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ABSTRACT: Brewer’s spent grain (BSG), the major side-stream from brewing, is rich in protein, lignin, and nonstarch
polysaccharides. Lignin is a polyphenolic macromolecule considered resilient toward breakdown and utilization by colon
microbiota, although some indications of release of small phenolic components from lignin in animals have been shown. The aim
of this study was to investigate if the human intestinal microbiota can release lignans and small phenolic compounds from whole
BSG, a lignin-enriched insoluble fraction from BSG and a deferuloylated fraction, in a metabolic in vitro colon model. The
formation of short-chain fatty acid (SCFA) was also investigated. More lignin-related monomers and dilignols were detected
from the lignin-enriched fraction than from BSG or deferuloylated BSG. SCFA formation was not suppressed by any of the
fractions. It was shown that small lignin-like compounds were released from these samples in the in vitro colon model, originating

most likely from lignin.
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Bl INTRODUCTION

Brewer’s spent grain (BSG) is the major side-stream from the
brewing of beer. It is composed of the husks and outer layers of
malted barley grains together with the residual endosperm
remaining after mashing. As such, it is rich in protein and
dietary fiber (DF), including arabinoxylan, cellulose, and
Iignin.1 So far, the utilization of BSG has been limited to
ruminant feed with low commercial value. However, BSG could
be a source of nutritional ingredients or platform chemicals, if
cost-efficient fractionation techniques can be developed.

As a component of feed, lignin is considered to be poorly
digested by rumen microbiota,” and thus it most likely remains
in the gut lumen, where it could interact with other dietary
components or affect conversion activities of gut microbiota.
The breakdown of lignin has been demonstrated in the rumen
of goats,®> and lignin was shown to be a precursor of the
mammalian lignans enterodiol and enterolactone in rats,
suggesting that nonruminants could also be able to degrade
lignin. However, the ability of human gut microbiota to degrade
lignin has not yet been proven. The in vitro metabolic colon
model used in this study is a model designating biochemical
changes in introduced components due to fecal microbial
enzymes. This model combined with gas chromatographic
analysis coupled with mass detection (GC-MS or GCXGC-
TOFMS) and metabolite profiling has been used to investigate
biochemical conversions of plant foods and their components,
carbohydrates, and phenolic compounds.”™®

Lignin is a polyphenolic macromolecule acting as the glue
between the cellulose—hemicellulose matrix in plant cell walls.
Lignin is formed from three monomers: p-coumaryl alcohol,
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coniferyl alcohol, and sinapyl alcohol, which are linked together
in a branched network structure by radical-induced con-
densation reactions. The ratio of these alcohols is dependent on
the plant species. Lignin units are derived from methoxylated
hydroxycinnamic acids, such as ferulic and sinapinic acids, via
the phenylpropanoid pathway, and similar substitutions on the
phenol ring with guaiacyl (4-hydroxy-3-methoxyphenyl) or
syringyl (4-hydroxy-3,5-dimethoxyphenyl) alcohols, respec-
tively.” This creates challenges for the identification of
monomers that are uniquely lignin-derived, and therefore the
removal of ester-linked ferulates might exclude the impact of
the formation of methoxylated degradation products from
hydroxycinnamic acids.

Lignin could also act as a suppressive component in the
colon model. Dose-dependent suppression of short-chain fatty
acid (SCFA) formation by tannins, a polymer formed from the
flavanols (—)-epicatechins and (+)-catechins, isolated from
apples and grapes, has been previously demonstrated in the in
vitro colon model, showing lower SCFA concentrations than in
fecal control.”® This was possibly caused by inhibition of cell
wall degrading enzymes present in the fecal inoculum through
the phenolics binding to these enzymes."’

The hypothesis of the present study is that gut human
microbiota is able to release low molecular weight phenolic
compounds, which can potentially be considered as DF
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phytochemicals, from lignin. Therefore, lignin-rich fractions
were prepared from BSG by enzymatic treatments hydrolyzing
carbohydrates and proteins and by an alkaline treatment
removing ester-linked ferulates. The obtained fractions were
studied using the in vitro metabolic colon model to investigate
the microbial release of lignin-derived monomeric and dimeric
compounds. The formation of SCFA was also studied to
exclude the possibility of suppression of microbial conversion
activities. The suppression of SCFA formation was also studied,
even though lignin-rich fractions contained a low amount of
accessible carbohydrates and therefore were not eminent
precursors for SCFA formation.

