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Dietary fiber mitigates the differential impact of
beef and chicken meat consumption on rat
intestinal health†

Núria Elias Masiques, a Jo De Vrieze,b,c Lieselot Y. Hemeryck,d Lynn Vanhaecke,d,e

Stefaan De Smeta and Thomas Van Hecke*a

In this rat feeding study, it was hypothesized that the impact of red (vs. white) meat consumption on gut

health is more pronounced in fiber-deprived diets, whereas fiber-rich diets may attenuate meat-related

differences. For this purpose, rats were fed a red (beef) or white (chicken) meat diet with and without

fructo-oligosaccharides (FOS) for three weeks. Gut health was assessed through colonic microbiota, fer-

mentation metabolites, oxidative stress, inflammation, DNA adducts and histology. In rats on the fiber-

deprived diets, beef consumption resulted in higher abundance of mucin-degrading bacteria

Akkermansia and lower blood glutathione levels compared to chicken-fed rats. Adding FOS to the meat

diets modulated the gut microbiota and fermentation metabolites, affected oxidative stress and inflam-

mation markers in tissues and blood, increased colon length, and reduced fat deposition and liver weight.

Thus, results showed that the dietary context should be considered when evaluating the impact of red

meat consumption on gut health.

1. Introduction

High red meat consumption has been linked to an increased
risk of various chronic diseases in humans, although the
mechanisms underlying these associations remain controver-
sial and not yet fully elucidated.1,2 Heme iron, found in higher
concentrations in red meat than in white meat, is hypoth-
esized to be involved in intestinal inflammation, potentially by
altering the composition of the gut microbiota.3

Rodent feeding studies have shown that heme or heme-rich
beef consumption can induce a microbial shift characterized by
decreased abundance of Lactobacillus spp., and increased abun-
dances of mucin-degrading Akkermansia muciniphila and sulfate-
reducing bacteria Desulfovibrionaceae, along with higher fecal

levels of hydrogen sulfide (H2S), carbon disulfide (CS2), and
their derived metabolites.4–7 Hydrogen sulfide is hypothesized to
reduce the disulfide bonds of the protective intestinal mucin
layer, thereby exposing the underlying colon cells to bacteria and
toxins, and promoting inflammation and oxidative stress.8 In
addition, heme iron is proposed to stimulate the formation of
N-nitroso compounds (NOCs) and lipid oxidation products in
the lumen. In turn, these reactive compounds may initiate DNA
damage via the formation of DNA adducts in colonocytes.4,9

High red meat consumption in human volunteers has been
associated with higher levels of fecal NOCs and elevated levels of
O6-carboxymethyl-guanine (O6CMG) in colonic exfoliated cells,
presumably formed by the reaction of DNA with NOCs.10

Therefore, O6CMG has been proposed as a potential biomarker
for DNA carboxymethylation linked to meat consumption.

A high dietary fiber intake has been associated with a
reduced risk of developing various chronic diseases.11 The
beneficial effects of dietary fiber are attributed to its direct
influence on gut physiology and its indirect role in modulating
the gut microbiota.11 Fiber-degrading bacteria use the undi-
gested complex carbohydrates as an energy source, producing
short-chain fatty acids (SCFA), primarily butyrate, acetate and
propionate, along with smaller amounts of valerate and capro-
ate.12 A diet low in dietary fiber may result in a reduction of
fermentable carbohydrates available in the colon, increasing
proteolytic fermentation as an energy source for bacteria.13

Protein fermentation yields a diverse range of metabolites,
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including the aforementioned H2S and CS2, but also
ammonia, and indolic and phenolic compounds, among
others.14 Hence, the dietary fiber to protein ratio in the colon
is crucial for maintaining gut health. Indeed, fiber deprivation
favours the growth of bacteria that utilize mucin glycans as an
energy source, leading to the erosion of the colonic mucus
layer.15 This highlights the significant relationship between
diet, microbiota composition, and colonic health.

In this study, rats were fed a diet high in red (beef) or white
(chicken) meat with or without added fructo-oligosaccharides
(FOS), following a 2 × 2 factorial design. We hypothesized that
the differential effects of red versus white meat consumption
on gut health would be more pronounced in fiber-deprived
diets and attenuated in fiber-rich diets. The FOS was chosen
for its well-known prebiotic effects, and for its capacity to
reduce protein fermentation during in vitro large intestinal fer-
mentation of meats.16,17 Following three weeks on the experi-
mental diets, the gut microbial composition in the colon, fecal
and cecal metabolites related to fiber fermentation (SCFA),
protein fermentation (indole, cresol, phenol, ammonia) and
sulfur metabolites (CS2, dimethyl sulfides and methanethiol),
oxidative stress (thiobarbituric acid reactive substances
(TBARS), protein carbonyl compounds (PCC), glutathione and
glutathione peroxidase activity), DNA adducts, histology, and
inflammation (C-reactive protein) markers were assessed.

2. Materials and methods
2.1 Chemicals

Fructo-oligosaccharides (FOS) from chicory (F8052) and stan-
dards for volatile organic compound analysis (indole [>99%,
I3408], p-cresol [>99%, C85751], dimethyl disulfide [>99%,
471569], and phenol [>99%, 33517]), as well as 1,1,3,3-tetra-
methoxypropane [>99%, 108383], glutathione [G1404], and oxi-
dized glutathione [49740] were purchased from Merck
(Diegem, Belgium). Analytical standards for the analysis of the
DNA adducts pyrimidopurinone-guanine (M1–G), methyl-
hydroxy-propano-deoxyguanosine (Cro-dG), O6-methyl-deoxy-
guanine (O6-Me–dG), and their internal standards M1G-

13C3,
Cro-dG-13C3,

15N2 and O6-d3-MedG, along with N3-methyl-
adenine (N3-MeA), N6-methyl-adenoside (N6-Me-dA), N7-
methyl-guanine (N7-MeG), and N2-deoxy-N-ethylguanosine (N2-
Et-dG) were acquired from Toronto Research Chemicals
(Toronto, Canada). O6-carboxymethyl-deoxyguanine (O6-CM-
dG) was kindly provided by Prof. S. Moore from Liverpool John
Moores University (UK). O6-carboxymethyl-guanine (O6-CMG),
O6-methyl-guanine (O6-MeG), N6-methyladenosine (N6-MeA),
N2-ethyl-guanine (N2-EtG), and methylhydroxy-propanoguanine
(Cro-G) were obtained by hydrolysis of their corresponding
nucleosides (O6-CM-dG, O6-Me-dG, N6-Me-dA, N2-Et-dG and
Cro-dG, respectively) in 0.1 M formic acid at 80° C for 30 min.

