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Gut microbiota can utilize prebiotic birch
glucuronoxylan in production of short-chain fatty
acids in rats¥
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Birch-derived glucuronoxylan (GX)-rich hemicellulose extract is an abundantly available by-product of the
forest industry. It has multifunctional food stabilizing properties, and is rich in fiber and polyphenols. Here,
we studied its effects on colonic metabolism and gut microbiota in healthy rats. Male and female Wistar
rats (n = 42) were fed AIN-93G-based diets with 10% (w/w) of either cellulose (control), a polyphenol and
GX-rich extract (GXpoly), or a highly purified GX-rich extract (pureGX) for four weeks. Both the GXpoly
and pureGX diets resulted in changes on the gut microbiota, especially in a higher abundance of
Bifidobacteriaceae than the cellulose containing diet (p < 0.001). This coincided with higher concen-
trations of microbial metabolites in the luminal contents of the GX-fed than control rats, such as total
short-chain fatty acids (SCFAs) (p < 0.001), acetate (p < 0.001), and N-nitroso compounds (NOCs) (p =

Received 18th November 2021, 0.001). The difference in the concentration of NOCs was not seen when adjusted with fecal weight. GX
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supplementation supported the normal growth of the rats. Our results indicate that GXpoly and pureGX
can favorably affect colonic metabolism and the gut microbiota. They have high potential to be used as
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1 Introduction

Dietary fibers are indigestible food components associated
with multiple health benefits and disease prevention." The
average intake of dietary fibers does not meet the nutritional
recommendation in Western countries,”> and therefore new
strategies to integrate higher quantities and variations of
dietary fibers into our diets are needed. Woody biomass has
recently been considered a novel and ecologically sustainable
source of dietary fibers.> One of the most prominent plant
derived fibers, xylan, is abundant in hardwood, and glucuro-
noxylan (GX) comprises about 25% of birch wood mass.? In
addition to ample availability, GX has been shown to possess
excellent food technological properties and a good sensory
profile.>® Even though cereal-derived xylans as dietary fibers
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prebiotic stabilizers to support more ecologically sustainable food production.

have been widely studied for their health-promoting effects,
including better gut health,””® little is known about the health
effects of wood-derived glucuronoxylan.

The extraction process of fibers can have an effect on their
sidechains,” co-component content of extracts,'"” and bonds
between components.™* Depending on the processing method,
birch-derived GX-rich extracts can contain varying amounts of
lignin and lignin residues.’ Lignin is a polyphenolic macro-
molecule with a complex chemical structure,* which is thought
to stay intact in the digestive tract without being utilized by
the intestinal bacteria.'?> However, there is evidence that the
rat intestinal microbes can metabolize dietary lignin into the
mammalian lignans enterolactone and enterodiol,"* which
have shown to have anticarcinogenic and anti-atherosclerotic
effects in animal models as well as in population studies.™* In
addition, some in vitro studies have shown that the human
fecal microbes may partially metabolize lignin at a slow
rate.">'® By comparing differently processed GX with varying
amount of lignin, the effects of lignin utilization by the
microbes on shaping the compositions of the gut microbiota
and its metabolites can be understood.

Many of the health benefits of dietary fibers are mediated
by the microbes residing in the gastrointestinal tract, known
as the gut microbiota.'” Previous studies have demonstrated
the prebiotic properties of certain wood-derived fibers, such as
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arabinoglucuronoxylan (AGX), one of the main xylans in soft-
wood,'® and xylo-oligosaccharides (XOS), carbohydrate oligo-
mers extracted from xylan-containing lignocellulosic
materials."® " In particular, they have stimulated the growth
of Bifidobacterium and Lactobacillus spp., which are considered
health-promoting gut microbes. Many human gut bacteria,
especially some members of Firmicutes, Bacteroidetes, and
genera Bifidobacterium, can ferment dietary fibers resulting in
short-chain fatty acids (SCFAs).*> SCFAs may exert beneficial
effects on host metabolism, gut immunity, and protect against
colorectal cancer.”® In vitro and in vivo studies suggest that
XOS increases acetate levels>*® and AGX is propiogenic."® A
recent study showed that alkali-extracted birchwood xylan
induced butyrate production and anti-inflammatory effects in
the co-culture of Bacteroides dorei and Cenarchaeum symbio-
sum.”® On the other hand, microbes can also produce poten-
tially harmful metabolites such as N-nitroso compounds
(NOCs)*® and branched-chain fatty acids (BCFAs) via, e.g.,
protein fermentation.® Some dietary fibers have shown to
decrease concentration of NOCs**** and BCFAs* in stool, but
the effects of GX on the potentially harmful microbial metab-
olites remain unclear. Moreover, the ability of gut bacteria to
metabolize differently processed xylans, despite their simi-
larity in structure, seem to differ.>>>® Taken together, little is
known regarding the effects of wood-derived GX on the gut
microbiota and its metabolites in vivo, as the few available
studies were based on in vitro fermentation.*”

The current study aimed to evaluate the impact of pre-
viously unused birch wood extracts on colon metabolism and
gut microbiota in healthy rats. We investigated the effects of
feeding a polyphenol-and GX-rich extract or a highly purified
GX extract on the gut microbiota and the production of SCFAs
and NOCs in rats. This study highlights the dietary potential
of an abundantly available, but previously unused birch extract
as a valuable source of dietary fiber and bioactive compounds.