B MATERIALS AND METHODS

Preparation of BSG Fractions. BSG was obtained from
Sinebrychoff brewery (Kerava, Finland) directly after the mashing
process. BSG was composed of 42% carbohydrates, mainly
arabinoxylan and cellulose, 19% lignin, 23% protein, 11% lipids, and
4.7% ash.* Although most of the glucan in BSG was cellulose, residual
amounts of starch (1.3%) and mixed-link f-glucan (0.36%) were also
present. A portion of BSG was dried and milled with a Hosokawa
Alpine mill with a 0.3 mm sieve (Hosokawa Alpine AG, Augsburg,
Germany). The dried and milled BSG was used as one of the samples
in the in vitro fermentation. To remove ester-linked ferulates, BSG was
incubated in 2 M NaOH at room temperature for 2 h with continuous
stirring. After the incubation, the solids were separated by
centrifugation, washed thoroughly with distilled water, and neutralized
with HCI. Finally, these solids were lyophilized, and the dried material
denoted deferuloylated sample (DEFE). Nondried BSG was milled
with a Masuko Supermasscolloider MKZA10-15] (Masuko Sangyo Co.
Ltd, Kawaguchi-city, Japan) and sequentially digested first with
carbohydrases and then with proteases as described previously (Figure
1).!! The residue after the proteolytic treatment was further digested
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Figure 1. Sequential enzymatic hydrolyses of brewer’s spent grain
(BSG).

with Celluclast 1.5L (Novozymes, Bagsvaerd, Denmark) (50 FPU/g
material) and Depol740L (Biocatalysts Ltd., Cefn Coed, Wales, UK)
(5000 nkat of xylanase activity/g material) (S h, 50 °C, pH 5.0) to
remove residual carbohydrates. After the hydrolysis, the solids were
separated by centrifugation, washed with distilled water, and
lyophilized. The sample was denoted insoluble residue (INS). The
composition of BSG and the modified fractions is described in Table 1.
The compositions of BSG and its fractions were determined as
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Table 1. Compositions of the Fermented Fractions as Mass
Percent of Dry Matter

initial insoluble residue deferuloylated BSG
component BSG (INS) (DEFE)
carbohydrates 422 392 534
arabinoxylan 222 25.7 203
glucan 17.1 11.2 309
lignin 19.4 40.3 219
protein 22.8 6.6 7.6
lipids 11.0 3.1 2.9
ash 4.7 8.7 6.0

described previously."" Klason lignin was determined gravimetrically
and acid-soluble lignin as UV absorbance of the hydrolysate.""

Microscopy Imaging. Light microscopy was carried out as
described previously.'> In brief, samples were embedded in a
hydroxyethyl methylacrylate matrix from which 2 pm thick sections
were cut. Prior to imaging with the microscope, the sections were
treated with chemical dyes Calcofluor and Acid Fuchsin to enable
visualization of different components of BSG. Acid Fuchsin stains
protein red, and Calcofluor stains p-glucan bright blue. The
autofluorescence of lignin and other phenolics is seen as yellow and
green. The excitation and emission wavelengths used were 330—385
and >420 nm, respectively.

In Vitro Colon Model. Fermentation of BSG and the modified
fractions in the in vitro colon model was performed according to the
method of Barry et al.'® with the following modifications: 200 mg (on
dry weight basis) of BSG or its fractions was weighed into bottles (S0
mL) and hydrated with 2 mL of medium 1 day before inoculation.
Medium was an 0.11 M carbonate—0.02 M phosphate buffer (pH 6.5)
including 0.5 g/L L-cystein with the addition of S mL of mineral
solution.'* Human feces were collected from five healthy volunteers
who had not received antibiotics for at least 6 months and had given
written consent. The collection of fecal samples was performed with
the approval of and according to the guidelines given by the Ethical
Committee of VI'T Technical Research Centre of Finland. Freshly
passed feces were immediately taken in an anaerobic chamber or
closed in a container with an oxygen-consuming pillow (Anaerocult
Mini; Merck, Darmstadt, Germany) and a strip testing the
anaerobiosis (Anaerotest; Merck). Fecal suspension was prepared
under strictly anaerobic conditions. Equal amounts of fecal material
from all donors were pooled and diluted to a 20.8% (w/v) suspension,
8 mL of which was dosed to the fermentation bottles to obtain a 16.7%
(w/v) final fecal concentration described previously.>'* The
fermentation experiments were performed in triplicate, and a time
course of 0, 2, 4, 6, 8, and 24 h was followed using the same inoculum
for all of the substrates. Incubation was performed at 37 °C in tightly
closed bottles and in magnetic stirring (250 rpm). Fecal background
was incubated without addition of the supplements.