2.2 Animals and experimental set-up

The rat experiment was conducted following the principles of
laboratory animal care and the Belgian law on the protection

of animals. The experiment was approved by the Ghent
University Ethical Committee (ECD 21-68), and performed at
the Core ARTH Animal Facilities of Ghent University (BOF/
COR/2022/007). Forty male Sprague Dawley rats (±200 g, 7
weeks old) (Janvier Laboratories, Le Genest-Saint-Isle, France)
were housed at four rats per cage during an adaptation period
of 10 days under environmental conditions of 22.0 ± 0.6 °C, 75
± 5% humidity and 15 h daylight. During this period, the rats
were fed a standard laboratory diet (Ssniff R/M–N pellets)
(Ssniff, Soest, Germany), and water was provided ad libitum.
After the adaptation period, the rats were housed in pairs and
randomly assigned to one of the four experimental diets. The
rats were fed an experimental diet including beef or chicken,
with or without 4% FOS addition to the diets, for 3 weeks. The
specific composition of the experimental diets is shown in
Table 1. Fresh diets were provided daily and offered ad libitum.
Body weight and feed intake were monitored every 2 days at
the cage level. On day 17, the rats were individually housed for

Table 1 Composition of the experimental diets

Beef Chicken

−FOS +FOS −FOS +FOS

Ingredients
Meat g kg−1 650 650 650 650
Muscle g kg−1 553 553 553 553
Lard g kg−1 97.5 97.5 97.5 97.5
Sucrose g kg−1 247 207 247 207
FOS g kg−1 0.00 40.0 0.00 40.0
Corn starch g kg−1 60.0 60.0 60.0 60.0
Cellulose g kg−1 10.0 10.0 10.0 10.0
Mineral mixture g kg−1 13.4 13.4 13.4 13.4
Vitamin mixture g kg−1 6.31 6.31 6.31 6.31
Calcium carbonate g kg−1 1.09 1.09 1.09 1.09
Choline bitartrate g kg−1 1.20 1.20 1.20 1.20
Safflower oil g kg−1 10.8 10.8 10.8 10.8
Macronutrients
Dry matter % 58.5 57.4 57.2 57.1
Crude fat % 8.60 7.71 7.74 7.92
Crude protein % 13.9 14.2 15.4 14.8
Crude ash % 1.67 1.78 1.67 1.73
SFA % FAME 30.7 30.5 30.5 30.3
MUFA % FAME 38.3 38.6 39.7 38.3
PUFA % FAME 27.7 26.8 27.2 28.1
LA % FAME 25.9 25.1 25.2 26.0
LC n-6 PUFA % FAME 0.58 0.59 0.72 0.82
ALA % FAME 0.95 0.97 1.01 1.06
LC n-3 PUFA % FAME 0.09 0.05 0.26 0.27
n-6/n-3 25.6 25.2 20.4 20.2
Heme iron mg kg−1 9.34 9.83 0.78 0.72
Oxidative status
Total TBARS nmol g−1 107 115 72.8 67.1
PCC nmol per mg protein 2.55 2.90 2.65 2.26

A modified Ca–P deficient mineral mixture (TD.79055, Harlan
Laboratories, Indianapolis, USA) and the vitamin mixture AIN76
vitamin (MP Biomedicals, Brussels, Belgium) were used. FOS = fructo-
oligosaccharides; SFA = saturated fatty acids; MUFA =
monounsaturated fatty acids; PUFA = polyunsaturated fatty acids; LA =
linoleic acid (C18:2n-6); LC n-6 PUFA = long chain n-6 polyunsaturated
fatty acids (C20:2n-6; C20:3n-6; C20:4n-6; C22:4n-6; C22:5n-6); ALA =
α-linolenic acid (C18:3n-3); LC n-3 PUFA = long chain n-3
polyunsaturated fatty acids (C20:4n-3; C20:5n-3; C22:5n-3; C22:6n-3);
TBARS = thiobarbituric acid reactive substances; PCC = protein
carbonyl compounds; FAME = fatty acid methyl esters.

Paper Food & Function

3950 | Food Funct., 2025, 16, 3949–3962 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 5
:3

4:
09

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo00900f


24 h for fecal collection. At the end of the experiment (21 days
on the experimental diets), the rats were anaesthetized with 5%
isoflurane gas, followed by blood collection by cardiac puncture
into heparin tubes until death occurred. Immediately after
blood collection, plasma and red blood cells (RBC) were separ-
ated by low-speed centrifugation and divided into several ali-
quots. Organs (colon mucosa, duodenal mucosa, heart, kidneys,
and liver) and fat deposits (mesenteric and retroperitoneal)
were carefully rinsed with 0.9% NaCl solution, weighed and
divided into aliquots. The colon length was measured, and the
tissue was subdivided. The colon mucosa of the proximal half
was collected and stored as such for oxidative parameters,
whereas the colon mucosa of the distal half was stored in 95%
ethanol for the analysis of DNA adducts. One cm in the middle
of the colon was stored in a 4% aqueous formaldehyde solution
for histological analysis. All aliquots were snap-frozen in liquid
nitrogen and stored at −80 °C until further analysis.

2.3 Diet formulation and characterisation

Lard and lean muscle samples from beef (musculus semimem-
branosus) and chicken (musculus pectoralis profundus) were pur-
chased as fresh as possible from a local meat retailer. Meats
and lard were manually chopped and minced in a grinder
(Omega T-12) equipped with a 10 mm plate. To minimize vari-
ations in the fatty acid profile of the diets, lard was added to
the muscles at a proportion of 15% relative to the meat weight.
Next, the meat batches were manually homogenized, vacuum
packed in equal weights and cooked in an oven until the core
temperature reached 70° C. Finally, meat samples were cooled
to room temperature and stored at 4° C. The next day, FOS (4%
in final diets) was added to half of each meat batch, after
which other ingredients were added to produce the experi-
mental diets (Table 1). The experimental diets were vacuum
packed in daily portions (±120 g) and stored at −20° C.