2 Methods

2.1 Glucuronoxylan-rich hemicellulose extracts

The GX- and polyphenol-rich extract (GXpoly) was obtained
from the Natural Resources Institute Finland (Luke) and was
prepared via pressurized hot water extraction, according to
Kilpelidinen et al.,*” and spray dried using a Buchi Mini Spray
Dryer B-290 (Buchi, Switzerland). Spray drying was carried out
at an inlet temperature of 170 °C, an outlet temperature of
65 °C, and a drying air flow rate of 667 L h™*. The highly puri-
fied GX-rich extract (pureGX) was obtained from CH-Bioforce
Oy. The extract was purified from xylan concentrate (20% w/w)
using BLN-process.*® Briefly, the concentrate was slowly mixed
with 95% ethanol and left to settle overnight. The supernatant
was removed, added to ethanol, mixed, and again left to settle
overnight. This precipitation was then repeated once. The
remaining precipitate was drained and air-dried for a few
hours in a fume hood. After this, the precipitate was dried in a
vacuum oven at 55 °C for the next four days and then ground
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into powder. The main carbohydrate in both extracts was f-p-
xylopyranosyl. In addition, extracts, especially GXpoly, con-
tained polyphenolic compounds like lignin. The chemical
structure of the extracts has been previously characterized by
Mikkonen et al.® (Table S17).

2.2 Animals

The animal study protocol was approved by the Finnish
National Animal Experiment Board (Eldinkoelautakunta,
ELLA; permit code: ESAVI/12806/2019), and the research was
carried out according to ARRIVE (Animal Research: Reporting
of In Vivo Experiments) guidelines.’® Four-week-old male and
female Wistar (RccHan: WIST) rats were purchased from
Envigo Netherlands (Horst, The Netherlands) and used for the
study after 12 days of acclimatization, during which the rats
were on a SDS RM1 diet (Special Diets Services, Witham, UK).
After the acclimatization, the rats were randomized into three
body weight-matched groups, seven males and seven females
in every group, altogether 14 animals per dietary group. They
were housed in plastic IVC-cages, 3 or 4 rats per cage, on
Nestlets bedding (Oy BN-Technology Ab, Helsinki, Finland).
They were fed a pelleted, customized AIN-93G diet (Envigo
Teklad Diets, Madison WI, The United States) for 28 days con-
taining either 10% (w/w) of cellulose (control group), 10% of
polyphenol-and GX-rich extract (GXpoly), or 10% of highly pur-
ified GX (pureGX) (Table 1). Rats had ad libitum access to
water and feed. Their bodyweight was measured once a week.
The temperature at the housing facility was maintained at 21 +
0.2 °C and relative humidity at 50 + 3%, with a 12-hour artifi-
cial light/dark cycle. In the third week of the study, rats were
held in metabolic cages (3701M081, Tecniplast, Buguggiate,
Italy) for 24 hours to measure the individual fecal weight (g
day™), food intake (g day™'), and water intake (mL day ™). At
the end of the four-week dietary treatment, the rats were killed
using CO, inhalation, and the cecum and colon contents were

Table 1 Ingredient composition of the experimental diets

Diets Control GXpoly pureGX
Ingredient (g kg™ of diet)

Casein 200 200 200
1-Cystine 3 3 3
Corn starch 342 342 342
Maltodextrin 132 132 132
Sucrose 100 100 100
Soybean oil 70 70 70
Mineral Mix, AIN-93G-MX 35 35 35
Vitamin Mix, AIN-93-VX 15 15 15
Vitamin K1, phylloquinone 0.002 0.002 0.002
TBHQ, antioxidant 0.014 0.014 0.014
Cellulose 100 0 0
GXpoly* 0 100 0
pureGx® 0 0 100

All diets were isocaloric (3.6 kcal g7') and contained 17.7% protein,
7.2% fat, and 55.6% carbohydrate. “ Glucuronoxylan- and polyphenol-
rich hemicellulose extract. ” Highly purified glucuronoxylan-rich hemi-
cellulose extract.
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collected. The cecal and fecal samples were kept at the
maximum three hours at 4 °C until frozen at —70 °C.

2.3 Lignin content analysis of GX-rich extracts and diets with
pyrolysis-gas chromatography/mass spectrometry (Pyr-GC/MS)

Samples of GX-rich extracts and diets were analyzed using
EGA/PY-3030D Multi-functional Pyrolyzer (Frontier
Laboratories Ltd, Japan) connected to a GCMS-QP2010 SE
GC-MS (Shimadzu, Japan) wusing previously described
method.” All samples were analyzed in duplicates (n = 2). The
sample size was approximately 100-150 pg, and the samples
were weighed and measured in 80 pL cups. The pyrolysis was
performed at 580 °C for 12 s. The injection was performed
using a direct mode at 300 °C, which was the same as the pyro-
lyzer-GC interface. The carrier gas (Helium) was used at a flow
rate of 1 mL min~". The pyrolysis products were separated
using an Ultra Alloy capillary column (length 30 m, diameter
0.25 mm, film thickness 0.25 pm, Frontier Laboratories Ltd,
Japan). The initial temperature of the column oven was 50 °C,
which was increased at a rate of 10 °C min™" to 320 °C and
then maintained for 9 min, resulting in a 36 min total run
time. The ion source temperature was 220 °C and GC-MS inter-
face temperature 320 °C. Electron ionization voltage of 70 eV
was used and the detector voltage was set automatically
according to the tuning result. The MS scan range was 45-450
m/z. The identification of the pyrolysis products was based on
the National Institute of Standards and Technology (NIST)
database. Chromatograms were processed using the GCMS
solution software, which was used to integrate 100 peaks for
the hemicellulose and 120 peaks for the diet samples. The
amount of lignin guaiacyl (G) and syringyl (S) units were calcu-
lated from the areas of identified 2-methoxyphenol-based and
2,6-dimethoxyphenol-based pyrolysis products.