Extraction of Fermentation Samples. Extraction of SCFA to
diethyl ether was carried out as described previously."> For phenolic
compound, lignan, and metabolome analyses, 1 mL of the fermented
sample was thawed. One milliliter of 2% NaCl solution was added to
break the emulsion and to ensure the separation of the solvent phase.
Fifty microliters of 6 M HCl was added to lower the pH to near 1. For
the analysis of phenolic compounds and the metabolome, trans-2-
hydroxycinnamic acid (Aldrich, St. Louis, MO, USA) was used as the
internal standard, and 15 pL (123 mg/L in MeOH) was added to the
fermented samples. The samples were subsequently extracted twice
with 3 mL of ethyl acetate. The organic phases were collected,
combined, and evaporated under nitrogen. For lignan extraction, 20
UL of an ethyl acetate solution containing the internal standards
matairesinol-ds, (430 ng), secoisolariciresinol-ds (524 ng), enter-
olactone-dg (316 ng), and dimethylated pinoresinol-ds (756 ng) (all
prepared at the Laboratory of Organic Chemistry at Abo Akademi
University) was added to 1 mL of the fermented sample. The samples
were extracted twice with methanol (3 mL), and the liquid phases
were combined. The methanol—water mixture was evaporated under
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nitrogen stream. The dried samples were stored under a nitrogen
atmosphere at —20 °C until analyzed.

SCFA Analysis. Diethyl ether extracts (2 uL, splitless injection)
were analyzed with gas chromatography with flame ionization detector
(GC-FID) (Agilent 6890 series, Palo Alto, CA, USA). Analytes were
separated on a DP-FFAP capillary column (30 m X 0.32 mm) with a
phase thickness 0.25 ym (Agilent). Helium was used as the carrier gas
(2.7 mL/min). Both the injector and FID were kept at 250 °C. The
temperature program started at S0 °C with a 3 min holding time, then
increased at 25 °C/min to 100 °C, finally increasing at 10 °C/min to
the final temperature of 240 °C, which was held for 10 min.
Compounds were quantitated with corresponding standards. SCFA
formation was expressed as a sum of acetic, propionic, and butyric
acids. The individual SCFA concentrations were calculated from the
averages of three replicates at each time point (0—24 h). The initial
SCFA formation rate was calculated as follows: The averages of the
sum of acetic, propionic, and butyric acid concentrations (mM) were
named SCFA (total). SCFA(total, 0 h) was reduced from the SCFA
(toalt, 2 h), and this reduction was divided by 2 h, the time interval.

Metabolomics. The analysis was performed using a two-
dimensional gas chromatograph equipped with a time-of-flight mass
spectrometer (GCXGC-TOFMS) as previously described.® The
phenolic acids were quantitated with authentic standards. The
following compounds were used as standards: Benzoic acid, 3-
hydroxybenzoic acid, 3-(4'-hydroxyphenyl)propanoic acid, and 3-
(3’,4'-dihydroxyphenyl)propanoic acid were products from Aldrich
(Steinheim, Germany). 4-Hydroxybenzoic acid, 2-(3'-hydroxyphenyl)-
acetic acid, and 2-(3',4’-dihydroxyphenyl)acetic acid were purchased
from Sigma (St. Louis, MO, USA). 3-Phenylpropnoic acid and 3,4-
dihydroxybenzoic acid were from Fluka (Buchs, Switzerland), and 3-
(3’-hydroxyphenyl)propanoic acid was purchased from Alfa Aesar
(Karlsruhe, Germany). 4-Methylcatechol (Aldrich), vanillic acid (4-
hydroxy-3-methoxybenzoic acid, Fluka), p-coumaric acid (Sigma), and
gallic acid (3,4,5-trihydroxybenzoic acid were from Extrasynthése
(Genay, France), and ferulic acid was from Sigma-Aldrich (St. Louis,
MO, USA). N-Methyl-N-trimethylsilyltrifluoroacetamide (MSTFA)
and methoxyamine 2% hydrochloride in pyridine (MOX) from Pierce
(Rockford, IL, USA) were used as the derivatization reagents.

The data processing of GCXGC-TOFMS responses has been
described earlier.® Briefly, the peaks were identified by ChromaTOF
software, which matches deconvoluted spectra against an NISTOS
mass spectral library. The compounds in different data sets were
aligned and normalized using an in-house-developed software,
Guineu,'¢ for further analyses. Alignment of the data was performed
on the basis of retention indices, second-dimension retention times,
and spectra.

GOLM Metabolome Database (GMD),"” the Guineau program,'®
and relevant literature were utilized for second-stage identification of
the compounds, which lacked sufficient spectral matches from the
NISTOS or in-house-collected libraries. GMD allows searching of the
database based on submitted GC-MS spectra, retention indices, and
mass intensity ratios. In addition, the database allowed a functional
group prediction, which helped characterize the unknown metabolites
without available reference mass spectra in the GMD.

