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Diet is a major modulator of gut microbiota, which plays a key role in the health status, including colorectal
cancer (CRC) development. Several studies and meta-analyses have evidenced an association of certain
dietary factors and xenobiotic intake with the incidence of CRC. Nevertheless, how these dietary factors
impact the first stages of intestinal mucosa damage is still uncertain. This study aimed at exploring the
associations of relevant dietary factors with the gut microbiota of control individuals and subjects diagnosed
with intestinal polyps. A total of 60 volunteers were recruited, clinically classified according to colonoscopy
criteria and interviewed using food frequency questionnaires (FFQs). The nutritional status of each volunteer
was determined and the intake of dietary xenobiotics was quantified. The relative abundance of faecal
microbiota taxonomic groups was obtained through 16S rRNA gene sequencing. The association of dietary
factors and xenobiotics with faecal microbiota composition showed differences according to the clinical
diagnosis group. Our results showed that the intake of red meat (>50 g day™) and total polycyclic aromatic
hydrocarbons (PAHs) (>0.75 g day™) was associated with a decreased abundance of the family
Bacteroidaceae and an increased abundance of Coriobacteriaceae in control subjects. The intake of the
heterocyclic amines 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine (PhIP) (>40 ng day™) and
2-amino-3,8 dimethylimidazo(4,5,f) quinoxaline (MelQx) (=50 ng day™) was associated with a decreased
abundance of Akkermansiaceae in the control diagnosis group. Moreover, N-nitroso compounds (NOCs),
nitrites (>1.69 mg day™) and N-nitrosodimethylamine (NDMA) (>0.126 ug day™) were associated with a
decreased abundance of Bifidobacteriaceae. The intake of ethanol (=12 g day™) in the polyps group was
associated with an increased abundance of Peptostreptococcaceae and a decreased abundance of
Veillonellaceae. Moreover, linear regression analyses allowed us to identify ethanol, calcium, bioactive com-
pounds such as flavonoids, stilbenes, cellulose, phenolic acids or total polyphenols, and dietary xenobiotics
such as PhIP and MelQx, the NOC N-nitrosopyrrolidine (NPYR) or the total PAHs as potential predictors of
faecal microbiota group abundances. These results indicated that the consumption of milk, red meat, pro-
cessed meat and ethanol and the intake of polyphenols, dietary PAHs, HAs and NOCs are associated with
specific groups of the intestinal microbiota, depending on the clinical diagnosis group.
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Colorectal cancer (CRC) has been estimated to be responsible
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deaths worldwide." Despite the efforts made through screen-
ing programs, the incidence of CRC is still rising.” Besides
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Injuries, and Risk Factors Study (GBD), pointed to certain risk
factors for CRC, such as the consumption of red meat, pro-
cessed meat and ethanol, and also to protective ones such as
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the consumption of milk, fibre, polyphenols and calcium.>®
These findings were in accordance with previous data from the
International Agency for Research on Cancer (IARC), the World
Cancer Research Fund (WCRF) and the American Institute for
Cancer Research (AICR).>'® Therefore, diet as a whole
becomes a key factor for CRC development. Apart from the tra-
ditional components, diet can be a source of ethanol and
xenobiotic compounds such as heterocyclic amines (HAs),
polycyclic aromatic hydrocarbons (PAHs), acrylamide and
N-nitroso compounds (NOCs) largely formed during the pro-
cessing and cooking of fish, meat and other foods at high
temperature.’* The final toxicity of these compounds results
from their absorption and metabolic transformation, in which
intestinal microbiota is involved. For example, the intestinal
microbiota can modulate the absorption of xenobiotic com-
pounds by altering the intestinal permeability or modifying
the thickness of the intestinal mucus layer.'* Moreover, gut
microbes are also capable of transforming compounds, result-
ing in others with increased or decreased toxicity depending
on the intestinal microbiota profile of the host.’® Direct
binding of microorganisms to toxic compounds and the
excretion of the latter in faeces are also possible and may con-
tribute to the decrease in the damage in the host.'* Finally,
conjugated molecules, ready to be excreted after their trans-
formation by host phase II enzymes, can be reactivated by the
gut microbiota as occurs with hydrolytic reactions carried out
by p-glucuronidases.>'® Nevertheless, this relationship is not
unidirectional, as the gut microbiota can also be altered by the
intake of dietary xenobiotics. In humans, a shift from healthy
diets to poor quality ones, such as the so-called “western”
pattern diet, promotes a decrease in the consumption of bio-
active compounds, tends to enrich the intake of potentially
carcinogenic compounds and may also modify the compo-
sition of the gut microbiota.>"”™"® In this sense, faecal
samples represent a useful material to study changes occurring
in the gut microbiota along disease development. The enrich-
ment of species such as Fusobacterium nucleatum, Bacteroides
fragilis, Enterococcus faecalis, Escherichia coli or Streptococcus
bovis has been reported in faecal samples from individuals
diagnosed with CRC. These microorganisms are associated
with the promotion of tumorigenesis.?® Bacteroides, Prevotella,
Porphyromonas, Enterococcus or Streptococcus genera have also
been found to be elevated in faecal samples from individuals
diagnosed with CRC.*'* Precancerous states also exhibited
alterations in the gut microbiota. Thus, when the samples of
patients with adenoma polyps were compared with healthy
individuals, a decrease in families Ruminococcaceae,
Clostridiaceae, and Lachnospiraceae was found, while the
classes Bacilli and Gammaproteobacteria (order
Enterobacterales) were increased.”” The hypothesis proposed
in this work is that dietary factors can modulate the intestinal
microbiota composition in different ways depending on the
stage of mucosal damage in CRC development. To test it,
major dietary components previously reported to be associated
with CRC development were evaluated to assess their impact
on the composition and activity of the faecal microbiota
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according to the clinical presence of mucosal damage in the
form of intestinal polyps.