2.4 Dry-matter content analysis

Dry matter content of 18 rat fecal samples (n = 6 per group,
three females and males from each dietary group) from the
proximal colon was determined with thermogravimetric ana-
lysis (TGA). TGA has been previously used to study the drying
characteristics of fecal sludge,”* and the sensitivity of the
method was an advantage when using small volumes of
samples. The analyses were carried out on a Netzsch STA
449F3 Jupiter equipment (Netzsch-Gerdtebau GmbH, Selb,
Germany). Samples of 9-11 mg were heated in flowing nitro-
gen (40 mL min~") atmosphere (1 atm) from 25-200 °C with a
heating rate of 10 °C min~". The weight loss was considered to
be the water content and the residue the dry matter content of
the sample.

2.5 Microbiota analysis with 16S rRNA gene amplicon
sequencing

Bacterial DNA was extracted from ca.250 mg of cecal matter
using the Repeated Bead Beating (RBB) method** with the fol-
lowing modifications for automated DNA purification: 340 uL
and 145 pL of lysis buffer was added to the first and second
round of bead beating, respectively. 200 pL of the clarified
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supernatant collected from the two bead beating rounds was
used for DNA extraction with the Ambion Magmax™ —96 DNA
Multi-Sample Kit (4413022, Thermo Fisher Scientific, USA)
using the KingFisherTM Flex automated purification system
(ThermoFisher Scientific, USA). DNA was quantified using
Quanti-iT™ Pico Green dsDNA Assay (Invitrogen, San Diego,
CA, USA). Library preparation and Illumina MiSeq sequencing
of the hypervariable V3-V4 regions of the 16S rRNA gene were
performed as previously described.”® The sequencing data are
available at the European Nucleotide Archive (ENA) under
accession number PRJEB50937.

Sequences were processed using QIIME2 v.2020.11. pipe-
line.” Demultiplexed 250 base paired-end sequences were
denoised using DADA2* to obtain an amplicon sequence
variant (ASV) table. Singletons (ASV present < 2 times) and
ASVs present in less than 10% of the samples were discarded.
Taxonomic classification was performed using a pre-trained
naive Bayes classifier implemented in QIIME2 against the
SILVA 132 reference database.’® Samples meeting quality cri-
teria (n = 35) had a mean sequencing depth of 20314 reads.
Bacterial metagenome content was predicted from the 16S
rRNA gene-based microbial compositions. Functional infer-
ences were made from the Kyoto Encyclopedia of Gene and
Genomes (KEGG) catalog?” using PICRUSt2.*® Statistical ana-
lyses were performed using the R package mare.*® To account
for the varying sequencing depth, the number of reads per
sample was used as an offset in all statistical models.
Microbiota richness and Shannon diversity index were esti-
mated using the vegan package.’® Overall microbiota structure
was assessed using principal coordinate analysis (PCoA) on
beta diversity computed using Bray-Curtis distances, repre-
senting the compositional dissimilarity between the samples.
Permutational multivariate analysis of variance (PERMANOVA;
adonis function in the vegan package®) with Bray-Curtis dis-
similarities was used to identify factors contributing to vari-
ation in microbiota composition. Differential abundance for
bacterial taxa or KEGG pathways between treatment groups
was identified with the mare function “GroupTest” (based on
generalized linear models using negative binomial distri-
bution) accounting for sex and cage block. Associations
between bacterial taxa and metabolites were assessed using
Spearman’s correlation. P-values were adjusted by the
Benjamini-Hochberg method for multiple testing. FDR-
adjusted p-values < 0.05 were considered statistically signifi-
cant, though FDR-adjusted p-values < 0.1 were also reported
considering the small sample size in each treatment arm.

2.6 Quantitative PCR for total bacteria

Quantification of total bacteria was carried out by qPCR with
the 331F/797R primers using a BioRad iCycler iQ thermal
cycler system (BioRad, Hercules, CA) with HOT FIREPol®
EvaGreen® qPCR Mix Plus (Solis BioDyne, Tartu, Estonia) as
described previously.”® The 10-log-fold standard curves
ranging from 10> to 10’ copies were produced using full-length
amplicons of 16S rRNA gene of Bifidobacterium longum to
convert the threshold cycle (Ct) values into the average esti-
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mates of target bacterial genomes present in 1 g of feces (copy
numbers per g of wet feces) in the assay. The qPCR assay was
performed in triplicate. Precautions were taken to ensure that
the data from each triplicate fell within 0.5 threshold cycle
(Ct), and clear outliers (> 2 standard deviations) were removed
before calculating the average Ct of each sample. Melting
curves and non-template controls were used to assess run
reliability. There was no detectable amplification arising from
non-template controls in the assay. The amplification
efficiency of the qPCR assay was 95%. The absolute abun-
dances were estimated and 16S rRNA gene copy-number cor-
rected as previously described.>

2.7 Nitroso compound analysis

Nitroso compounds were measured from proximal colon fecal
samples (n = 12 per group). Before the analysis, approximately
200 mg fecal sample, 2 mm steel beads, and 1 mL HPLC-
graded water per 200 mg sample were disrupted with
TissueLyser II (Qiagen, Hilden, Germany) for 10 minutes at 30
1 s7'. The samples were then centrifuged (SL 8R, Thermo
Scientific, Waltham, MA, USA) at 14 000g for 15 minutes at
4 °C. The supernatant was collected and stored at —80 °C until
analysis.

The nitroso compounds analysis was modified from a pre-
viously described method.>*> The samples were analyzed with
Ecomedics CLD 88 Exhalyzer (Ecomedics, Diirnten,
Switzerland) that uses chemiluminescence detection for
measuring NO. For releasing the NO, the sample was injected
into a purge vessel kept at 60 °C containing 15 mL tri-iodine
solution (1 g potassium iodide (221945, Sigma Aldrich), 0.65 g
iodine (196561000, Acros Organics), 20 mL HPLC-water, 70 mL
acetic acid (20104.298, Analar Normapur), and antifoam emul-
sion (A6707, Sigma Aldrich). The purge vessel was connected
via a condenser to a wash bottle maintained at 4 °C containing
15 mL 1 M NaOH. The NO was transferred through the system
to Ecomedics CLD 88 Exhalyzer via a 0.20 um polypropylene
filter using helium (0-1 mbar) as a carrier gas. The NO values
were detected with Chart v5.5.8 (eDAQ, Australia) that quanti-
fied the values of the sample based on the standardized
values. The standardized values were produced by injecting
50 pL of sodium nitrite (S2252, Sigma Aldrich) solution ten
times in a concentration range of 0.1-10 pmol pL™" into the
purge vessel.