Aligned data were filtered using the Guineu program by calculating
the fold changes (FC) using the Fold test function describing how
many times the test group exceeded the responses of the control
group. Aromatic compounds, which showed FC responses >2, were
included in the list of further identified compounds and displayed in
the heat map. Heat maps created with Guineu showed the 2-based log
FC values as red (overexpressed) or blue (underexpressed) color
intensities for each time point and each metabolite. Asterisks showed
the time point specific significances (%, p < 0.05; s, p < 0.01; sk, p <
0.001) for each metabolite, and clustering was performed according to
the similarity of the profiles.

Lignan Analysis. To the dried methanol extracts was added 1.5
mL of 10 mM sodium acetate buffer (pH $.0), and the solutions were
sonicated for 1—2 min or until the material was completely dissolved.
The solutions were then centrifuged for 15 min, and the supernatant
was carefully removed and centrifuged again for 15 min. The clear

9746

supernatant was solid-phase extracted using Oasis HLB 30 mg
cartridges (Waters Corp., Milford, MA, USA) according to a
previously described method.'® After evaporation of the solvent to
dryness, 200 uL of methanol/0.1% acetic acid in Milli-Q water (20:80,
v/v) was added, the solution was sonicated for 1—2 min, and 10—20
uL was injected into the HPLC-MS/MS. The HPLC-MS/MS method
and conditions were the same as described previously.'” Quantitation
was carried out using standard solutions containing the internal
standards and six concentration levels of the analyzed lignans, as
described previously.'® The standard solutions were solid-phase
extracted and redissolved as the real samples.

B RESULTS

Potential degradation of lignin from BSG, INS, and the
deferuloylated (DEFE) fraction after incubation in an in vitro
metabolic colon model was studied by investigating the
metabolite profiles corresponding to the release and conversion
of lignans and the formation of phenolic acids. In addition, the
formation of SCFAs was studied in the in vitro colon model to
estimate residual carbohydrate fermentation and potential
suppression of the fermentation by high lignin content.

Composition of BSG and Its Fractions. The composi-
tions of BSG, INS, and DEFE are summarized in Table 1.
Carbohydrate content was lowest for INS (39.2%) followed by
BSG (42.2%), and DEFE showed the highest content of
carbohydrates (53.4%) due to reduction in lignin, protein, and
lipid levels by the alkaline treatment. Residual starch (1.3%)
and f-glucan (0.36%) were present in BSG, but mostly the
glucan fraction consisted of cellulose."" Similarly, in the INS
and DEFE fractions, predominantly the glucan was cellulose,
but trace amounts of starch and $-glucan may have survived the
enzymatic and alkaline treatments. Lignin content was highest,
as expected, in INS (40.3%), whereas the lignin contents were
similar in DEFE (21.9%) and BSG (19.4%) (Table 1). Lipid
content was highest in initial BSG (11.0%) and decreased due
to the fractionation steps (3.1 and 2.9% for INS and DEFE,
respectively). Protein content in BSG was 22.9%, and it was
markedly decreased by the fractionation (6.6 and 7.6% for INS
and DEFE, respectively). According to Figure 24, protein in
BSG was mostly encapsulated within the aleurone cells. In the
INS fraction, protein was hardly visible due to the preceding
proteolysis (Figure 2B). The ash content was between 4.7 and
8.7% in the samples.

Metabolite Profiling. After incubation with fecal micro-
biota, a wide range of metabolites (FC > 2) were detected for
all samples: 694 for BSG, 480 for INS, and 572 for DEFE.
From these metabolites, the preliminarily identified (NISTOS)
small aromatic ones were selected, and structural relevance was
confirmed during the final identification (GMD, retention
indices and mass spectra) for the heat maps (Figure 3). The
heat maps visualize the profiles of overexpressed aromatic
metabolites formed from BSG, INS, and DEFE during
incubation with human fecal microbiota and analyzed by
GCXGC-TOFMS using nontargeted metabolite profiling
against the fecal control (no sample added). The number of
identified aromatic metabolites with statistical significance was
remarkably higher in the lignin-enriched INS fraction (Figure
3B) than in the BSG or DEFE fractions (Figure 3A,C).

BSG was a source of eight aromatic metabolites, of which
compounds 1—3 (4-methylcatechol, a dilignol, and ferulic acid)
showed significant (p < 0.05) differences from the fecal control
at several time points (Figure 3A). The structure of dilignol 2
(Figure 3A) could not be determined, although an intense m/z
180 ion suggests an enterolactone-type compound.20 It is
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Figure 2. Optical microscopy images of (A) coarse-milled brewer’s
spent grain (BSG) and (B) insoluble residue (INS). The blue dye
indicates cell walls of aleurone and endosperm cells, and the red dye
indicates protein. Cell walls containing phenolic compounds are seen
as light green due to their autofluorescence.

noteworthy that the other dilignol (compound 6) appears to
have the molar mass of 618, suggesting a tetrakis (TMS)
derivative of dihydroxylated enterolactone (or a related
compound). The base peak at m/z 179 in its mass spectrum
indicates a (mono)hydroxyphenyl compound, but no further
structure determination was possible. There was also a guaiacyl
compound (number 4) present, as indicated by the base peak at
m/z 297, characteristic of trimethylsilylated compounds with 4-
hydroxy-3-methoxybenzyl alcohol structures. Unfortunately,
full identification was not possible.