2. Materials and methods
2.1 Study design and volunteers

Data used in this study have been obtained in the context of
the project “Effect of diet and exposure to xenobiotics gener-
ated during food processing on the genotoxic/cytotoxic
capacity of the intestinal microbiota” (MIXED).

Physicians of the Digestive Service from the Central
University Hospital of Asturias (HUCA) and the Carmen and
Severo Ochoa Hospital, both located in Asturias, the northern
region of Spain, have performed the recruitment of the sample
population. Volunteers were randomly selected from those
subjects who participated in a screening program of CRC and
who fulfilled the inclusion criteria: age between 40 and 75
years, absence of cancer history, digestive pathology, immune-
related diseases or drug treatment. Volunteers were recruited
at the time of the first interview and scheduled for colono-
scopy. Prior to enrolling, all the participants were informed
about the objectives and procedures of the study. Once they
agreed to participate, an informed consent form was signed.
Human samples of faeces and anamnesis, and analytical data
were also collected at the time of recruitment, as described
elsewhere.*® A total of 60 volunteers for which dietary infor-
mation and faecal samples were available were included in the
study. According to the screening colonoscopy results, volun-
teers were classified as controls not showing any alteration of
the intestinal mucosa (n = 25), or polyps (n = 35) in the case of
those volunteers showing the presence of one or more intesti-
nal polyps in the colonic mucosa. This project was evaluated
and approved by the Regional Ethics Committee of Clinical
Research of Asturias (Ref. 163/19) and by the Committee on
Bioethics of CSIC (Ref. 174/2020). The procedures stated in the
Declaration of Helsinki, the Oviedo Bioethics Convention, the
Council of Europe Convention on Human Rights and
Biomedicine, as well as in the Spanish legislation on bioethics
were strictly followed.

2.2. Nutritional assessment and anthropometry

Dietary information was obtained from a validated semi-quan-
titative food-frequency questionnaire (FFQ) conducted by
trained interviewers.’®>” This survey was performed at the
time of medical consultation for the results of colonoscopy.
The FFQ was composed of 155 food items, and portion sizes
were obtained using the Pilot Study for Assessment of Nutrient
Intake and Food Consumption Among Kids in Europe
(PANCAKE).>® Moreover, the FFQ included specific questions
regarding culinary preparations, type of food (i.e. chicken
breast or thigh), consumption habits (i.e. thigh cooked and
consumed with or without skin), cooking methods (i.e. boiled,
fried, etc.) and degree of doneness (rare, medium, well done,
very well done). The last question was accompanied by standar-
dized pictures to illustrate the degree of cooking for meats,

This journal is © The Royal Society of Chemistry 2023
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fried potatoes and bread. The Higher Education in Nutrition
and Dietetics (CESNID) criteria was followed for the classifi-
cation of food into groups.?® The nutritional information was
obtained from the food composition tables of CESNID and the
United States Department of Agriculture (USDA).>**° Energy
and macronutrient intake data were completed with infor-
mation about phenolic compounds and dietary fibre consump-
tion, extracted from Phenol Explorer 3.6 and the studies by
Marlett and Cheung.*"*?> Oxygen Radical Activity Capacity
(ORAC) was calculated from the article by Wu et al.>® After ful-
filling the FFQ, height (m) and weight (kg) of each volunteer
were determined and the BMI was calculated using the
formula weight (kg)/height (m)>. The criteria of the Spanish
Society for the Study of Obesity (SEEDO) were applied to clas-
sify the sample into normal weight (18.5-24.9 kg m™?), over-
weight (25.0-29.9 kg m~?), and obese (>30.0 kg m™?). Dietary
data generated in this study are available from authors under
reasonable request.

2.3. Xenobiotic intake estimation

The content of HAs, PAHs, NOCs and acrylamide xenobiotics
were obtained and compiled from the European Prospective
Investigation into Cancer and Nutrition (EPIC) carcinogen
database.*® This information was completed with data from
the Computerized Heterocyclic Amines Resource for Research
in Epidemiology of Disease (CHARRED), the European Food
Safety Authority (EFSA), the U.S. Food Drug Administration
(FDA) along with other references.>>*® The content of these
compounds was estimated by considering the preservation
method, type of cooking, degree of browning and temperature.