For determination of apparent total N-nitroso compounds
(ATNC), 100 pL supernatant was mixed with 100 pL 0.1 M
N-ethylmaleimide (NEM) (E3876, Sigma Aldrich) and 0.01 M
diethylenetriaminepentaacetic acid (DTPA) (D1133, Sigma
Aldrich) in HPLC-water, and 500 pL sulfanilamide (132851000,
Acros Organics) solution (50 g 17" in HCI), vortex mixed, incu-
bated for 4 minutes and injected into the purge vessel. NEM
and DTPA in a solution chelate metal ions and alkylate free
thiol groups, thus preventing artifactual nitrosation.”*”
Sulfanilamide reacts with nitrite and forms a stable diazonium
ion.>* The concentration of nitrosothiols (RSNO) was deter-
mined in the same way as ATNC with the addition of 100 uL
aqueous 10 mM HgCl, (215465, Sigma Aldrich). Likewise, to
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determine the amount of nitrosyl iron (FeNO) compounds, the
same solutions as for RSNO were used in addition to 100 pL
aqueous 10 mM K3Fe(CN)y (196781000, Acros Organics). HgCl,
displaces NO* from $-NO,** and K;Fe(CN)s oxidizes Fe*" of
FeNO to Fe*".>> The value of RSNO was the difference between
mercury(u) stable and unstable compounds, and the value of
FeNO was the difference between ferricyanide stable and
unstable compounds.

2.8 Extraction and analysis of short-chain fatty acids

Short-chain fatty acids were measured from cecal (n = 42) and
distal colon fecal (n = 32, control = 10, GXpoly = 10, pureGX =
12) samples with a previously validated method based on gas
chromatography with slight modifications.>® Briefly, the
200 mg fecal and cecal samples were freeze-dried (Beta 2-8 LD
Plus, Christ, Germany) for 48 hours at —26 °C and a vacuum
pressure of 0.57 mbar. Approximately 20 mg of Milliq water
was added to fecal samples to facilitate drying.

Lyophilized samples (10 mg) were mixed with 400 pL of
saturated NaCl, 10 pL of 20 mM 2-ethylbutyric acid (109959,
Sigma Aldrich) was used as an internal standard,*® and 5 pL of
2 mM H,SO, solution was added to adjust the pH to 2. Each
sample was homogenized with 2 mm steel beads using
Tissuelyser II for 2 x 2 minutes at 30 1 s~'. After homogeniz-
ation, 400 pL of pre-cooled EtOAc (34858, Honeywell) was
added to sample tubes, vortex mixed for a minute, and centri-
fuged at 12 000 rpm for 10 min at 4 °C. The supernatant was
transferred to a 2 mL Eppendorf tube containing 0.25 g of
anhydrous Na,SO,, centrifuged again, and then transferred to
a gas chromatography vial for further analysis. A standard
stock solution was prepared in ethyl acetate using similar
SCFA concentrations as before:>® 460 mM acetic acid
(20104.298, Analar Normapur), 400 mM propionic acid
(W292400, Sigma Aldrich), 400 mM n-butyric acid (W222100,
Sigma Aldrich), 100 mM isobutyric acid (11754, Sigma
Aldrich), 200 mM pentanoic acid (240370, Sigma Aldrich),
200 mM isovaleric acid (129542, Sigma Aldrich). Calibration
curves were obtained using 8 concentrations by diluting the
stock solution from 1/20 to 1/4000 (v/v). All calibration
samples contained 20 mM of the internal standard.

One microliter of the supernatant was injected into the gas
chromatograph  (Agilent 8890 GC  System, Agilent
Technologies, Santa Clara, CA, USA) equipped with Zebron™
ZB-FFAP, GC Cap. Column 30 m x 0.32 mm X 0.25 pm
(Phenomenex, Verlgse, Denmark) with split ratio of 20:1.
Initially, the oven temperature was maintained for a minute at
100 °C, raised to 180 °C at 8 °C min™", held for a minute and
then increased to 200 °C at 20 °C min~" and held there for
5 min. Helium was used as a carrier gas at a flow rate of 1 mL
min~". SCFAs are expressed as micromole per gram dry weight.

2.9 Statistics

For non-sequencing data, the difference between the three
dietary groups was analyzed with two-way ANOVA. Before the
analysis, data were systematically explored to detect outliers,
heterogeneity of variance, and non-normal distribution. Log
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transformation was used for variables that did not meet the
assumptions of two-way ANOVA (ATNC, FeNO, RSNO, cecum
and colon acetate, and colon butyrate). Results are reported as
mean + standard deviation.

The cages of rats were included in statistical analysis by ran-
domly dividing them into two blocks (7 rats per dietary treat-
ment/block, both blocks containing both sexes). Two-way
ANOVA was conducted using sex as a factor and block as a
random factor. ANOVA model:

Xip = p+ i +V; + 7, + avy + €55,

where a; is the diet (7 = control, GXpoly or pureGX); v; is sex
(j = male or female); y, is the random effect of block (z = 1 or
2), and avj; is interaction between the diet and sex. g, refers to
residual error. For weight comparisons, the average body
weight obtained during the feeding period was used as a
dependent variable and initial weight as a covariate. The Tukey
HSD test was used to compare the means of the groups.
P-value < 0.05 was considered significant. Analysis was con-

ducted with IBM SPSS Statistics 25.0.

