of elevated AP levels with other parameters of liver
function, suggesting that AP elevations were related to liver
damage. The presence of any liver disease has been found to
associate with CPs at risk for malignant progression (41), which
led the authors to suggestmore intensified screening colonoscopy
for patients with liver disease and may be confirmed by our data.
However, studies on the significance of liver enzymes in patients
with CPs are scarce, and an association between elevated AP and
polyps at risk for malignant transformation has not been de-
scribed to our knowledge. Furthermore, the findings of elevated
liver enzymes in patients with CRC are not consistent in the
literature. For example, a large prospective study showed an in-
verse correlation of liver values at baseline with the incidence of
CRC (42). In summary, further studies are needed on the con-
nection of liver function tests, the pathogenesis of CPs, and the
gut microbiome.

We did not detect significant associations for other clinical
factors between patients with CP after correcting for multiple
hypothesis testing. This included detailed questionnaire data,
medical information, and serological analyses. We recognize that
the relatively small number of patients in our subgroups
(Figure 1c), relative to the large number of clinical and lifestyle
parameters investigated, may negatively affect statistical power,
and further studies are needed with targeted questions regarding
diet, lifestyle, and development of CP.

We further investigated themicrobial composition and bacterial
metabolic function of the stool samples in different subgroups.
Besides a trend toward decreased alpha diversity in patients with
CRC compared with healthy gut controls, the microbiota showed
no difference in their distribution or metabolic function in CP
compared with the respective controls. However, previous studies
have pointed to significant microbial changes accompanying CP
formation. Exemplarily, a recent study revealed distinct stool mi-
crobial signatures between SSA and TA, and environmental factors
link with the identified species (37). Another study demonstrated
distinct taxa between patients with CP and controls, but no differ-
ences in microbial species richness or diversity. Furthermore, there
were no significant differences regarding histological classifications
(e.g., HGD) (11). Moreover, the changes in the microbiome in CP
are in some cases even opposite. For example, Bacteroides was
shown to be increased in fecal samples of patients with CRC (12)
and CPs (13), whereas in other studies, Bacteroides was more
common in healthy patients than in patients with CP (14,15).
Similar divergent results have been described for Faecalibacterium

spp. Although Chen et al (13) found a comparable abundance of
Faecalibacterium spp. in mucosa samples from patients with CP
and controls, others reported a higher abundance in patients with
CP compared with controls (15). Furthermore, Feng et al (10) ob-
served a greater richness in genes or genera in patients with more
advanced adenoma or CRC, whereas Peters et al (9) observed the
opposite, namely a lower species richness in stool samples from
patients with CP, especially advanced CP, compared with controls.
Possible explanations for the inconsistent findings are confounding
factors on the microbiome and differences in sequencing methods.
Becausewedid not see significant differences inmicrobiota between
the groups studied, a confounding analysis was superfluous.
However, we investigated the influence of different host factors on
the microbial composition of the stool and observed that besides
symptoms (e.g., watery stools and abdominal pain), secondary
diseases (e.g., diabetes mellitus II) and diet (e.g., yogurt consump-
tion) seem to have an influence (Figure 3d). Owing to the in-
consistent findings in the microbiome in patients with CP, we
believe that the microbiome cannot yet contribute to the diagnosis
with sufficient certainty. Further studies taking into account pos-
sible confounders are needed.

We see important limitations to our study. First, it cannot be
ruled out with certainty that individual taxa may be absent in the
longer term because of bowel preparation (43). Nevertheless, we
based our sampling time point 4–6 weeks after bowel preparation
on previous studies, according towhich a normalization of the gut
microbial structure occurred 14 days to 6 weeks after bowel
cleansing (16,44). Second, the timing of antibiotic and probiotic
use cannot be determined. However, the distribution was similar
in the studied groups, and since we did not see significant dif-
ferences, the results do not seem to be influenced by antibiotics or
probiotics. Third, our study includes a limited number of patients
with CRC, which limits the analysis ofmicrobial signatures in this
important subgroup. Furthermore, we examine a variety of
clinical and epidemiologic metadata in relatively small subgroups
(Figure 1c). This affects the statistical power. Nevertheless, after
correcting formultiple hypotheses testing, we report to the best of
our knowledge for the first time a significant association of rela-
tively elevated AP with CPs containing high-grade dysplastic
features, which could represent a valuable addition to improve
screening efforts. Interestingly, AP was among the factors that
most strongly influencedmicrobial communities. The association
between elevated AP, premalignant CP, and the microbiome
should be investigated in further studies.
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Study Highlights

WHAT IS KNOWN

3 Colorectal polyps (CPs) have different risks for malignant
transformation.

3 The interplay of gutmicrobiome, diet, lifestyle, and CP biology
is not well understood.

3 Early detection of premalignant polyps is an important goal of
colorectal cancer prevention.

WHAT IS NEW HERE

3 This study addresses the relationship between diet, lifestyle,
and fecal microbiota with CP.

3 Elevated liver enzymes, especially alkaline phosphatase (AP),
were associated with the presence of high-grade dysplastic
polyps and carcinoma.

3 AP showeda significant effect on themicrobial composition of
the gut.

3 AP may thus contribute to the screening efforts of
precancerous polyps.

3 The link between elevated AP, premalignant polyps, and the
microbiome should be investigated in further studies.
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