2.4. Dietary factors

These xenobiotics together with certain dietary variables
showing protective or hazardous roles in previous studies and
meta-analyses with defined intake cut-off values were included
in the analyses. From the GBD,’ the selected variables and
their cut-off values were as follows: milk >120 g day ", red
meat >50 g day ", processed meat >25 g day ', ethanol >12 g
day ™, fibre >20 g day™" and calcium >900 mg day . From the
Southern Community Cohort Study:*” total polyphenols
>650 mg day '. From the EPIC:*® N-nitrosodimethylamine
(NDMA) >0.125 pg day *. From the study conducted by
Martinez Géngora et al.:*° amino-1-methyl-6-phenylimidazo
(4,5-b)pyridine (PhIP) >40 ng day ' and 2-amino-3,8 dimethyl-
imidazo (4,5,f) quinoxaline (MeIQx) >50 ng day ‘. Moreover,
those dietary variables showing significant associations (p <
0.05) or closeness to significance (p < 0.10) with shifts in the
risk of being in the group of volunteers diagnosed with polyps
in a previous study of our research team conducted with the
same sample of volunteers were also included:*® soluble
pectin >0.57 g day™ !, flavonoids >82.18 mg day ', other
polyphenols >32.15 mg day ', nitrites >1.69 mg day ',
dibenzo (a) anthracene (DiB(a)A) >0.07 pg day ' and total PAH
>0.75 pug day .

This journal is © The Royal Society of Chemistry 2023
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2.5. Faecal samples’ processing

A total of 4 g of frozen faecal samples were weighed, diluted 1/
10 and homogenized with sterile PBS in a LabBlender 400
Stomacher (Seward Medical, London, UK) for 3 min at the
maximum speed. After 15 min centrifugation at 4° C and
14 000 rpm, supernatants and pellets were separated and kept
frozen at —20 °C until use.

2.6. Faecal short chain fatty acids

The concentration of the major short chain fatty acids (SCFAs)
such as acetic, propionic, butyric as well as isobutyric, isovale-
ric, valeric and caproic acids in the faeces was determined
through the procedure previously described, with some minor
modifications.’® Faecal supernatants were diluted with metha-
nol and 20% v/v formic acid; an internal standard reaching a
dilution of 10/65 was added to the sample. Then, preparations
were centrifuged for 10 min at room temperature and 14 000
rpm and the obtained supernatants were transferred to suit-
able chromatography vials. A chromatograph 6890N (Agilent
Technologies Inc., Palo Alto, CA, USA) connected to a mass
spectrometry detector (MS) 5973N (Agilent Technologies) and
a flame ionization detector (FID) was used for the identifi-
cation and quantification of SCFAs. Theoretical detection limit
values were calculated for less abundant SCFAs and applied to
those samples under the limit of detection.

2.7. Faecal amino acids and biogenic amines

Amino acid and biogenic amine levels in faeces were deter-
mined in faecal supernatants using the method described by
Redruello et al. and adapted to the faecal supernatants ana-
lyzed by Salazar et al.>"* Briefly, the faecal supernatants were
filtered through 3 kDa centrifugal filters (Amicon Ultra-0.5,
Merck KGaA, Germany) and derivatized using diethyl ethoxy-
methylenemalonate (DEEMM, Sigma-Aldrich, USA). Before
injection, the samples were also filtered using 0.22 pm-pore
diameter polytetrafluoroethylene membranes (VWR
International, USA). An H-Class Acquity UPLC™ system
(Waters, Milford, MA, USA) coupled to a photodiode array
detector at 280 nm was used to quantify amino acids and bio-
genic amines. The detection limit values were applied when
necessary.

2.8. DNA extraction and metataxonomic analyses

The pellets obtained after the dilution and homogenization of
faeces were used to extract the DNA. Q protocol for DNA extrac-
tion defined by the International Human Microbiome
Standards Consortium was applied using a QIAamp Fast DNA
Stool Mini Kit (Qiagen, Sussex, UK).>® After extraction, the 260/
280 ratio was quantified using a Take3 Micro-Volume plate
and a Gen5 microplate reader (BioTek Instruments, Inc.,
Winooski, VT, USA). DNA was kept frozen at —20 °C until ana-
lysis. The whole procedure of bacterial 16S rRNA gene sequen-
cing and annotation was conducted at Novogene
Bioinformatics Technology Co., Ltd. First, the variable region
V3-V4 of bacterial 16S rRNA genes was amplified by PCR using
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specific primers (341F and 806R) connected with barcodes and
the DNA library was prepared. Libraries were sequenced on an
Ilumina NovaSeq 6000 platform instrument. The obtained
individual reads were assigned to samples using barcodes and
merged using FLASH (V 1.2.7).>* High quality clean tags were
obtained by filtration using QIIME (V 1.7.0), allowing for the
removal of low-quality sequences.’>>® The tags were then com-
pared with the reference SILVA 138 database and chimera
sequences were removed using the UCHIME algorithm.>”»>®
Effective tags were utilized by Uparse software (Uparse V
7.0.1090) to perform the sequencing analysis. Sequences
sharing >97% homology were assigned to the same OTUs, and
the OTU abundance was normalized. To annotate species at
each taxonomic rank, the representative sequence for each
OTU was determined against the SSUrRNA database of the
SILVA138 database using QIIME (V 1.7.0) in the Mothur
method.>® Moreover, to obtain the phylogenetic relationship of
all OTU representative sequences, MUSCLE (V 3.8.3) was
used.®® The ACE index of alpha diversity was obtained from
QIIME (V 1.7.0). The datasets generated during metataxonomic
sequencing of faecal DNA samples in the MIXED project were
deposited in the NCBI Sequencing Read Archive PRJNA994445
(https://www.ncbi.nlm.nih.gov/bioproject/994445).