3 Results

3.1 Lignin in the GXpoly diet

To compare the polyphenol content of the differently pro-
cessed GX and diets, we measured their lignin content using
Pyr-GC/MS.> As expected, the lignin content was higher in the
GXpoly compared to the pureGX (Table 2). We also detected
lignin in the GXpoly diet samples (Table 2) but not in the
pureGX diet samples (not shown).

Table 2 Lignin content® (= syringyl (S) + guaiacyl (G), %) of the GX
extracts and the GXpoly diet based on area% of lignin fragments (n = 2
per sample)

Sample G units (%) S units (%) S+ G units (%) S/G ratio
GXpolyb 5.81+0.10 12.22+2.16 18.02 +2.06 2.11+0.40
pureGX* 0.62+0.21 1.72+0.42 2.34+0.21 3.06 +1.72
GXpoly diet N.D. 0.67 + 0.03 0.67 + 0.03 N.D.

“Measured using pyrolysis-gas chromatography/mass spectrometry.
b Glucuronoxylan- and polyphenol-rich hemicellulose extract. ¢ Highly
purified glucuronoxylan-rich hemicellulose extract.
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3.2 Body weight, food intake and fecal dry-matter content
did not differ between the control and GX-groups

The rats gained weight normally during the feeding period,
and no difference in the body weight gain was observed
between the groups (Table 3 and Fig. S1f). Similarly, food
intake did not vary across the groups. There was no statistically
significant difference in the water intake and urine volume
among the groups although the volumes were lowest in the
pureGX group (Table 3).

To study the effects of GXpoly and pureGX on stool properties,
we measured dry-matter content (z = 18) and weight of the fecal
samples of the rats. Feeding the GX diets resulted in a similar
dry-matter content of feces than the control diet (Table 3).
However, fecal mass was significantly higher in the control group
than in the pureGX, but not in the GXpoly, group (Table 3).

3.3 GX alters cecal microbiota composition and predicted
functions in healthy rats

To assess the impact of the GX-enriched diets on dominant
cecal bacterial communities, we utilized 16S rRNA gene ampli-
con sequencing and qPCR for total bacteria prepared from total
cecal DNA. Strong clustering of the samples by the treatment
group in principal coordinates analysis (PCoA) indicated signifi-
cant differences in overall phylogenetic makeup between the
two GX groups and the control group (Fig. 1A). The variance of
the bacterial community compositions was predominantly
explained by treatment (40%, p = 0.001, Fig. 1A). Microbiota
richness and alpha diversity estimated by the Shannon index
were significantly lower in the GX groups than in the control
group, while the total amount of bacteria, measured by qPCR,
was significantly higher in GX groups (p < 0.01, Fig. 1B). No sig-
nificant difference in microbiota richness, beta, or alpha diver-
sity was found between the GXpoly and pureGX groups.

We next zoomed into individual bacterial taxa to identify
specific bacteria that differed in abundance between the treat-
ment groups (Fig. 2 and Table S27). At the family level, the
relative abundance of Bifidobacteriaceae was substantially
enriched in the GX groups compared to the control group (esti-
mated fold change = 150 in GXpoly and 432 in pureGX, FDR-p
< 0.05, Table S2}). Other bacterial families that were signifi-
cantly more abundant in both GX groups included an uncul-
tured family of Rhodospirillales, Enterobacteriaceae, and
Atopobiaceae (all FDR-p < 0.05). The relative abundance of

Table 3 Effect of GX diets on weight gain, fecal weight, and dry-matter content, urine volume, and food and water intake in Wistar rats

Diet Control GXpoly” pureGX? p-Value
Weight gain (g) 115.6 + 45.2 116.4 + 45.2 111.3 + 40.2 0.661
Food intake (g)/24 h 17.2 +2.9 15.5 + 5.1 15.1 £ 4.7 0.318
Water intake (mL)/24 h 32.9 +12.0 33.4+10.7 25.0 +11.6 0.226
Urine volume (mL)/24 h 11.5+2.2 11.3+2.4 9.6 £3.3 0.100
Fecal weight (g)/24 h 3.2+1.1% 2.2 +2.8° 1.3+1.1° 0.031
Dry-matter content % (n = 18) 29.1 +9.0 23.3+5.8 214 +4.5 0.176

Statistically significant difference in group means labeled with different letters. “ Glucuronoxylan- and polyphenol-rich hemicellulose extract.

b Highly purified glucuronoxylan-rich hemicellulose extract.
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Fig. 1 Principal coordinates analysis (PCoA) plot of the gut microbiota from Wistar rats grouped by treatment with cellulose (control), GXpoly, or
pureGX (A). Differences in microbiota richness, diversity (Shannon index) and total bacterial counts between three treatment groups (B). *p < 0.05,
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Fig. 2 Bar graphs show individual taxonomic profiles of gut bacteria at a family level in relative (upper panel) and absolute (lower panel) abundance
in the Wistar rats fed either control (cellulose), GXpoly (glucuronoxylan- and polyphenol-rich hemicellulose extract), or pureGX (highly purified glu-
curonoxylan-rich hemicellulose extract) diet.
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Lactobacillaceae was selectively increased in the pureGX group
(FDR-p < 0.05). A 4-fold increase in polyphenol-degrading
Eggerthellaceae was seen only in the GXpoly group in compari-
son to the control group (FDR-p < 0.05). In contrast, the rela-
tive abundances of Peptococcaceae, Peptostreptococcaceae, and
Desulfovibrionaceae were significantly reduced in both groups
treated with GX (all FDR-p < 0.05, Table S2t). Additionally, the
GXpoly diet resulted in a depletion of Akkermansiaceae/
Akkermansia muciniphila (FDR-p < 0.05). At the genus level, in
the GX groups, the most drastic enrichment was seen in
Eisenbergiella, Bifidobacterium, and Flavonifractor, while the
reduced proportion in the family Desulfovibrionaceae was
attributed to the significant decrease in Bilophila (all FDR-p <
0.05, Table S21). When absolute abundance was analyzed, the
findings align well with the ones derived from relative abun-
dance in most cases, with Bifidobacteriaceae showing the
largest increase in abundance in the GX groups (Fig. 2 and
Table S27). In addition, absolute counts of Bacteroidaceae and
Christensenellaceae were significantly higher in the GX groups
(FDR-p < 0.05), while the decreased absolute abundance of
Desulfovibrionaceae failed to reach statistical significance
(Table S27). Some taxa exhibited significant differences in rela-
tive abundance between male and female rats mainly genera
from family Ruminococcaceae and Lachnospiraceae (Table S37).
To understand the functional implications of the observed
taxonomic differences between the dietary groups, we inferred
metagenomes using a computational approach that recon-
structs functional composition of a metagenome connecting
the sequenced genes to reference genomes. The predicted
function that differed most between the groups was “lipopoly-
saccharide biosynthesis”, which was ca. 50% lower in the
GXpoly group compared to the control group (Table S47).