Contents of dry matter (ISO 1442-1973), crude protein (ISO
937-1978), crude fat (ISO 1444-1973) and crude ash (ISO 5984-
2002) were determined in the diets. Lipids were extracted
using chloroform/methanol (2/1; v/v), and subsequently, fatty
acid methyl esters (FAME) were prepared using methanolic
NaOH (0.5 M) and methanolic HCl (1/5 v/v). FAME was ana-
lyzed using gas chromatography (HP6890, Brussels, Belgium).18

Nonadecanoic acid (C19:0) was used as an internal standard to
quantify the fatty acids. Levels of total SFA (sum of C08:0,
C10:0, C12:0, C14:0, C15:0, C16:0, C17:0, C18:0, C20:0 and
C22:0), MUFA (sum of C14:1, C16:1, C17:1, c9C18:1, c11C18:1,
and C20:1), n-3 PUFA (C18:3n-3, C20:3n-3, C20:4n-3 and
C20:5n-3), ALA (C18:3n-3), long chain (LC) n-3 PUFA (sum of
C20:4n-3, C20:5n-3, C22:5n-3 and C22:6n-3), n-6 PUFA (C18:2n-
6, C18:3n-6, C20:2n-6, C20:3n-6 and C20:4n-6), LA (C18:2n-6)
and LC n-6 PUFA (sum of C20:2n-6, C20:3n-6, C20:4n-6, C22:4n-
6, C22:5n-6) were calculated. Heme iron was determined spec-
trophotometrically in the meats and calculated for the diet.19

2.4 Histology

Colonic tissue samples were fixed in a formaldehyde solution
and processed in an automatic tissue processor under stan-

dard conditions (Shandon, Pittsburgh, PA, USA). In brief, the
tissue was cut into small and homogeneous sections to be de-
hydrated and embedded in paraffin wax. Next, the embedded
tissue was trimmed and placed on a microscope slide. Lastly,
histological staining was performed on paraffine-embedded
colonic sections with periodic acid Schiff (PAS) staining to
assess crypt depth and the number of goblet cells per crypt. A
minimum of four sections of colon tissue were assessed, with
a total of 20 reads of well-oriented crypts per animal.

2.5 Colonic microbial composition

The DNA extraction of colonic content was performed using
bead beating with a PowerLyzer (Qiagen, Venlo, the
Netherlands) and phenol/chloroform extraction.20 The DNA
extract was sent out to LGC Genomics GmbH (Berlin,
Germany) for library preparation and sequencing on an
Illumina Miseq platform with v3 chemistry with the primers
341F (5′-CCT ACG GGN GGC WGC AG-3′) and 785Rmod (5′-
GAC TAC HVG GGT ATC TAA KCC-3′). The total number of bac-
teria (bacterial density) was quantified using qPCR.21 A table
containing the amplicon sequence variant (ASV) with their
taxonomic assignments was generated. The raw fastq files
have been deposited in the National Center for Biotechnology
Information (NCBI) database (accession number PRJNA1164493).
Differences in colonic bacterial communities were identified
by using LEfSe (linear discriminant analysis effect size) (https://
huttenhower.sph.harvard.edu/galaxy) between (1) dietary treat-
ments as a main class, (2) FOS as a main class and meat as a
subclass, and (3) meat as a main class and FOS as a subclass.22

The following conditions were applied: (1) alpha values for the
factorial Kruskal–Wallis test among classes, and for the pairwise
Wilcoxon test among subclasses were <0.05, (2) the threshold
on the logarithmic LDA score for discriminative features was
set to 2.0, and (3) the strategy for multi-class analysis was all-
against-all.

2.6 Fecal and cecal fermentation metabolites

Volatile organic compounds in feces were extracted using solid
phase micro-extraction (SPME) with a carboxy-polydimethyl-
siloxane coated fibre (85 μm) and a Combi PAL autosampler
(CTC Analytics, Zwingen, Switzerland). The gas chromato-
graphy-mass spectrometry (GC–MS) (Thermo, Finnigan) ana-
lyses were carried out on a fused silica capillary column (HP-5
column) of 30 m × 0.320 mm and 0.25 μm (Supelco,
Bellefonte, PA, USA), according to Vossen et al.23 Peaks were
integrated for area quantification by targeting the quantifi-
cation ion as follows (m/z): indole 117; phenol 94; cresol 108;
carbon disulfide 76; methanethiol 48; dimethyl disulfide 94;
dimethyl trisulfide 126; hexanal 44; propionate 74; acetate 60,
butyrate 60, and valerate 60. Results were expressed as area
under the curve (AUC) per g of feces.

Branched-chain fatty acids (iso-butyrate and iso-valerate) in
cecal contents were measured by gas chromatography (HP
7890A, Agilent Technologies, Diegem, Belgium), equipped
with a flame ionization detector and a Supelco Nukol capillary
column (30 m × 0.25 mm × 0.25 µm, Sigma-Aldrich, Diegem,
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Belgium) as described by Gadeyne et al.24 In brief, 10% formic
acid solution containing 2-ethylbutanoic acid as the internal
standard was added to the cecal content. Following centrifu-
gation (22 000g at 4 °C), the supernatant was filtered and trans-
ferred into a glass vial, followed by injection on the GC.
Ammonia was measured spectrophotometrically at 625 nm in
the same supernatant of the cecal content, with a calibration
curve of NH4Cl following the reaction with phenol, sodium
nitroprusside, sodium hydroxide and sodium hypochlorite.25

2.7 Oxidative stress

Phosphate buffer (pH 7, 50 mM) was added to the frozen tissues
at a 1 : 5 ratio (w/v). Samples were homogenized using Ultra
Turrax and centrifuged (10 min, 12 000g, 4° C). The supernatant
was filtered through glass wool and transferred into different ali-
quots to immediately determine the activity of glutathione per-
oxidase (GSH-Px) and the content of TBARS. GSH-Px activity in
plasma and organ extracts was measured by the oxidation of
NADPH, whereby one unit of GSH-Px activity was defined as the
amount of extract needed to oxidize 1 μmol NADPH per min at
25 °C.26 The total fraction (free + bound) of TBARS was
measured in plasma, stomach content and tissue extracts, by
measuring the absorbance at 532 nm following the reaction
with 2-thiobarbituric acid and quantified using a standard curve
with 1,1,3,3-tetramethoxypropane, as described by Grotto et al.27

Concentrations of PCC in the stomach content were determined
spectrophotometrically following a reaction with 2,4-dinitrophe-
nylhydrazine.28 The concentrations of glutathione and oxidised
glutathione in the RBC fraction were determined by HPLC using
γ-glutamyl glutamate as an internal standard.29

2.8 C-Reactive protein and low-density lipoprotein

Quantification of C-reactive protein (CRP) (RAB0097, Merck,
Diegem, Belgium) and low-density lipoprotein (LDL)
(E-EL-R0579, Elabscience, Texas, USA) in plasma was per-
formed using a commercial ELISA kit and measured on a
microplate reader (Infinite M Nano, Tecan, Grödig, Austria),
according to the manufacturer’s instructions.