2.9. Statistical analyses

The data obtained were analysed using SPSS software version
25.0 (IBM SPSS, Inc., Chicago, IL, USA), RStudio software
version 1.4.3 and Galaxy web tool.°* GraphPad Prism 9 and
RStudio software were used for graphical representations.
Goodness of fit to the normal distribution was checked by
means of the Kolmogorov-Smirnov test. As normality of the
metabolite variables (SCFAs, amino acids and biogenic
amines) was not achieved, Mann-Whitney U tests were per-
formed to detect group differences. Linear discriminant ana-
lysis effect size (LEfSe) analyses were conducted to differentiate
at the family taxonomic level the microorganisms contributing
to discriminate between study groups by using the Galaxy web
tool.®" These analyses consist of a Kruskal-Wallis sum-rank
test and a Wilcoxon test for pairwise comparison, followed by
a logarithmic linear discriminant analysis (LDA) to estimate
the effect-size at a threshold of 2.0. To determine whether the
different diagnosis groups could lead to a statistically signifi-
cant influence on the relative abundance of microbiological
families, a MANOVA analysis was performed. In this multi-
variate test, clinical diagnosis group levels were selected as the
explanatory variables, while the most abundant bacterial
families in the sample (relative abundance >1%) were intro-
duced as the dependent variables. Abundance-based coverage
estimator (ACE) index differences of alpha diversity were evalu-
ated according to dietary consumption and diagnosis groups
by the Mann-Whitney tests. To explore the associations
between microbial families and metabolic and food group vari-
ables, Spearman correlation analyses performed.
Significant correlations were adjusted for multiple tests using
the Benjamini-Hochberg procedure. Heatmaps were generated
using the “pheatmap” R package. Redundancy analyses (RDA)

were
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of food groups and dietary compounds were performed using
the “vegan” R package. To discard collinearity, bioactive and
potentially carcinogenic compounds were examined as predic-
tors of gut microbial families, faecal SCFAs and amino acids
by regression analyses, adjusting by gender and BMI to reduce
their potential confounding role on CRC as previously
described.®>®

3. Results

General characteristics and anthropometric parameters of the
sample are presented in Table 1 according to the clinical diag-
nosis groups. No significant differences were found for the
variables considered between groups.

3.1. Differential microbiota profiles according to dietary
intake

The relative abundance of the faecal microbiota in the
samples at the family taxonomic level and metabolites is pre-
sented in Table S1f according to the clinical diagnosis groups.
The faecal microbial composition of volunteers was then ana-
lysed according to dietary factors for each diagnosis group
(Fig. 1). Given the high taxonomic complexity of the micro-
biota, we focused the present study to the family level, in order
to not split results and maintain the main aim of the current
work. When milk consumption was evaluated, control volun-
teers with an intake under 120 g day ' showed lower abun-
dances of Peptostreptococcaceae, Coriobacteriaceae and
Erysipelotrichaceae and higher abundance of Bacteroidaceae
(Fig. 1A) (Table S2t). A higher abundance of Akkermansiaceae
was detected in the polyps group with milk intake above
120 g day '. A differentially increased abundance of
Coriobacteriaceae and decreased abundance of Bacteroidaceae
and Akkermansiaceae was observed in control volunteers con-
suming more than 50 g of red meat per day compared to those
whose consumption of this food was lower (Fig. 1B)
(Table S3t). On the other hand, the consumption of >25 g of
processed meat per day was accompanied by a reduced abun-
dance of Bifidobacteriaceae and by an increased abundance of
Prevotellaceae and Erysipelatoclostridiaceae in the control
group, while these families were also increased in the group
diagnosed with polyps consuming high levels of processed
meat (Fig. 1C) (Table S41). When fibre consumption was ana-

Table 1 General characteristics of the study sample according to clini-
cal diagnosis

Control (n = 25) Polyps (n = 35)

Male gender 12 (48.00%) 18 (51.40%)
Age (years) 58.08 + 9.61 61.03 +6.31
Energy intake (kcal day™?) 2036.90 * 752.13 2117.44 + 850.13
BMI (kg m™2) 26.22 + 3.88 27.70 + 3.90

Values are shown as mean + standard deviation for continuous
variables or number and percentage (%) for the categorical ones. BMI,
body mass index.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Differential abundance according to linear effect size discriminant analysis (LEfSe) at the taxonomical family level in the faecal microbiota of
volunteers according to the clinical diagnosis group and cut-off intake values for (A) milk (g day™), (B) red meat (g day™), (C) processed meat (g
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lysed, increased concentrations of isobutyric and isovaleric acids
and Coriobacteriaceae relative abundance were found in the
control volunteers consuming >20 g fibre per day (Fig. 1D)
(Table S5t). Moreover, no differences were found in faecal micro-
biota abundances when soluble pectin intake was examined
(Table S6t). Regarding total polyphenols, increased abundances
of Coriobacteriaceae, Veillonellaceae and Erysipelotrichaceae and
decreased abundances of Peptostreptococcaceae, Prevotellaceae
and Bacteroidaceae were detected in the control group with
intake of total polyphenols >650 mg day " (Fig. 1E) (Table S71).
Among them, the intake of flavonoids (>82.18 mg day ') was not
associated with any shift in microbial families (Table S8t).
Furthermore, the control group with an intake of other polyphe-
nols >32.15 mg day ' showed a decreased abundance of
Bifidobacteriaceae and higher concentrations of SCFAs such as
acetic, butyric and propionic acids (Fig. 1F) (Table S97).