3.3 Gut microbiota can utilize GX in production of microbial
metabolites

To see how the observed taxonomic difference between the
dietary groups affected the fermentation in cecum and colon,
we measured the concentration of known bacterial metabolites
from cecal and fecal samples of the rats. Feeding GX led to sig-
nificantly higher concentrations of ATNC (p = 0.001) and FeNO
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(p <0.001) in the feces of GX-fed rats than in the control group
(Fig. 3 and Table S5t). There was no significant difference in
RSNO between the groups, and in five samples, the concen-
tration of RSNO was below the detection limit.

The concentration of ATNC and FeNO were significantly
higher in females than in males (p = 0.014, and p = 0.041
respectively, Table S5t). The concentrations of ATNC, RSNO,
and FeNO correlated significantly with total bacterial counts (p
< 0.001, Fig. S21). When the excretion of ATNC, FeNO, and
RSNO was calculated per total fecal weight (the total excretion),
it did not differ significantly between the groups (Table S67).

GX feeding resulted in higher concentrations of acetic acid
and total SCFAs compared to the controls in the cecum samples
(p < 0.001, Fig. 4A and Table S5t). Conversely, the cecal concen-
trations of the BCFAs isobutyric and isovaleric acids were lower
in the GX-fed groups than in the control group (p < 0.001,
Fig. 4A). The propionic acid concentration was highest in the
pureGX-group with borderline statistical significance (p = 0.055).
Even though the colonic concentrations of SCFAs did not reach
a statistically significant difference between the groups (Fig. 4B),
the trend was similar to the cecum. The concentrations of
detected SCFAs correlated significantly with the absolute abun-
dances of their respective producing bacteria, such as
Bifidobacteriaceae that produce acetate, and Lactobacillaceae that
produce acetate and propionate (p < 0.05, Fig. S3+1).

In addition to diet, sex affected cecum total SCFAs and
acetate levels, which were higher in the females than in the
males (Acetate: males: 152.2 + 57.1; females: 213.9 + 89.4; p =
0.002; SCFA: males: 229.0 + 63.3; females: 297.6 + 106.0; p =
0.004). Levels of both cecal (males: 7.0 + 1.6; females: 6.3 + 1.6;
p = 0.045) and colonic (males: 7.4 + 2.1; females 5.3 + 2.3; p =
0.019) BCFAs were lower in the female rats than in the males.
Body weight, food and water intake, and fecal characteristics
by sex are presented in the Table S5.t

4 Discussion

Most commonly consumed foods in Western diets are low in
dietary fiber and contribute to the high risk of many chronic

ATNC RSNO FeNO
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Fig. 3 The concentrations of nitroso compounds in the colonic contents of the control, GXpoly, and pureGX groups (umol g~* of fecal weight).
Concentrations of ATNC and FeNO were significantly higher in the GX groups than in the control group. There was no statistically significant differ-
ence in RSNO concentration. (Two-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ATNC = apparent total N-nitroso compounds, FeNO = nitrosyl
iron, RSNO = nitrosothiols, GXpoly = glucuronoxylan- and polyphenol-rich hemicellulose extract, pureGX = highly purified glucuronoxylan-rich

hemicellulose extract).
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Fig. 4 Cecal and distal colonic concentrations (umol g=* of dry weight) of SCFAs in Wistar rats fed control, GXpoly and pureGX diets. (A) Cecal total
SCFA (p < 0.001) and acetate (p < 0.001) concentrations (n = 14 per group) were higher in the GX groups than in the control group. (B) Colonic SCFA
concentrations (control n = 10, pureGX n = 12, GXpoly n = 10) did not differ between the groups even though the trends were similar to that of the
cecal samples (two-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, BCFA = branched-chain fatty acid, SCFA = short-chain fatty acid, GXpoly = glu-
curonoxylan- and polyphenol-rich hemicellulose extract, pureGX = highly purified glucuronoxylan-rich hemicellulose extract).

diseases, including colorectal cancer.’” Thus, there is a need
to incorporate more fiber-rich foods into diets in general. As
excellent food stabilizers, GX-rich extracts would be a straight-
forward way to increase the dietary fiber content of foods.
However, it has remained unclear, how they interact in the
colon. Here, we studied the effects of two differently processed
birch-derived GX-rich extracts with different levels of polyphe-
nol content on the gut microbiota, SCFAs, and NOCs in
healthy Wistar rats. We found that GX consumption induced
significant enrichment of bifidobacteria as well as other
health-associated bacterial groups and increased colonic fer-
mentation indicated by higher concentrations of bacterial
metabolites and total quantity of bacteria.