2.9 DNA adducts

The extraction of DNA adducts in colonic samples was per-
formed following the protocol described by Hemeryck et al.30 In
brief, DNA was extracted using a commercial extraction kit, fol-
lowing the manufacturer’s protocol (DNeasy Blood & Tissue
Kits, QIAgen, Hilden, Germany). The DNA concentration and
purity were determined with a Nanodrop ND-1000 spectro-
photometer (Isogen Lifescience, Ijsselstein, The Netherlands).
The DNA was hydrolyzed using 0.1 M formic acid at 80 °C for
30 min, after which DNA adducts were purified with solid-phase
extraction (SPE) (Oasis® HLB cartridges (1 cc, 30 mg), Waters
(Milford, USA)). Finally, samples were evaporated to dryness
under vacuum and suspended in 100 µl of 0.05% acetic acid in
water. Samples were stored at −20° C until analysis.

The DNA adduct analysis was performed by ultrahigh-per-
formance liquid chromatography coupled to high-resolution
mass spectrometry (UHPLC-HRMS), in line with Hemeryck

et al.31 In brief, the detection of DNA adducts was performed
using an Orbitrap Exploris 120 MS (Thermo Fisher Scientific,
San José, CA, USA), preceded by heated electrospray ionization
(HESI-II source). Targeted analysis included the detection of the
DNA adducts N3-MeA, N7-MeG, N2-EtG, M1-G, O

6-CMG, O6-MeG,
N6-MeA and Cro-G. Targeted data processing was carried out
using XCalibur 3.0 software (Thermo Fisher Scientific, San José,
CA, USA), where adducts were screened based on their m/z and
retention time matching the internal standard. Untargeted data
preprocessing was performed using Compound Discoverer 3.1
software (Thermo Fisher Scientific, San José, CA, USA). The data
were also subjected to a normalization process (total ion count
normalization, TIC), log transformation and Pareto scaling
prior to multivariate statistical modelling using Simca 17 soft-
ware (Umetrics AB, Umea, Sweden). Principal component ana-
lysis (PCA) was used to assess clustering of the data, followed by
supervised modelling using Orthogonal Partial Least Squares-
Discriminant Analysis (OPLS-DA). The putative models were
created to compare the untargeted DNA adductome fingerprint
according to meat type and/or the addition of FOS to the meats
(i.e., chicken vs. beef, chicken without FOS vs. chicken with
FOS, beef without FOS vs. beef with FOS, chicken with FOS vs.
beef with FOS). The model validity was confirmed following a
cross-validation strategy by assessing R2(X) and Q2(Y), permu-
tation testing (n = 100) and cross-validated ANOVA (CV-ANOVA)
(p-value < 0.05), as described by De Graeve et al.32

2.10 Statistical analysis

Performance data (feed intake and body weight) were statisti-
cally analysed using a repeated-measures ANOVA procedure
with ‘rat ID’ as a random factor and ‘feeding day’ as a repeated
effect. A mixed model ANOVA procedure (SAS Enterprise Guide
8) was used with the fixed effects ‘meat type’ (Pm), ‘FOS’ (Pf )
and their interaction term (Pm*f ), and the random factor
‘euthanasia day’. Tukey-adjusted post hoc tests were performed
for pairwise comparisons with a p-value <0.05 considered sig-
nificant, and p-value between 0.05 and 0.1 considered a signifi-
cant trend. The distribution of the residuals was evaluated to
test normality and homogeneity of variance. When data nor-
mality and/or homogeneity of variance were violated, an inde-
pendent samples Kruskal–Wallis test with pairwise compari-
sons was performed (SPSS Statistics 27), using the effect ‘meat
type’ (Pm), ‘FOS’ (Pf ) or ‘dietary treatment’ (Pd) as the indepen-
dent variables. Significant p-values were adjusted using the
Bonferroni correction for multiple tests. The α-diversity of the
microbiota was assessed by determining the Shannon and
Inverted Simpson indexes. The β-diversity was assessed using
Principal Coordinate Analysis (PCoA) based on the Bray–Curtis
dissimilarity metric, and Permutational Multivariate Analysis
of Variance (PERMANOVA) to test the statistical significance
(Rstudio packages vegan and ggplot). Spearman correlation
analysis was performed to explore the associations between
discriminant bacterial genera identified through LEfSe,
restricted to those with relative abundances ≥1%. P-Values
were corrected for multiple tests using the Benjamini–
Hochberg procedure (Rstudio packages corrplot and circlize).
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3. Results
3.1 Experimental meat diets

The experimental diets contained similar contents of dry
matter, crude fat, crude protein, crude ash, and similar pro-
portions of SFA, MUFA, PUFA, LA and ALA (Table 1). The beef
diets contained lower contents of LC n-6 PUFA (−24%) and LC
n-3 PUFA (4-fold) compared to the chicken diets, which
resulted in a somewhat higher n-6/n-3 PUFA ratio in the beef
diets (+25%). The beef diets contained higher levels of heme
iron (13-fold) and TBARS (+59%) than the chicken diets,
whereas no differences were found in PCC levels.