A lower abundance of the family Veillonellaceae was detected
in the control group with intake of calcium >900 mg day "
(Fig. 1G) (Table S107). Furthermore, the polyps group showing
higher intake of calcium revealed an increase in the abundance
of Erysipelatoclostridiaceae and in the concentrations of acetic
and propionic acids, together with a decrease in the abundance
of Methanobacteriaceae and Christensenellaceae. Regarding
xenobiotics, in those subjects diagnosed with intestinal polyps,
higher ethanol intake was concomitantly associated with a
reduced abundance of Veillonellaceae and increased abundance
of Peptostreptococcaceae (Fig. 1H) (Table S117). No statistically
significant differences were found according to DiB(a)A intake
(Table S12t). When the dietary consumption of total PAHs was
evaluated, many differences were revealed in microbial faecal
abundances and SCFA concentrations (Fig. 1I) (Table S137). The
control volunteers with a total PAH intake of >0.75 pg day * dis-
played increased abundances of Peptostreptococcaceae,
Coriobacteriaceae, Eggerthellaceae and Erysipelotrichaceae in
contrast to the decreased abundance of Bacteroidaceae. The
control group also showed higher concentrations of isobutyric
and isovaleric acids together with total amino acids and protein
amino acids in the faeces. In the polyps group, the total PAH
intake of >0.75 pg day ' was associated with a decreased abun-
dance of Christensenellaceae and higher concentrations of acetic

A) Red meat B)

6000

Total PAHs

=3 Control <50 g/day

=3 Control 250 g/day 4000

2000

ACE index
ACE index
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acid, propionic acid and biogenic amines. Control volunteers
with PhIP intake higher than 40 ng day ' revealed a decreased
abundance of Akkermansiaceae (Fig. 1J) (Table S147). Also, in the
control diagnosis group, a decreased abundance of
Bacteroidaceae and increased abundance of
Erysipelatoclostridiaceae was detected when the intake of MeIQx
was higher than 50 ng day™" (Fig. 1K) (Table S157). In both the
control and polyps groups, the intake of >1.69 mg day ™" of
nitrites was associated with a decreased abundance of
Bifidobacteriaceae (Fig. 1L) (Table S16t). Moreover, in the control
group, higher intake of nitrites was associated with an increased
abundance of Prevotellaceae and Erysipelatoclostridiaceae, while
in the polyps groups, this increase occurred in the Eubacterium
coprostanoligenes group. When the intake of NDMA was evaluated,
a reduction in Bifidobacteriaceae abundance accompanied by an
increase in Prevotellaceae was observed for the control volunteers
with consumption >0.126 pg day ', while in the polyps group,
this intake was associated with an increased abundance of
Erysipelatoclostridiaceae (Fig. 1M) (Table S177).

A MANOVA analysis was conducted to determine whether
the clinical diagnosis groups and microbial profiles were
associated. The value observed for the multivariate signifi-
cance test was not statistically significant (overall F statistic:
0.932, p-value: 0.551).

3.2. Microbiological richness according to dietary intake

To determine the differences in the alpha diversity according
to the dietary intake in each diagnosis group, ACE index values
were evaluated (Fig. 2). In the control group, richness
decreased significantly with elevated consumption of red meat
(>50 g day ") and total PAH intake (>0.75 pg day™ ). Moreover,
in the subjects diagnosed with polyps, DiB(a)A intake >0.07 pg
day " was associated with a lower ACE index.

3.3. Food groups, faecal metabolites and microbiota
correlations

Exploration into the association of food groups with faecal
microbiota at the taxonomic family level was conducted
through Spearman correlation analyses and was represented
by heatmaps (Fig. 3A).

C) DiB(a)A

=3 Polyps <0.07 yg/day
=3 Polyps 20.07 ug/day

=3 Control <0.75 pg/day
=3 Control 20.75 pg/day

ACE index

Fig. 2 Statistically significant differences in alpha diversity (ACE index) obtained from the faecal microbiota of volunteers according to clinical diag-
nosis group and cut-off intake values for (A) red meat (g day™), (B) total PAH (ug day™) and (C) DiB(a)A (ug day™). ACE, abundance-based coverage
estimator; total PAHs, total polycyclic aromatic hydrocarbons; DiB(a)A, dibenzo (a) anthracene.
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positive associations, respectively. The intensity of the colour is proportional to the degree of association between variables. Bordered cells indicate
a statistically significant association adjusted for multiple testing by the Benjamini—Hochberg procedure.

In the controls, the consumption of processed meat was
negatively correlated with the relative abundance of
Bifidobacteriaceae in the faeces (Fig. 3A), whereas red meat
showed an inverse association with Akkermansiaceae and a
direct association with Coriobacteriaceae. In contrast, the

This journal is © The Royal Society of Chemistry 2023

abundance of this last family was inversely correlated with
nuts and seeds. Bacteroidaceae was inversely linked to the con-
sumption of cereals, root vegetables and dairy products.
Clostridiaceae family was negatively correlated with non-alco-
holic drinks and positively correlated with fish and derivatives.