Microbiota richness and alpha diversity, indices that reflect
overall microbiota structure, were significantly lower in the GX
groups than in the cellulose control group. While low micro-
biota richness and diversity are often associated with poor

This journal is © The Royal Society of Chemistry 2022

metabolic health,>® in the present study they likely resulted
from the selective promotion of potentially beneficial bacteria,
such as Bifidobacteriaceae and Lactobacillaceae. Similar obser-
vations have been reported in a recent intervention studying
dietary fibers in individuals with type 2 diabetes.’® Our study
demonstrates that GX containing diets have prebiotic effects.
Both GXpoly and pureGX diets supported the growth of the
probiotic Bifidobacteriaceae as indicated by its significantly
higher relative and absolute abundance. This is in line with
previous studies demonstrating that wood- and cereal-derived
XOS display bifidogenic properties in vitro and in vivo,
respectively.>>°*®! The bifidogenic effect of GX may be attribu-
ted to the potential ability of Bifidobacteriaceae to ferment GX,
or trophic interactions with xylanolytic bacteria, such as
Bacteroides,”> which had significantly higher absolute abun-
dance in the GX groups. Particularly pureGX also favored the
growth of Lactobacillaceae, the absolute abundance being
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5-fold higher in the pureGX group than in the control group.
In contrast, the relative abundance of Lactobacillaceae failed to
increase significantly in the GXpoly group. This difference
between pureGX and GXpoly may be explained by the high
purity of pureGX, which contains more hemicellulose that can
be utilized by lactic acid bacteria, including Lactobacillaceae.®

The health-promoting effects of intestinal commensals,
such as Bifidobacteriaceae and Lactobacillaceae, are thought to
be mediated by the production of microbial metabolites
including SCFAs. We found that acetic acid and total SCFAs
were significantly elevated in the cecum of the rats on the GX
diets, and the levels of individual SCFAs were strongly associ-
ated with their expected bacterial producers. Acetate is the
most abundant SCFA in peripheral circulation with direct sys-
temic effects. It is able to cross the blood-brain barrier and
affect hypothalamic control of appetite, increasing satiety.®* It
can also affect adipose tissue metabolism, improving overall
metabolic health via G protein-coupled receptor 43.>* PureGX
increased the propionate concentration with borderline stat-
istical significance. Propionate is gluconeogenic and may
increase satiety by inducing postprandial GLP-1 and PYY
secretion.”> However, we did not notice difference in food
intake between the groups, which may be explained by the use
of young growing rats in our experiment. Both acetate and pro-
pionate can dampen pro-inflammatory cytokine production.®?
Our findings are in line with previous in vitro studies where
AGX had a propiogenic effect,"® and XOS increased the levels
of acetate.*

Other bacterial groups that exhibited drastically higher rela-
tive and absolute abundances following the GX diets are
Atopobiaceae, linked to positive cardiometabolic health,’® and
butyrate-producing, leanness-associated Eisenbergiella.®”°® In
agreement with our findings, previous in vivo and in vitro
studies have reported the increases in those bacteria by the
supplementation of several types of complex dietary carbo-
hydrates, such as wood-derived acetylated galactoglucoman-
nan and inulin."®®® It is worth noting that Bacteroidaceae and
leanness-associated Christensenellaceae® had higher absolute
abundances, but not relative abundances, in the GX groups.
This discrepancy is likely due to compositionality effects that
may lead to erroneous interpretations of the findings if only
relative abundance was analyzed.>”°

It is noteworthy that the GX diets decreased the relative and
absolute abundances of the bacterial groups implicated in pro-
teolytic fermentation, Peptostreptococcaceae, and
Peptococcaceae, which have been linked to obesity and intesti-
nal inflammation.”* A previous mouse study also documented
the reduction in Peptostreptococcaceae and Peptococcaceae fol-
lowing a diet enriched in cranberry beans that contain abun-
dant phenolic compounds and nondigestible fermentable
components.”> However, in our study the abundance of proteo-
lytic bacteria was the same in the polyphenol-rich GXpoly and
pureGX groups, which indicates that the lower abundances of
those bacteria in GX groups are due to the structural differ-
ences between the GX and cellulose, not the polyphenols. The
abundance of proteolytic bacteria was correlated with the con-
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centrations of BCFAs, which were lower in the GX groups than
in the control group. This is in accordance with a previous
study, where wheat arabinoxylan-oligosaccharide supplemen-
tation lowered fecal BCFA content in children.** Bifidobacteria
have been shown to decrease BCFA concentration,”® which
may have contributed to the difference in the cecal BCFAs
between the dietary groups. Moreover, a higher abundance of
fermentable fibers in GX groups may have reduced the relative
protein availability for bacterial fermentation. BCFAs are con-
sidered a biomarker of protein catabolism® and they have
been linked to increased hepatic insulin resistance.”
Nevertheless, little is known regarding the impact of BCFAs on
host health to date.

On the other hand, GX increased the concentrations of
ATNC and FeNO that are nitrosated from amines produced by
microbial fermentation of proteins.>* NOCs are potentially car-
cinogenic,®® but limited dietary studies have reported their
concentrations. It has previously been noted that high concen-
trations of fecal NOCs are related to a high intake of red
meat.”” However, in a recent study inulin was able to attenuate
the formation of ATNC and FeNO in the gut of healthy rats fed
processed meat.*” Especially some facultative anaerobes, such
as Escherichia coli, have been linked to increased NOC for-
mation in vitro.”® However, we did not notice a difference in
known NOC-forming bacteria abundance between the
dietary groups, and thus the higher levels of ATNC and FeNO
in the GX groups presumably resulted from the
elevated overall nitrate-reducing capacities arising from the
increased total bacterial population, ie., increased colonic
fermentation.