3.2 Animal performance

Rats consumed less of the chicken with FOS diet compared to
the beef with FOS diet (−9%, p = 0.005), but body weight was
not influenced by dietary treatment (Fig. 1, p > 0.05).
Following euthanasia, rats on the FOS diets had a somewhat
bloated colon with higher colon length (+23%, p = 0.001) com-
pared to rats on the diets without FOS, whereas rats fed the
chicken diets (with or without FOS) tended to have a somewhat
shorter colon length (−4%, p = 0.089) compared to rats fed the
beef diets (Table 2). Remarkably, when FOS was added to the
meat diets, rats had a lower weight of liver (−9%, p = 0.028),
mesenteric (−14%, p = 0.016) and retroperitoneal fat (−17%, p
= 0.018). The weights of the heart and kidneys were not
affected by the dietary treatments (p > 0.05).

3.3 Histology

Snapshots of the colonic mucosa are presented in ESI Fig. 1.†
Rats on the FOS diets had a larger colon crypt depth compared
to rats on the diets without FOS (273 ± 20 µm vs. 246 ± 23 µm,
p < 0.001), whereas meat type had no effect (p = 0.722). The

number of goblet cells per crypt was not affected by dietary
treatment (33 ± 4 and 34 ± 3 in the meat without and with FOS
groups, respectively, p > 0.05).

3.4 Colon microbiota

Due to missing colon content in some animals, the number of
replicates was 10 for rats on the diet containing beef without
FOS, 8 for beef with FOS, 7 for chicken without FOS, and 6 for
chicken with FOS. The colonic contents of rats on the FOS
diets showed higher bacterial density (3-fold, p = 0.001), and a
lower bacterial richness, as indicated by a lower Shannon
index (−34%, p = 0.002) and Inverted Simpson index (−50%, p
= 0.041) compared to rats on the diets without FOS. These
aforementioned parameters were not affected by the meat
type, but the interaction term was significant for the bacterial
enumeration (Pd = 0.001), and a statistical trend was seen for
the Inverted Simpson index (Pm*f = 0.097). The β-diversity was
different among treatments (R2 = 0.212, PERMANOVA p =
0.001) (Fig. 2).

In general, the phyla Firmicutes and Bacteroidota were the
most abundant irrespective of the diet. Compared to rats
without FOS, rats on the FOS diets had colon contents with
higher median relative abundances of Firmicutes (83 ± 21% vs.
50 ± 20%), lower Bacteroidota (6.0 ± 17% vs. 35 ± 17%), lower
Verrucomicrobiota (0.3 ± 2% vs. 2.0 ± 13%) and an absence of
Desulfobacterota (0% vs. 2.1 ± 4%). The increased relative
abundance of Firmicutes in rats on the FOS diets was mainly
attributed to an outgrowth of members of Lactobacillaceae and
Lachnospiraceae. These descriptive observations were generally
found to be significant using the LEfSe analysis, showing 78
discriminant bacterial groups when the LDA was set to 2.0 (50
beef without FOS, 10 beef with FOS, 13 chicken without FOS,
and 5 chicken with FOS) (ESI Fig. 2†). To filter the most discri-

Fig. 1 Average feed intake and body weight, and morphological changes in organs and fat deposition in rats on the beef or chicken without (grey)
or with (blue) FOS diets. For feed intake and body weight, a repeated-measures ANOVA procedure with ‘rat ID’ as a random factor and ‘feeding day’
as a repeated effect was used to test the significance. For the rest, a mixed model ANOVA procedure was used with the fixed effects ‘meat type’ (Pm),
‘FOS’ (Pf ) and their interaction term (Pm*f ), and the random factor ‘euthanasia day’. Tukey-adjusted post hoc tests were performed for pairwise
comparisons.
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Table 2 Average weight of body, organs, mesenteric and retroperitoneal fat, and colon length

Organ Unit

Beef Chicken

SEM Pm Pf Pm*f−FOS +FOS −FOS +FOS

Body g 499 516 525 488 6.12 0.924 0.369 0.021
Colon length cm 15.3a 18.8b 14.6a 18.0b 0.41 0.090 0.001 0.857
Liver g 20.8 20.4 21.2 18.1 0.02 0.301 0.028 0.200
Kidneys g 1.56 1.54 1.56 1.50 0.02 0.680 0.202 0.651
Heart g 1.44 1.42 1.36 1.36 0.39 0.259 0.628 0.587
Mesenteric fat g 4.84 4.48 4.81 3.81 0.17 0.554 0.016 0.315
Retroperitoneal fat g 9.91 8.68 10.8 8.61 0.48 0.436 0.018 0.488

Mean values were analysed using a mixed model ANOVA of the fixed factors meat source (Pm), FOS (Pf) and their interaction term (Pm*f), and the
random factor ‘euthanasia day’. Tukey-adjusted post hoc tests were performed for pairwise comparisons. SEM = standard error of the mean.
Different subscripts (a, b) indicate significant differences among diets (p < 0.05).

Fig. 2 Colonic microbiota characterization. (A) Bacterial density and α-diversity measured by Shannon index and Inverted Simpson index in rats fol-
lowing the beef or chicken without (grey) or with (blue) FOS diets. (B) PCoA plot based on the Bray–Curtis dissimilarity metric. (C) Relative abun-
dance at the phylum and family levels, where each bar represents one animal (left bars) or the median per dietary treatment (right bars). For bacterial
density (median with 95% confidence interval), an independent samples Kruskal–Wallis test with pairwise comparisons was performed, using the
effect ‘meat type’ (Pm), ‘FOS’ (Pf ) or ‘dietary treatment’ (Pd) as independent variables. Significant p-values were adjusted by the Bonferroni correction
for multiple tests. For Shannon and Inverted Simpson (mean with standard deviation) indices, a mixed model ANOVA procedure was used, with the
fixed effects ‘meat type’ (Pm), ‘FOS’ (Pf ) and their interaction term (Pm*f ), and the random factor ‘euthanasia day’. Tukey-adjusted post hoc tests were
performed for pairwise comparisons.
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minant groups, LDA was set to 4.0 to account for major differ-
ences, resulting in 26 discriminant features (9 beef without
FOS, 6 beef with FOS, 9 chicken without FOS, and 2 chicken
with FOS) (ESI Fig. 3†). A cladogram representing the signifi-
cant discriminant groups per dietary treatment is shown in
Fig. 3. These discriminant groups were subsequently ranked in
a heatmap from higher to lower LDA in Table 3. The most dis-
criminant bacteria per dietary treatment were the order
Oscillospirales (p = 0.004) (including the families
Oscillospiraceae (p = 0.002) and Ruminococcaceae (p = 0.017)),
Akkermansia (p = 0.027) and Roseburia (p = 0.004) for rats con-
suming the beef diets; Lactobacillaceae (p = 0.042),
Bifidobacterium (p < 0.001) and Anaerostipes (p = 0.005) for beef
with FOS; Bacteroides (p < 0.001), Alloprevotella (p < 0.001) and
two unclassified genera of Lachnospiraceae (p < 0.001) and
Oscillospiraceae (p < 0.001) in chicken without FOS; and