Food Funct, 2023, 14, 9591-9605 | 9597


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo01356a

Open Access Article. Published on 31 August 2023. Downloaded on 10/19/2025 12:23:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

In polyps, only statistically significant inverse relationships
were found: sea food with Streptococcaceae, eggs with
Methanobacteriaceae, and non-alcoholic drinks with
Veillonellaceae and Bifidobacteriacae (Fig. 3B). In contrast,
abundant correlations were found for some food groups and
faecal metabolites (Fig. 4). In the control group, branched
chain amino acids isobutyric and isovaleric directly correlated
with white meat and fish and derivatives (Fig. 4A). The former
food group also correlated with total amino acids and
ammonium. Non-alcoholic drinks were positively associated
with most of the variables except for biogenic amines and
caproic acid. On the other hand, in the group of volunteers
diagnosed with polyps, red meat, dairy products and processed
meat were positively correlated with biogenic amines (Fig. 4B).
Moreover, red meat and dairy products correlated with acetic
acid and propionic or butyric acid, respectively. Three major
SCFAs (acetic, propionic and butyric) were associated directly
with non-alcoholic drinks and fish and derivatives. The direc-
tion of the associations of drinks with ammonium and total
amino acids shifted from positive in the controls to negative in
the polyps group.

3.4. Linear regression analyses between dietary compounds
and microbiological families

Food groups and their components were further examined to
obtain the underlying basis of the previous findings about the
associations between diet and microbiological families.
However, RDA models searching for the best explanatory vari-
ables did not reveal statistically significant results (data not
shown). Therefore, to identify potential dietary predictors of
faecal microbiological families, linear regression analyses
adjusted by gender and BMI were performed (Table 2). In the
control group, NPYR, total PAHs, and total ORAC variables
were identified as negative predictors of Bacteroidaceae,
Bifidobacteriaceae and Christensenellaceae levels, respectively.
Flavonoids were positive predictors of Lachnospiraceae and
ethanol was found to be inversely associated with
Clostridiaceae. While MelQ was found as a direct predictor of
Clostridiaceae, acrylamide and MelIQx were associated with the
relative abundance of Coriobacteriaceae. Acrylamide was the
main variable appearing in amino acid regression analysis.
Other polyphenols were found to be the best predictors of the
major SCFAs (acetic, propionic and butyric). In the polyps
group, gender and BMI appeared as significant adjusting para-
meters when Prevotellaceae and Bacteroidaceae were analysed,
respectively.  Nitrites  were  positive  predictors  of
Peptostreptococcaceae, and calcium - of Lachnospiraceae. The
xenobiotics  NDMA and  PhIP  directly predicted
Erysipelatoclostridiaceae. A bioactive compound, insoluble
cellulose, was positively associated with the abundance of
Erysipelotrichaceae. Total ORAC was a positive predictor of
Ruminococcaceae. Ethanol was inversely related to the total
amino acid concentration in the faeces. Regarding SCFAs,
acetic acid was significantly adjusted by gender, and nitrites
and phenolic acid were found as positive predictors of butyric
and caproic acids, respectively. To explore the correlation
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between the bacterial family Bifidobacteriaceae and SCFAs,
Spearman correlations were conducted, and no statistically sig-
nificant associations were obtained, not even according to the
clinical diagnosis groups (Table S187).

4. Discussion

Assessing the relationship between diet and intestinal
mucosal health as related with faecal microbiota composition
is a complex issue. This goal could be addressed by individual
analysis of key dietary factors, as those analysed in this work.
The evaluation of each dietary factor revealed significant shifts
in gut microbial families with differences according to the
clinical diagnosis group.

The findings of a lower abundance of Bifidobacteriaceae in
the group of individuals with a higher intake of processed
meat, nitrites, NDMA and other polyphenols are in line with
the literature describing the association of plant-based diets
with higher faecal excretion of SCFAs and increased
Bifidobacterium abundance, in contrast to meat-based diets.®*
However, any statistically significant correlation between
Bifidobacteriaceae and the SCFA concentration in faeces was
found in the sample. The differences in the diet-microbiota
binomial between the different study groups are probably one
of the most interesting findings of the present work. In this
sense, while in the polyps group, the abundance of
Peptostreptococcaceae increased with an intake of ethanol
>12 g day ' and was positively predicted by nitrites, in the
control group, Clostridiaceae abundance was reduced, when
the intake of ethanol was above 12 g day '. In previous
studies, Peptostreptococcaceae has been found to be increased
in alcohol consumers in comparison with non-drinkers, and
in the faecal samples of CRC patients.®>®® It is important to
remark that in our sample the mean ethanol intake was higher
in the polyps group than in the control group (15.8 g day " vs.
6.8 g day '), although this difference was not significant.
These findings could help to support the possible relationship
between alcohol intake and the increased risk of intestinal
polyps development.® In the control subjects, volunteers with
intake of total polyphenols >650 mg day ' and or calcium
intake <900 mg day ' revealed an increased abundance of
Veillonellaceae. A decreased abundance of the genus
Veillonella, a member of the family Veillonellaceae, has been
previously associated with gut mucosal damage in humans.®’
We also detected lower levels of Christensenellaceae in the
faecal microbiota of individuals belonging to the polyps
group, which showed a total PAH intake >0.75 pg day . The
main route of exposure to PAHs for the human body is food
and smoking.®® In this regard, the presence of PAHs in food
and their consequent direct accession by gut microbiota
members could cause reduction of the abundance of certain
bacteria such as Christensenellaceae, whose presence has
been related with a positive impact on human health.®® we
found that a higher intake of calcium in the polyps group was
associated with a reduced abundance of Methanobacteriaceae