Many of the metabolites originating from the INS fraction
(compounds 8, 13—18, and 20) were recognized as dilignols
according to their mass spectra and high retention indices
(typically >2700) (Figure 3B), whereas compounds 1-3, 57,
10, and 26 were methoxylated aromatic compounds including
ferulic acid. Compound 9 (4-methylcatechol), phenolic acids
(19, 21, and 22) and compound 25 (4-hydroxymethylcatechol)
possessed catechol or other dihydroxyphenyl structures. All or
most of these structures can be derived from lignin. It is
noteworthy that the aromatic metabolites 2, 5, 6, and 10 in the
INS fraction can also be derived from ferulic acid, in addition to
lignin. Compound 26 was the only syringyl-type aromatic
compound, apparently derived only from lignin. Its final
identification was based on published data.”'

As a whole, eight different dilignols were recognized (Figure
3B). Their full identifications were not possible, but certain
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structural features can be distinguished on the basis of a few
characteristic ions. Thus, for example, the dilignols 8 and 13
represented compounds with catechol structures (indicated by
intense m/z 267 and 179 ions), and compound 15 had a
guaiacyl (4-hydroxy-3-methoxyphenyl) unit (intense m/z 209
ion). Three dilignol compounds (16—18) had very intense (up
to 100%) m/z 179 ion peaks, suggesting (mono)hydroxyphenyl
structures in their molecules. Thus, in most cases, clear
structural links to lignin macromolecule are apparent.

The four dilignols detected from the DEFE fraction (Figure
3C) were released at later time points. Of them, compounds 1,
7, and 9 represent (mono)hydroxyphenyl-type dilignols
(intense m/z 179 ion) and compound 2 represents a guaiacyl
compound (intense m/z 209 ion). Two of them (compounds 1
and 2) showed high statistical significance (p < 0.01). It is
worth noting that some catechol compounds were released
from the DEFE fraction as well.

Fold changes between the metabolites originating from the
substrates versus from the fecal control were 2.1—7.0 for BSG,
2.0—13.0 for INS, and 2.0—11.8 for DEFE. It seems that the
release of lignin-derived metabolites may occur by human
microbiota, but slowly and probably only to a small degree,
because the FCs were only between 2 and 13. The highest FCs
were observed for dilignols, vanillin, methoxybenzenediol, and a
guaiacyl compound (Figure 3). FC of the guaiacylpropanoic
acid (compound 5, Figure 3B) was high at both 0 and 24 h but
showed lower FC in the middle of the incubation.

Quantitative Analysis of Phenolic Metabolites. Tar-
geted quantitative analysis of the phenolic metabolites from
BSG and the INS and DEFE fractions is shown in Figure 4. The
four metabolites are shown here because of their structural
relevance to lignin (4-methylcatechol) or their connection to
feruloylation of lignin and ferulate metabolism in the colon®
(ferulic acid, 3-hydroxyphenylpropanoic acid, and 3’,4'-
dihydroxyphenylacetic acid). Of the metabolites, 4-methylca-
techol was formed in significantly higher concentrations from
INS and BSG than from the fecal control, whereas the lowest
concentrations of the fractions were from the DEFE fraction,
which was slightly above the fecal control (Figure 4A). As could
be expected, ferulic acid was released in notably higher
concentrations from BSG than from DEFE during the
incubation with fecal microbiota (Figure 4B).

3-Hydroxyphenylpropanoic acid was present in surprisingly
high concentrations already at the beginning of the incubation,
also in the fecal control, after which a declining profile was
apparent. After the decline, a small increase was observed at 8 h
for fecal control and the INS fraction. 3,4-Dihydroxyphenyl-
acetic acid concentration increased significantly for BSG and
INS, but this compound was completely absent from DEFE,
because the concentrations were mainly below the fecal control.
In addition, 3,4-dihydroxyphenylpropanoic acid, 4-hydroxyphe-
nylpropanoic acid, 3,4-dihydroxybenzoic acid, 3-hydroxyben-
zoic acid, vanillic acid, caffeic acid, and 4-coumaric acid were
detected in the fermented samples. However, they were not
considered true metabolites because they did not differ
significantly from the fecal control, meaning that they most
probably originated from the feces, or their concentrations did
not significantly change during the incubation.