Ruminococcus torques group (p < 0.001) in chicken with FOS.
Rats on the FOS diets had higher relative abundances of
Firmicutes (p = 0.005), mainly due to the higher abundances
of the orders Clostridia (p = 0.017) and Bacilli (p = 0.035), the
latter mainly consisting of the family of Lactobacillaceae (p =
0.005). The colonic bacterial community of rats on the meat
diets without FOS was characterized by higher relative abun-
dances of the phyla Bacteroidota (p = 0.002) (mainly
Bacteroides (p < 0.001), Alloprevotella (p < 0.001), and
Muribaculaceae (p = 0.007)), Desulfobacterota (p < 0.001)
(Desulfovibrionaceae (p < 0.001)) and Verrucomicrobiota (p =
0.010) (Akkermansia (p = 0.010)). These rats also had higher
relative abundances of various bacterial groups within the
Firmicutes phylum, including Oscillospiraceae (p < 0.001),
Ruminococcaceae (p < 0.001) and Roseburia (p < 0.001). No dis-
criminant bacterial groups were observed for the factor ‘meat’

Fig. 3 Discriminant bacteria features across diets. (A) Cladogram representing the results of LEfSe, highlighting taxa with significant differences
among diets. (B) Network analysis of bacterial genera with strong correlations (|r| ≥ 0.65), showing positive (blue) and negative (red) correlations. (C)
Spearman correlation matrix of discriminant bacteria at the genus level, displaying only statistically significant correlations. P-Values were corrected
for multiple tests using the Benjamini–Hochberg procedure.
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used as the main class when the LDA was set to 4.0. With the LDA
set to 2.0, four groups of bacteria were significant (ESI
Fig. 2C†): Ruminococcus gnavus group (p = 0.046) for rats con-
suming the chicken diets, and Actinobacteriota (p = 0.041),
Faecalitalea (p = 0.012), and Eggerthella (p = 0.001) for the beef
diets.

Correlation analysis identified 65 significant associations
among bacterial genera (ESI Table 3†). Strong correlations (|r| ≥
0.65) are visualised in a Chord diagram to
illustrate potential relationships among bacterial genera
(Fig. 3).

3.5 Fermentation metabolites

The consumed meat type did not alter any of the analyzed fecal
fermentation parameters, except for a trend in higher cresol
levels in rats on the chicken (vs. beef) diets (2-fold, Pm = 0.063),
and higher valerate levels found in the feces of rats consuming
chicken with FOS compared to the other diets (7-fold, Pm = 0.026)
(Fig. 4). The presence of FOS in the diet decreased CS2 (−56%, Pf
= 0.001), dimethyl disulfide (−38%, Pf = 0.019) and cresol (−89%,
Pf = 0.001) in feces and ammonia (−59%, Pf = 0.001), iso-butyrate
(−84%, Pf = 0.001) and iso-valerate (−75%, Pf = 0.001) in cecal
content, whereas levels of dimethyl trisulfide, phenol and indole
were not affected (ESI Fig. 4†). Levels of CS2 showed a decreasing
trend due to the inclusion of FOS in the beef diet (p = 0.066). As
expected, levels of all individual SCFA were increased 2 to 11-fold
by adding FOS to the diets (all Pf = 0.001, except valerate levels Pf
= 0.056). Methanethiol was not detected in any fecal sample.

3.6 Oxidative stress

The consumption of beef (vs. chicken) resulted in higher levels of
TBARS in the stomach content (+81%, Pm = 0.001) and a trend
was observed for higher levels in plasma (+23%, Pm = 0.070) and
kidneys (+8%, Pm = 0.074). A higher GSH-Px activity was also seen
in the plasma of rats consuming beef (+12%, Pm = 0.028). The
activity of this enzyme was also higher in the kidneys of rats fed
beef with FOS vs. chicken with FOS (+6%, p = 0.021), but not
between meats when FOS was not added to the diets. In the
absence of dietary FOS, lower levels of glutathione (−29%, p =
0.023) were found in RBC of rats on the beef diet, compared to
the chicken diet. The addition of FOS to the diets resulted in
lower levels of TBARS in the liver (−10%, Pf = 0.021), lower fecal
hexanal levels (−87%, Pf = 0.001), and a lower GSH-Px activity in
the colon mucosa of rats (2-fold, Pf = 0.001) (Fig. 5). In contrast,
rats on the FOS diets had higher levels of TBARS in their duodenal
mucosa (+12%, Pf = 0.046) and tended to have higher TBARS con-
centrations in their colon mucosa (+16%, Pf = 0.062). Rats on the
beef with FOS diet showed higher levels of TBARS in the heart
(+7%, Pf = 0.017) compared to rats that consumed beef without
FOS, whereas this FOS effect was not observed in the heart of rats
on the chicken diet. The activity of GSH-Px and TBARS levels in
other organs, and PCC levels in stomach contents were not
affected by the experimental diets (ESI Table 1,† p > 0.05).

3.7 C-reactive protein and low-density lipoprotein

The addition of FOS to the meat diets decreased the CRP levels
in plasma only in rats fed chicken (−50%, p = 0.006), whereas

Table 3 Heatmap on median relative abundance of bacterial groups significantly affected by the diets, ranked from highest to lowest LDA score

Data are ranked from high to low linear discriminant analysis (LDA) score with the factor ‘dietary treatment’ as the main effect (column ‘Diet’).
For the column ‘FOS (Meat)’, the factor FOS was used as a main class and meat as a subclass. Data are presented as median relative abundance
(%). Taxonomic levels in bold are significant by LEfSe analysis (p < 0.05).
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this was not observed in rats fed beef (Fig. 5). This was also
evident by the significant interaction term (Pm*f = 0.010).
Without FOS, a trend was seen for higher CRP levels in rats
consuming chicken compared to beef (+46%, p = 0.069).
Plasma LDL levels were not different between dietary treat-
ments, but rats on the chicken (vs. beef) diets showed a trend
for higher LDL values (+28%, p = 0.094) (ESI Fig. 4†).