This journal is © The Royal Society of Chemistry 2023
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Table 2 Results obtained from linear regression analyses identifying ORAC, bioactive and potential carcinogenic compounds as predictors of faecal
microbiota relative abundances, faecal amino acids and SCFAs in each clinical diagnosis group of volunteers

Diagnosis group Dependent variable Independent variable R p P
Control Bifidobacteriaceae NPYR 0.168 —0.450 0.024
Lachnospiraceae Flavonoids 0.244 0.525 0.007
Coriobacteriaceae Acrylamide 0.672 0.533 0.001
MelQx 0.672 0.462 0.002
Bacteroidaceae Total PAHs 0.140 —0.419 0.037
Clostridiaceae MelQ 0.544 0.620 0.001
Ethanol 0.544 -0.317 0.037
Oscillospiraceae MelQ 0.291 0.566 0.003
Christensenellaceae Total ORAC 0.142 —0.422 0.036
Eubacterium coprostanoligenes group MelQ 0.282 0.559 0.004
Total amino acids Acrylamide 0.263 0.542 0.005
Protein amino acids Acrylamide 0.254 0.534 0.006
Ammonium Acrylamide 0.345 0.573 0.002
Total polyphenols 0.345 0.350 0.047
Acetic acid Other polyphenols 0.371 0.511 0.005
MelQ 0.371 —0.407 0.020
Propionic acid Other polyphenols 0.192 0.475 0.016
Butyric acid Stilbenes 0.424 0.487 0.005
Other polyphenols 0.424 0.421 0.013
Isobutyric acid Acrylamide 0.322 0.592 0.002
Isovaleric acid Calcium 0.212 0.495 0.012
Valeric acid Acrylamide 0.532 0.743 0.001
Polyps Peptostreptococcaceae Nitrites 0.109 0.368 0.030
Prevotellaceae Gender 0.098 0.353 0.038
Lachnospiraceae Calcium 0.102 0.358 0.035
Bacteroidaceae BMI 0.288 0.445 0.005
Lipophilic ORAC 0.288 —-0.313 0.039
Ruminococcaceae Total ORAC 0.311 0.575 0.001
Erysipelatoclostridiaceae NDMA 0.363 0.466 0.002
PhIP 0.363 0.358 0.015
Erysipelotrichaceae Cellulose (I) 0.114 0.374 0.027
Oscillospiraceae Total PAHs 0.122 —0.384 0.023
Total amino acids Ethanol 0.097 —-0.351 0.038
Protein amino acids Ethanol 0.097 —0.351 0.039
Ammonium Ethanol 0.098 —0.353 0.037
Acetic acid Gender 0.135 —0.400 0.017
Butyric acid Nitrites 0.178 0.450 0.007

Caproic acid

Phenolic acids 0.163 0.433 0.009

Linear regression analyses were adjusted by gender and BMI. Only the variables with p < 0.05 in each model are shown. R?, coefficient of multiple
determination; f, standardized regression coefficient; BMI, body mass index; I, insoluble; B(a)P, benzo (a) pyrene; total PAHs, total polycyclic aro-
matic hydrocarbons; PhIP, 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine; MelQx, 2-amino-3,8 dimethylimidazo (4,5,f) quinoxaline; MelQ,
2-amino-3,4 dimethylimidazo (4,5,f) quinoline; NDMA, N-nitrosodimethylamine; NPYR, N-nitrosopyrrolidine; ORAC, oxygen radical absorbance

capacity.

and Christensenellaceae families and also higher concen-
trations of acetic acid and propionic acid. The metabolism of
calcium has been previously bidirectionally associated with
shifts in the gut microbiota, with SCFAs playing key roles in
these processes.”””" In this sense, SCFAs are capable of lower-
ing pH in the intestinal environment, reducing calcium-phos-
phorus complexes and improving dietary calcium release and
absorption.”>”® An increased abundance of Coriobacteriaceae
was detected in the control individuals with an intake of
>120 g day™ ' milk, >50 g day ' red meat, >20 g day " fibre,
>650 mg day " total polyphenols, >0.75 ug day ' total PAH or
>50 ng day ' MeIQx. Indeed, in our sample, Coriobacteriaceae
was negatively associated with nuts and seeds and positively
associated with dairy products, cereals, and red and white
meat in the controls. The HA MeIQx, which can be generated
during meat cooking, was revealed as a direct predictor of
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Coriobacteriaceae abundance in the faeces from control volun-
teers. Members of the Coriobacteriaceae family have been
found to be increased in individuals with some pro-inflamma-
tory diseases and obesity, and in individuals with low fibre
consumption.”* Interestingly, some species belonging to the
family Coriobacteriaceae could be involved in polyphenol
metabolism, which could partly contribute to explain our
results. However, the potential role of Coriobacteriaceae in
human health is still poorly understood.”” This study evi-
denced that the abundance of Bacteroidaceae in faeces was
negatively correlated with the intake of white meat, dairy pro-
ducts, root vegetables and cereals in the control group. In our
sample, the main root vegetables consumed were potatoes,
which can be prepared using various cooking methods, such
as frying, with different impacts on the data obtained.
Previous studies have detected a higher proportion of