Quantitative Analysis of Lignans. Lignan concentrations
during the incubation in the model were low but differed
significantly from the fecal control at certain time points.
Syringaresinol showed significantly different concentrations at 0
h for BSG and its fractions (INS > BSG > fecal control >
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26. 3-Syringylpropanoic acid (2.9)
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2, Dilignol (2.2)

3. 4-Methylcatechol (2.5)

4. 2-Aminobenzoic acid (3.0)

5, 4-Hydroxymethylcatechol (3.3)
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7. Dilignol (4.8)

8. 2,5-Dihydroxyphenylacetic acid (3.3)
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Color key

0.5

1 1.5 2

Figure 3. Heat maps of the aromatic metabolites formed in the metabolic in vitro colon model for (A) initial brewer’s spent grain (BSG), (B)
insoluble residue (INS), and (C) deferuloylated BSG (DEFE). The number after the name in parentheses is the fold change (FC) of the metabolite
compared to fecal control (microbiota without substrate). The color key is the 2-log value of the FC. Blue color indicates an underexpression and red
color represents an overexpression of the metabolite compared to the fecal control. Significant differences (, p < 0.0S; %%, p < 0.01; s, p < 0.001)

are expressed as asterisks.

DEFE) (Figure SA). a-Conidendrin concentration from INS
was highest at 0 h and differed from the fecal control, and by 8
h DEFE and BSG incubations reached the same level, but fecal
control remained at the baseline. Due to high standard
deviations of the INS fraction, no significant differences were
observed between samples after 0 h (Figure SB). Matairesinol
concentrations from INS and BSG were significantly higher at 2
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h compared to the fecal control, whereas DEFE incubation
showed intermediary levels (Figure SC). All lignans were
further converted, because their concentrations declined toward
the end of the incubation (Figure S). In addition,
secoisolariciresinol, cyclolariciresinol, enterodiol, enterolactone,
7-hydroxyenterolactone, and 7-oxoenterolactone were detected
in the fermented samples. However, their concentrations were
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not significantly different from the fecal control, which means
that they most likely originated from the diet of the donors of
the feces used in the model and not from the BSG samples.

Formation of SCFA. SCFA formation occurred at a slow
rate for all of the substrates (Figure 6). The initial formation
rate (0—2 h) was fastest for DEFE (13.0 mM/h) followed by
BSG and fecal control (8.2 mM/h). The lowest rate (7.3 mM/
h) was observed for INS. There was no indication of
suppression of SCFA formation by lignin, because SCFA levels
from BSG and its fractions were above those of the fecal
control and the carbohydrates originating from the feces and
BSG and its fractions were partially fermented. The differences
between samples were not significant even in comparison with
the fecal control because of high standard deviations between
replicates, especially for DEFE and INS fractions.

B DISCUSSION

In this study, the emphasis was to study potential release of
lignan-like and lignin-derived low molecular weight phenolic
compounds from lignin by human fecal microbiota. Release of
lignin-derived monomers, phenolic acid conversion products,
and formation of SCFAs were analyzed using gas chromato-
graphic techniques combined with identification with authentic
standards and mass spectral comparisons with databases.

Conversion of Lignin by Human Intestinal Microbiota.
Release of several low molecular weight aromatic compounds
from BSG and the fractions was detected in the in vitro colon
model using human fecal microbiota. Even though, on the basis
of their structure, many of the metabolites could have derived
either from lignin or from ferulic acid, dilignols and 4-
methylcatechol were most pronounced in the lignin-rich INS
fraction. The formation of 4-methylcatechol could occur from
guaiacyl and syringyl residues by demeth(ox)ylation and partial
dehydroxylation, which are common conversion activities of
fecal microbiota and have been shown for plant lignans**** and
flavonoid metabolites (hydroxylated phenylacetic and prop-
anoic acids).>>*® The highest concentration of 4-methylca-
techol was released from INS, which also had the highest lignin
content, suggesting that 4-methylcatechol could originate from
lignin.

Identification of Lignin-Derived Metabolites. As a
whole, a large number of different phenolic and other aromatic
metabolites could be identified or partially characterized. Some
structural features (e.g, the presence of catechol or guaiacyl
structures) could be linked to the detected dilignols, which
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accumulate toward the end of the incubation, and to lignin.
Some monomeric compounds can originate either from lignin
or from ferulic acid, for example, methoxylated hydroxyphenyl
(guaiacyl) compounds. Guaiacylpropanoic acid, homovanillic
acid, and vanillic acid can be formed from ferulic acid via
reduction of the double bond in the side chain and by
shortening of the side chain (@- and f-oxidation), respec-
tively.”>*” In this study, the structure of one syringyl-type
compound (no. 26 in Figure 3B) was identified and was
obviously derived only from lignin. Also, vanillin is more likely
to originate from lignin, as also known from its commercial
production by oxidation of lignin-containing byproduct of the
pulping industry.”® Quantitated 4-methylcatechol showed
significantly higher concentrations in INS than in fecal control
and is also a structurally promising compound as a released and
converted metabolite from lignin. 4-Methylcatechol was formed
during incubation with fecal microbiota between 2 and 6 h time
points.