3.8 DNA adducts

Few DNA adducts could be detected in colon mucosa samples.
The N6-MeA adduct was only detected in 2 colonic tissues of
rats on the beef with FOS diet. The N7-MeG adduct was
detected in a total of 7 colonic tissue samples, spread over rats
consuming the beef without FOS (2), beef with FOS (3) or

chicken without FOS (2) diets (ESI Table 2†). The DNA adducts
N3-MeA, N2-EtG, M1-G, O

6-CMG, O6-MeG and Cro-G were not
found in any sample of the colon mucosa. For the untargeted
analysis, the OPLS-DA models could not be validated
(CV-ANOVA p-value > 0.05).

4. Discussion

This study investigated the effects of red and white meat con-
sumption, with and without FOS supplementation, on gut
metabolism in rats. In the fiber-deprived diets, beef consump-
tion showed a relatively higher colonic abundance of the
genus Akkermansia and lower blood glutathione levels, whereas

Fig. 4 Levels of fecal and cecal fermentation metabolites (median with 95% confidence interval) in rats with the beef or chicken without (grey) or
with (blue) FOS diets. An independent samples Kruskal–Wallis test with pairwise comparisons was performed, using the effect ‘meat type’ (Pm), ‘FOS’
(Pf ) or ‘dietary treatment’ (Pd) as independent variables. Significant p-values were adjusted by the Bonferroni correction for multiple tests.

Fig. 5 Oxidative stress markers in tissue, blood and feces; and inflammatory levels in plasma, in rats on the beef or chicken without (grey) or with
(blue) FOS diets. A mixed model ANOVA procedure was used, with the fixed effects ‘meat type’ (Pm), ‘FOS’ (Pf ) and their interaction term (Pm*f ), and
the random factor ‘euthanasia day’. Tukey-adjusted post hoc tests were performed for pairwise comparisons.
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rats fed chicken had higher abundances of Bacteroides. These
differences between meats were not observed when FOS was
added to the diets. The addition of FOS to the meat diets
modulated systemic health to a larger extent than the differen-
tial heme iron content between meats. This was evidenced by
shifts in the gut microbiota composition and fermentation
metabolite abundances, reduced oxidative stress markers in
liver tissue, lower plasma inflammation levels, an elongated
colon length, decreased mesenteric and retroperitoneal fat
deposition, and liver weight. In contrast, the addition of FOS
in the diet surprisingly increased lipid oxidation in intestinal
mucosa and heart tissue.

4.1 Dietary fiber reduces the abundance of Akkermansia and
Desulfovibrio

Previous research demonstrated that, in a fiber-deprived
environment, the colonic microbiota use mucus glycoproteins
as a nutrient source, thereby damaging the colonic protective
mucus barrier.15 The abundances of Akkermansia muciniphila
and Desulfovibrio piger in the gut were increased when mice
were given a fiber-deprived diet, along with a corresponding
decrease in the abundances of fiber-degrading species, and a
shortening of the colon length.15 Consistent with our findings,
a recent study demonstrated that a short-term fiber depri-
vation of three weeks led to an increase in mucolytic and
sulfate-reducing bacteria, accompanied by elevated enzymatic
activity targeting mucin glycan linkages and sulfate bonds.33 A
decrease in crypt depth was observed in mice following a fiber-
deprived diet,34 as also found in the present study. Consistent
with these findings, in the present study, the inclusion of
dietary FOS resulted in lower abundances of Akkermansia, a
complete absence of Desulfovibrionaceae, and a longer colon
length. Desai et al.15 related these parameters to an erosion of
the mucus barrier in the fiber-deprived diet, bringing luminal
bacteria closer to the epithelium, which could trigger deleter-
ious intestinal effects. More recently, Akkermansia muciniphila
was demonstrated to play different roles depending on dietary
fiber intake, facilitating susceptibility to pathogen infection in
a dietary fiber-deprived diet and being protective against
pathogens in the presence of fiber.35 Syntrophic interactions
between Akkermansia muciniphila and sulfate-reducing bacteria
were previously described. The sulfate released during mucin
degradation may be used by sulfate-reducing bacteria to
produce H2S, while Akkermansia muciniphila might also take
part in the detoxification mechanism of H2S.

36

4.2 Red meat increased the abundance of Akkermansia but
not Desulfovibrio

The heme iron content of red meat is also proposed to alter
microbial metabolism. Ijssennagger et al.4 reported that
dietary heme increased colonic abundance of Akkermansia and
sulfate-reducing bacteria. These bacteria modulate the pro-
duction of H2S, a metabolite capable of reducing the disulfide
bonds of mucin in the mucus layer by forming trisulfides and
promoting inflammation. Herein, we hypothesized that these
alterations would be exacerbated when heme iron is consumed

in the context of a low-fiber diet. In the present study,
Akkermansia was more abundant in the beef without FOS diet,
but no differences in Desulfovibrio abundances or levels of
sulfur metabolites in the colon were seen between meat types.
In some of the previous rat feeding studies conducted by our
group, with similar diets high in meat and low in fiber, a
higher colonic abundance of Desulfovibrionaceae6 or CS2

7 was
found in rats consuming beef compared to chicken. The out-
growth of Desulfovibrionaceae in the former study was
especially evident when beef was consumed in combination
with high dietary levels of sucrose (vs. corn starch), which is in
accordance with the low-fiber model in the present study. The
varying potential to stimulate the outgrowth of Desulfovibrio and
the formation of sulfur metabolites in the gut of rats consuming
heme iron or red meat in multiple similar studies suggest a
delicate balance, most likely impacted by complex interactions
between nutrients and bacterial metabolites in the gut.