The relative abundance of sulfidogenic, pro-inflammatory,
and lipopolysaccharide (LPS)-producing Bilophila’” was lower
in the GX groups than in the control group. LPS is one of the
most potent pathogen-associated molecular patterns that
elicits innate immune responses,”® and also the predicted
functions related to its biosynthesis were reduced following
the GX diets. This is in line with a previous intervention study
where another fermentable fiber, inulin, decreased relative
abundance of Bilophila.”® Additionally, GXpoly specifically
decreased abundance of Akkermansia, which is a mucolytic
commensal linked to improved metabolism,®® but also shown
to promote the colonization of mucosal pathogens in the
context of fiber deprivation.’’ While several studies have
reported that the abundance of Akkermansia was elevated by
polyphenols,®* the reduced Akkermansia abundance observed
in the polyphenol-rich GXpoly group is likely attributable to
the structural differences in the heterogeneous phenolic com-
pounds. Previous animal studies using diets rich in polyphe-
nolic lignans similarly found a large decrease in Akkermansia
following the treatment.®%%*

In addition to microbiota modulation and production of
SCFAs, dietary fibers can affect health via altering gut func-
tion and stool properties.’” Certain dietary fibers can protect
from constipation and diarrhea, e.g., provide regularity,
which can be evaluated by measuring fecal water content,
and fecal weight per day.®®> Fecal water content is dependent

This journal is © The Royal Society of Chemistry 2022
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on the ability of dietary fiber to bind water or stimulate water
secretion in the gut,®® and it correlates with fecal weight.®°
In our study, the fecal water content was the same across the
groups, but the fecal weight was higher in the cellulose
group than in the GX groups, suggesting that GX and cell-
ulose increased water content through different mecha-
nisms.®® The result is in line with previous findings where
less fermentable fibers have been shown to have a more sig-
nificant effect on fecal weight than more fermentable
fibers.®” However, the difference did not reach statistical sig-
nificance when cellulose was compared to the GXpoly group.
This difference between GXpoly and pureGX diets is probably
due to lignin that was measured with a Pyr-GC/MS. The
method can be used to estimate the lignin content of hemi-
celluloses® hence having a potential as an easy method to
define polyphenol content of dietary fibers. We detected
lignin in the GXpoly but not in the pureGX diet, although it
is assumed that the pureGX diet contains polyphenolic com-
pounds below the detection limit of Pyr-GC/MS. The result
indicates that lignin of the GXpoly diet provided bulking and
was not broken down by the gut microbiota. However, as
demonstrated in previous studies, gut microbiota may utilize
lignin to form lignans, e.g  enterolactone and
enterodiol,'*">'® which have been shown to have a protec-
tive effect against colorectal cancer."* Some of the lignin in
GXpoly diet may have been degraded into lignans indicated
by the abundance of polyphenol degrading bacteria,
Eggerthellaceae, in the GXpoly group. Clearly, the effects of
birch-derived lignin on fecal properties and bacterial metab-
olites needs to be further studied.

The feeding of GX-rich extract for four weeks did not cause
adverse effects in any of the animals, which can be considered
a positive sign for the safe use of the extract. In a recent study
glucuronoxylan-rich extract was shown not to be toxic to
normal human cells, which supports our findings.*®
Furthermore, we did not notice a statistically significant differ-
ence between the treated and control group in food and water
intake, which indicates that GX does not interfere with these
parameters or reduce palatability. Body weight of the rats
eating the GXpoly or pureGX diet did not differ from the
control group throughout the study, suggesting that GXpoly or
pureGX does not compromise nutrient absorption.
Nevertheless, to prove that GX is non-toxic in the long run
further studies are needed to enlighten the physiological
effects of the extracts.

While the effect of sex on NOCs has not been previously
reported, sex represents an important factor affecting the con-
centrations of acetate and NOCs in the present study. We also
noticed a sex difference in some bacterial taxa. However, as
those bacteria are not known for enzymes responsible for a
nitrosation reaction, and acetate can be produced by many gut
bacteria, the finding does not directly explain the difference in
microbial metabolites between male and female rats. It has
been shown that sex impacts the metabolism of dietary fiber,
and thus potential health effects of functional foods should be
studied on males and females.®®

This journal is © The Royal Society of Chemistry 2022
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The main strength of our report is the in vivo study setting
representing relevant physiological conditions. Several host
physiological factors, such as immunity,”® lipid metabolism,””
and intestinal transit time,”* all have been reported to influ-
ence the effects of xylan on the gut microbiota and cannot be
inferred from the existing in vitro studies. Quantitative micro-
biome profiling providing information on absolute abun-
dances of the gut microbes that would be otherwise overlooked
represents another strength in the present study. While the
characterization of the gut microbiota was limited in resolu-
tion due to the nature of 16S rRNA gene amplicon sequencing,
we compensated for this limitation by using imputed metage-
nomic analysis. As the increases in SCFAs may have different
implications depending on host health states, future studies
should be performed in animal models with certain metabolic
phenotypes and/or on specific diets to explore the potential
benefits or anti-inflammatory effects of the observations made
in the present study. In addition, other GXpoly and pureGX
derived metabolites can participate in potential beneficial and
anti-inflammatory effects, which should be elaborated in
future unbiased metabolomic studies. Lastly, the inferred
health effects of GX-associated bacteria discussed above are
mainly from human studies. Hence, human trials are needed
to evaluate the translatability of our findings before birch GX
can be used in foods.

5 Conclusion

In summary, our results suggest potential health benefits of
GX via supporting the growth of beneficial bacteria and sup-
pressing the detrimental ones. Consistently both GXpoly and
pureGX also supported the production of potentially beneficial
SCFAs and diminished the production of potentially harmful
BCFAs. Despite the higher fermentability, the extracts,
especially GXpoly, had similar favorable effects on fecal pro-
perties as cellulose. Taken together, these findings suggest
that birch-derived GX extracts that can be utilized as ecological
food stabilizers are able to alter the gut microbiota and
colonic fermentation in vivo, potentially towards improved gut
health.
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