As early as in 1929, Csonka et al.*” anticipated that lignin is
degraded in the digestive system of cows (ruminant) and dogs
(monogastric) on the basis of the loss of methoxyl groups.
Later it was suggested that lignin is degraded during human
intestinal transit.”® Enterolignan conversion from lignin has also
been reported in rats: when deuterated synthetic lignin was fed
to rats as part of wheat bran diet, deuterated enterolactone was
found in the urine, confirming the release of smaller units from
lignin and their conversion to mammalian lignan, enter-
olactone.* Degradation of lignin from wheat straw in ruminant
goats was associated with excretion of aromatic acids (benzoic
and hippuric acids);* however, it is possible that the amount of
released compounds may be so small that degradation of lignin
will not be apparent. Holloway et al.*' studied fiber digestion in
ileostomy patients and healthy control subjects of human
volunteers and found no indication of lignin degradation in
either group measured by mass balances. The methods for
lignin analysis are under discussion, and thus the impact of
human microbiota in lignin degradation remains to be studied
in the future. The release of monomeric products from lignin
by human microbiota is relevant as a part of the contribution of
colon-derived circulating metabolites and when the methods,
for example, metabolomics of the small molecules are available.
There is increased interest in dietary fiber related small
molecules released and absorbed from the colon that may have
potentially health-promoting systemic effects.
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In the targeted analysis, none of the known ferulic acid
metabolites such as 3-hydroxyphenylpropanoic acid or 3,4-
dihydroxyphenylacetic acid** showed significantly different
formation from BSG or its fractions compared with the fecal
control. The profiles of the known ferulic acid metabolites in
this study were exceptionally different from the previous
findings from wheat and rye product, which showed clear
formation of 3-hydroxyphenylpropanoic acid during incubation
with fecal microbiota in the same model®* and in TNO
intestinal models (TIM).*

Effect of Fractionation on Conversion Products.
Whereas the removal of carbohydrates and protein from BSG
in the preparation of the INS fraction increased the lignin
content of the insoluble residue, some lignin was solubilized
during the proteolytic treatment, which was carried out in
mildly alkaline pH."" The carbohydrate- and protein—de§rading
enzymes were chosen on the basis of earlier studies,'">* which
showed these enzymes to be the most efficient for BSG
hydrolysis. The strong alkaline treatment of BSG in the
preparation of the DEFE fraction also decreased the lignin
content, but, on the other hand, other compounds were
simultaneously solubilized by the alkaline conditions and were
removed. Therefore, the lignin content in the DEFE fraction
was not significantly different from that of the BSG. The
alkaline treatment decreased the ferulic acid content in DEFE,
as most of the ferulic acid in BSG is ester-bound and can be
released with alkali.*® The targeted analysis of colon model
metabolites showed low concentrations of ferulic acid for
DEFE, as they were only slightly above the fecal control and
remained constant during the incubation, indicating successful
deferuloylation of the DEFE fraction (Figure 4B). In the colon
model, ferulic acid was released mostly from BSG and to a
lesser extent from INS, which could be expected on the basis of
the enzymatic hydrolysis of BSG with the feruloyl esterase-
containing enzyme cocktail and the mild alkalinity in the
proteolytic treatment used in the preparation of the INS
fraction."' The ferulic acid and its preliminary microbial
metabolite 3-hydroxyphenylpropanoic acid showed clearly
that very little conversion occurred from INS or DEFE. Also,
3,4-dihydrophenylacetic acid concentration (diferulate metab-
olite) was low for DEFE. A higher initial SCFA formation rate
was seen for DEFE than for BSG or INS, suggesting that the
fermentation is retarded if carbohydrate-binding feruloyl
bridges are present as in BSG and INS.

Enzymes and altered pH of the hydrolysis solutions in the
preparation of the INS fraction had modified the plant matrix
structure to make it more susceptible for microbial degradation,
shown as promoted initial SCFA formation rate and released
lignans and 4-methylcatechol. The strong alkali used in the
preparation of the DEFE fraction most probably solubilized the
easily released low molecular weight aromatic compounds, such
as lignans, which were present in low concentrations in DEFE.
It has been shown previously that alkali effectively solubilizes
lignans from cereal matrix.>® Also, mild alkali releases lignans,
indicating modification of the matrix as shown earlier.""