4.3 Microbial dynamics in the gut ecosystem: a symphony
orchestra?

In the present study, although no significant correlations were
detected between Desulfovibrionaceae and Akkermansia, positive
correlations were found between Akkermansia and unclassified
genera from the families Muribaculaceae and Lachnospiraceae.
These families are known as facultative mucin monosacchar-
ide foragers because of their ability to metabolize mucin-
derived sugars.37 Since these bacterial families were also
enriched in the colon of rats on the fiber-deprived diets, these
associations suggest that the obligate mucin-degrading activity
of Akkermansia may increase the availability of mucin-derived
substrates, promoting the growth of these bacteria. In contrast,
a negative correlation was observed between the unclassified
Desulfovibrionaceae and Ruminococcus torques, potentially
reflecting competition for mucin or mucin-derived substrates, as
both taxa can metabolise mucin.38,39 Nonetheless, correlation
does not imply causation, especially in the complex context of
gut microbial interactions.40 Understanding the mechanisms
underlying these microbial relationships is crucial for assessing
the impact of meat consumption on gut health, particularly as
meat is typically consumed with other food items.

4.4 The addition of FOS to the meat diets affected both gut
and systemic health

The relationship between gut dysbiosis and the homeostasis of
other organs has become increasingly evident.41 In the present
study, the addition of FOS to the diets not only altered gut
microbial abundances and metabolism but also reduced liver
weight, fat deposition, oxidative stress and the inflammation
marker CRP. The intestinal barrier acts as a protective gate
between the gut and the liver. In our study, dietary FOS reduced
protein fermentation (ammonia, BCFA and cresol) and sulfur
metabolites (CS2 and dimethyl disulfide), whereas the formation
of SCFA was enhanced, as previously observed during in vitro fer-
mentation of various animal muscle types.42 Phenol and cresol
are known to increase gut permeability, whereas indole and
SCFA enhance the intestinal epithelial barrier function.43 An
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increased permeability in the intestine allows a higher flux of
bacteria and their metabolites into the liver, negatively affecting
overall systemic health.44 For instance, the efficacy of FOS sup-
plementation to mitigate metabolic changes caused by a high-
fat and high-cholesterol diet was previously reported to modu-
late the gut microbiota and lipid metabolism in the liver.45 The
SCFA produced can not only improve intestinal integrity and
reduce oxidative stress, but also be metabolised in the liver,
reducing inflammation and influencing lipid metabolism,41,46

as observed by the lower liver weight and lower mesenteric and
retroperitoneal fat deposition in our study. In addition, Zeng
et al.47 reported that FOS supplementation disrupted the entero-
hepatic circulation of bile salts in mice fed a high-fat diet. It
could be hypothesized that FOS reduced the emulsifying
capacity of bile salts, thereby impairing micelle formation and
decreasing fat absorption in the small intestine. This could have
resulted in reduced energy availability, contributing to the
observed reductions in liver weight and mesenteric and retroper-
itoneal fat deposition. Concurrently, undigested lipids remain-
ing in the intestinal lumen may act as substrates for oxidation,
promoting localized oxidative stress in the intestinal mucosa
and potentially explaining the unexpected elevated levels of
TBARS observed in the intestinal mucosa of rats on FOS diets.

Previous studies have reported elevated levels of O6-CMG
and O6-MeG in colonocytes of individuals consuming high red
meat, which was inhibited by the intake of butyrylated high-
amylose maize starch.10,48 The formation of these DNA
adducts in the colon tissue caused by the beef diet, or its pre-
vention by the addition of FOS, could not be observed in the
present study. A potential explanation for the observed differ-
ences is the variation in sampling procedures between experi-
ments. In previously cited studies, adducts were detected in
colonic exfoliated cells, whereas our method involves mucosal
scraping in rats. This approach may collect underlying cells,
leading to adduct dilution and complicating detection.
Alternatively, a longer intervention may be required for DNA
adduct detection in our experiment. In addition, it should be
noted that DNA adductomics is an evolving field, in which
methodologies are continuously being improved to enhance
the detection and analysis of trace level DNA adducts.

4.5 The pro-oxidant effects of heme iron may be mitigated by
fiber intake

Heme iron in red meat has also been implicated in promoting
oxidative stress, thereby affecting gut health.49 In our experi-
ment, rats consuming beef showed higher levels of TBARS in
the stomach content, increased plasma GSH-Px activity, and a
trend towards elevated TBARS in plasma compared to those
consuming chicken. The observed decrease in blood gluta-
thione levels following beef consumption suggests an
increased antioxidant demand, likely due to the pro-oxidant
properties of heme iron. These results align with our previous
studies, where beef intake in various dietary contexts led to
lower blood glutathione levels and/or higher lipid oxidation
products in stomach contents.6,7,50 Glutathione is pivotal in
mitigating cellular damage from oxidative stress through its

role as a substrate for GSH-Px. Glutathione can also detoxify
reactive lipid oxidation products by conjugation, leading to the
formation of mercapturic acid conjugates, which are sub-
sequently excreted in urine.51 Interestingly, the addition of
FOS to the beef diets prevented a decrease in blood gluta-
thione levels, potentially through a sparing effect mediated by
the antioxidant and metabolic actions of SCFA.

Unexpectedly, adding FOS to the beef diets resulted in
higher TBARS levels in heart tissue. The underlying mechanism
remains unclear, but one possible explanation could involve
interactions between dietary components and microbial metab-
olism. It is known that trimethylamine N-oxide (TMAO) levels
increase following beef compared to chicken consumption in
rats, likely due to the microbial fermentation of carnitine into
trimethylamine (TMA), which is further converted to TMAO in
the liver.41,52 While the role of TMAO in cardiovascular health
remains debated, carnitine may have cardioprotective effects.53

Although we did not measure carnitine, TMA, or TMAO levels, it
is conceivable that the microbial shifts induced by FOS sup-
plementation may have influenced TMAO formation, potentially
affecting oxidative balance in heart tissue. However, further
research is needed to confirm this hypothesis.

5. Conclusion

In summary, beef consumption in a fiber-deprived diet
resulted in a higher abundance of Akkermansia and lower glu-
tathione levels in blood. The consumed meat type did not alter
the levels of sulfur or protein fermentation metabolites in the
colon or inflammation markers. DNA adduct formation was
not observed in the present study. The addition of FOS to the
meat diets resulted in a significant shift in the microbial com-
munity and activity in the colon, reducing oxidative stress in
the liver and inflammation markers, liver weight and fat depo-
sitions, and increasing colon length. The reasons for the unex-
pectedly increased lipid oxidation in intestinal tissue of rats
on the FOS diets should be elucidated in further research.
However, given species-specific differences in gut microbiota
composition and metabolism, caution is needed when extra-
polating these findings from rodents to humans.
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