This journal is © The Royal Society of Chemistry 2023
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Bacteroidaceae in individuals consuming enriched plant
diets.”® Moreover, Bacteroidaceae was negatively predicted by
total PAHs in the controls and lipophilic ORAC in the polyps
group. When Akkermansiaceae was evaluated, the control
group volunteers with an intake >50 g day~ ' red meat, >40 ng
day ™" PhIP and >50 ng day~' MeIQx showed a decreased abun-
dance of this family. There is reportedly evidence of the regu-
latory and beneficial effects in studies about Akkermansia muci-
niphila, a mucin-degrading microorganism.”””’® Furthermore,
in the polyps group, an increase in the faecal abundance of
Erysipelatoclostridiaceae was detected when the consumption
of processed meat, calcium, nitrites and NDMA was over the
cut-off points. In this diagnosis group, this family was also
positively predicted by NDMA and PhIP. There is scarce bibli-
ography about the possible interaction between the family
Erysipelatoclostridiaceae and diet, as this group was usually
combined at the taxonomic level with the Erysipelotrichaceae
family, in the order Erysipelotrichales, which makes it difficult
to extract confident hypotheses and conclusions. The
Erysipelatoclostridiaceae family has been linked with class I
obesity (BMI between 30 and 34.9), but no previous associ-
ations with intestinal damage have been described.”® In our
study, we detected an increased abundance of members from
the Eubacterium coprostanoligenes group in individuals from
the polyps group when the intake of nitrites was >1.60 mg
day ™. This family has been identified in the mucosal samples
of adenomatous polyps patients, hypothesizing a harmful
role.®” In our sample, the mean consumption of processed
meat, a dietary source of nitrites, was higher in the polyps
group compared to the control group (78 g day ' vs. 61 g
day ). These values were high as compared with the reported
global mean intake of 17 g of processed meat per day reported
in a survey across 185 countries around the world.®! Also, the
GBD study established that the intake of processed meat over
25 g day ' was associated with an increased relative risk of
being diagnosed with CRC in 1.06 (1.02-1.10), a threshold that
is clearly surpassed in our sample.® The consumption of veg-
etables was lower in the polyps group than in the control
group (256 g day™' vs. 279 g day™ ), and again, higher in our
sample than the estimated global mean intake (208.8 g
day").%* This could suggest that although the consumption of
food groups with harmful potential remains elevated in our
sample, their impact on health may be reduced through
higher intake of bioactive compounds naturally present in veg-
etables. These distinct dietary features may also contribute to
explain the differences found in the microbiota profiles.
Whether all these shifts on the microbiota are causes or conse-
quences or are concomitant to the gut mucosal damage is still
uncertain and remains to be determined.

In the present work, we assessed the relationships of bio-
active and xenobiotic compounds together with microbiologi-
cal families, by performing linear regressions. Proceeding in
this way, we observed that in the control group, the variable
“other polyphenols”, which includes compounds such as cur-
cuminoids, hydroxybenzaldehydes, phenolic terpenes or tyro-
sols, predicted faecal concentrations of the major SCFAs

This journal is © The Royal Society of Chemistry 2023
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(acetic, propionic and butyric), whereas total polyphenols pre-
dicted the concentration of ammonium in the faeces. In this
direction, recent studies have suggested the role of some poly-
phenols as prebiotic substrates, contributing to explain the
positive relationship between some types of polyphenols and
faecal levels of SCFAs.®® On the other hand, we hypothesize
that the higher faecal levels of ammonium predicted by the
intake of total polyphenols in the controls could be mediated
by red meat consumption through the metabolism of
members from the family Coriobacteriaceae, among others.
Other possible hypotheses for the relationship between the
intake of phenolic compounds and ammonium is that some
phenolic compounds (i.e. tannins) are capable of trapping
amino acid metabolites such as ammonia.®* Therefore,
increased ammonium concentrations in faeces could be
linked to phenolic molecules. Although the directionality of
the results could not be established due to the observational
nature of our study, this work links the consumption of some
groups of foods and xenobiotics with specific microorganisms
of the intestinal microbiota. Moreover, along the study, oppo-
site tendencies have been observed in the abundances of
certain microorganisms according to the diagnosis group.
Although not reaching statistical significance in some cases,
these results support the hypothesis that the impact of the diet
could be different depending on the diagnosis group. In this
sense, the observation of a higher impact on the microbiota of
the control group than that of the polyps groups for certain
dietary components could be related to the intestinal anatomo-
pathological homogeneity in the control group with regard to
higher heterogeneity in the polyps group. Despite the absence
of a significant association of clinical diagnosis groups and
the relative abundance of microbial families obtained by
MANOVA tests, our results suggest that once mucosal damage
has been established, the microbiota of volunteers showing
intestinal polyps may be less susceptible to variations as com-
pared to that of the controls.

Despite our findings, the present study also showed some
limitations. The relative abundances of Methanobacteriaceae
obtained in this study should be considered with caution as
the primers used for amplification were more optimized for
bacteria than for archaea. Moreover, the metataxonomic ana-
lyses by 16S RNA gene sequencing did not provide precise
information about the microbial species present in the
samples. Furthermore, as foods are consumed together as a
part of a diet, it is possible that we are losing the effect of
interactions among dietary components.

5. Conclusions

The gut microbiota composition in different intestinal mucosa
damage statuses has been associated with the consumption of
some foods and dietary components. Further studies elucidat-
ing the mechanisms by which these compounds are involved
in the alteration of the intestinal microbiota could be helpful
to develop dietary recommendations in order to reduce the
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intake of dietary xenobiotics for preventing intestinal mucosal
damage and further development of CRC.
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