Formation of SCFA. Garleb et al.” stated that dry matter
disappearance in an in vitro rumen simulation was higher with
low lignin containing fibers than with lignin-rich fibers. It has
also been shown in pigs that BSG decreased xylanolytic and
cellulolytic enzyme activities in the cecum, and SCFA content
in the colon was lower for the group fed BSG than for the
control group fed a diet low in fiber.*”” These findings could
suggest that BSG may interact with intestinal microbiota and
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reduce their effectiveness in fermenting available carbohydrates.
In contrast, in this study the proportions of fermentable
carbohydrates in BSG and its fractions were quite close to each
other. Despite the somewhat different initial SCFA formation
rates, there were no significant differences between SCFA
concentrations between samples and control. In the case of
suppression, samples containing lignin should have shown
significantly lower concentration of SCFA as comgared with
fecal control, as shown for apple and grape tannins.”® However,
such an effect was not observed, and it is not likely that
enzymatic inhibition occurred to a significant degree. If the
lignin were inhibitory, SCFA from fecal inoculum would also
have been affected.

The fermentability of BSG and its fractions remained on the
same level as in fecal control. In this study the amount of
sample was doubled (200 mg) compared with previous
experiments (100 mg) studying the carbohydrate fermentation
of cereals.'* The high dose of substrate may cause lower
fermentation rate and extent as SCFA formation as indicated
previously;"® however, in this study carbohydrates were of
resilient nature and comprised a maximum 53% of the weight
of the substrate, and thus suppression by excessive carbohy-
drates is unlikely. It is also known from previous studies that
BSG carbohydrates are partially resistant toward hydrolytic
enzymes.'' Removal of easily fermentable carbohydrates by
fractionation leaves the lignin-bound resilient carbohydrates in
the fractions, and thus the slow fermentation rate of SCFA
formation is most likely caused by the poor accessibility of
lignin-bound carbohydrates. In the DEFE fraction, in which the
ferulic acid cross-links between carbohydrates and lignin were
disrupted, the fermentation rate was increased because
carbohydrates were more susceptible to microbial fermentation.

Methods. When the colonic degradation of BSG and the
INS and DEFE fractions was studied, the substrates were not
digested with alimentary enzymes in vitro in the conditions of
upper intestine prior to the colon model as in the cases of
cereal food samples,” because the BSG and its fractions had
been extensively digested in the brewing process and contained
only minimally starch (1.3%) and less protein (6.6—22.8%)
than was left in digested whole meal rye bread (25%) in a
previous study.*® Furthermore, in BSG the protein was shown
to be mostly encapsulated in the fiber matrix, so it was
considered to be delivered to the colon relatively unchanged
(Figure 2A). The fractions contained even less protein, as they
were treated with a protease during the processing.

The changes in microbial metabolites in the colon model
used in this study depend on the components in the studied
substrates, and the microbial composition is not variable during
the incubation. The conversions are performed in strictly
anaerobic conditions and for precise incubation times in the
batch design, which facilitates the detection of metabolite
formation as a course of time.

Lignin-Containing Fractions as Dietary Fiber. Lignin is
a valuable DF component regardless of its susceptibility to
microbial degradation in the colon. Lignin has been shown to
adsorb more carcinogenic compounds in vitro in the conditions
of the small intestine and colon than nonlignified fiber,>>*
which could contribute to the cancer-protecting effects of DF.
In addition, phenolic compounds within the insoluble fiber are
able to quench soluble radicals formed in the gastrointestinal
tract,*' and due to its phenolic structure also lignin possesses
such antioxidative and radical scavenging activity in the
lumen.*** In addition, if lignin is a source of small bioavailable
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compounds, which may be biologically active and partly
responsible for the beneficial health effects of DF complex, it
comprises a new group of compounds in addition to
enterolignans (enterodiol and enterolactone), urolithins, and
phenolic acids,** which are derived from conversions by the
intestinal microbiota and are related to plant food and DF
intake. Whether the potentially lignin-derived components have
health benefits remains to be studied.

In conclusion, small lignin-derived molecules such as
dilignols and catechols were released from BSG and its lignin
fractions in the metabolic in vitro colon model. The significance
of the release of these small molecules should be evaluated by
quantitation of the formed metabolites in respect to lignin
degradation and, finally, by measuring the released components
from human urine after consumption of lignin-rich diet. It is
possible that the physiological effects of lignin as DF
component are mostly due to its binding to carbohydrates,
inhibiting their fermentation and increasing the bulking
potential of DF. Consequently, nonfermentable fibers absorb
and remove toxic components and thus reduce the risk of
chronic diseases. Lignin is an underestimated DF component,
and its characteristics in the digestive tract deserve more
attention.
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