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Highlights:

A novel use of brewer’s spent gain is discussed.

The polyphenolic profile of brewer’s spent grain melanoidins is established.
Brewer’s spent grain melanoidins trapped a-dicarbonyls in a simplified model system.
Brewer’s spent grain melanoidins inhibited the formation of free fluorescent AGEs.

The putative adduct of sinapic acid-di-MGO is reported for the first time.
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Abstract

Polyphenols participate in the Maillard reaction pathways scavenging a-dicarbonyl
compounds (DCs) and contributing to the mitigation of carbonyl burden through dietary
exposure/routes. The current study demonstrated the effectiveness of high-molecular-weight
brewer’s spent grain melanoidins (HMW-BSGM) in reacting with DCs in an in vitro model
system. HMW-BSGM (4 mg/mL) quenched more than 95% of glyoxal and methylglyoxal,
and more than 80% of 2,3-butanedione after a 7-day incubation at 37 °C. Among tested
polyphenols, sinapic acid showed the highest trapping capacity with inhibition rates of 33.1,
49.1 and 49.3% for glyoxal, methylglyoxal and 2,3-butanedione because of
hydroxyalkylation as revealed by liquid chromatography high-resolution tandem mass
spectrometry experiments. The formation of free fluorescent AGEs was substantially
hindered (79.3%) by HMW-BSGM (4 mg/mL). These findings corroborate the hypothesis
that the local accumulation of polyphenols in melanoidins skeleton can hinder undesired

effects and potentially harmful reactions involving a-dicarbonyl compounds.

Keywords

Melanoidins, a-dicarbonyl compounds, brewer’s spent grain, polyphenols, advanced

glycation end-products
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Abbreviations

2,3-MQX: 2,3-dimethylquinoxaline; 2-MQX: 2 -methylquinoxaline; 4-HBA: 4-
hydroxybenzoic acid; ABTS: 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid); AG:
aminoguanidine; AGEs: advanced glycation end-products; BSA: bovine serum albumin;
BSG: brewer’s spent grain; DC: a-dicarbonyl compound; DNA: deoxyribonucleic acid; dw:
dry weight; EDTA: ethylenediaminetetracetic acid; ESI: electrospray ionization; FC: Folin-
Ciocalteu; FTMS: Fourier transform mass spectrometry; GAE: gallic acid equivalents; GI:
gastrointestinal; GLC: glucose; GO: glyoxal; HBAs: hydroxybenzoic acids; HCAs:
hydroxycinnamic acids; HMW-BSGM: high-molecular-weight brewer’s spent grain
melanoidins; HPLC: high-performance liquid chromatography; HMW: high-molecular-
weight; HMWM: high-molecular-weight melanoidins; LC-HRMS/MS: liquid
chromatography coupled with high-resolution tandem mass spectrometry; LC-MS: liquid
chromatography coupled with mass spectrometry; LOD: limit of detection; LOQ: limit of
quantification; MGO: methylglyoxal; MRM: multiple reaction monitoring; OPD: o-
phenylenediamine; PM: pyridoxamine; PVDF: polyvinylidene fluoride; QX: 1-quinoxaline;
RSM: response surface methodology; TEAC: trolox equivalent antioxidant capacity; Trolox:

hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid.



59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

1. Introduction

Carbohydrate oxidation and the Maillard reaction lead to the formation of a-dicarbonyl
compounds (DCs). Among the most comprehensively studied DCs, glyoxal (GO),
methylglyoxal (MGO) and 2,3-butanedione are the prevalent precursors of advanced

glycation end-products (AGEs) (Lan et al., 2020).

Equally generated in vivo, DCs are known for their reactivity with amino acids such as lysine
and arginine (Hellwig et al., 2019) or , as recently reported, with tryptophan (Herraiz et al.,
2022) leading to the formation of a wide range of potentially harmful AGEs and p-carbolines.
DCs might contribute to the occurrence of multifactorial diseases including peripheral
neuropathy, kidney disease and obesity (Gaens et al., 2013; Sato et al., 2006), and their
excessive formation was established in diabetes (Brings et al., 2017). Moreover, DCs are
significant to the in vivo development of AGEs (Delgado-Andrade & Fogliano, 2018;
Rabbani & Thornalley, 2012) and may be involved in the carbonylation of lipids, proteins, or
DNA, altering normal physiological functions (Ahmad et al., 2014). High intake of processed
foods and dietary AGEs has been linked to both an increase in microvascular diseases as
chronic kidney disease and diabetes (Snelson et al., 2021). However, a direct link between
dietary AGEs and health outcomes is still a rationale to be fully proven. Indeed , besides the
multifactorial molecular aspects of the diet, some dietary AGEs, such as those buried within
inaccessible protein structures, are poorly digested reducing absorption by the gastrointestinal
(GI) tract, while low molecular dietary AGEs are eliminated through renal function (Sergi et

al., 2021).

DC trapping was demonstrated to be an effective approach to limit the extent of subsequent
downstream reactions resulting in unwanted traits in foods, and to hinder further damages in

vivo (Zhang et al., 2020). Besides synthetic compounds, natural food products and their
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extracts, including aqueous isolates of peach, pomegranate and apricot seeds (Mesias et al.,
2013), guava leaf extracts (Wu et al., 2009), cinnamon bark (proanthocyanidins) (Peng et al.,
2008), stilbene glucoside from Polygonum multiflorum (Thunb.) (Lv et al., 2010),
blackcurrant anthocyanins (Chen et al., 2014), tea catechins, ginger shogaols (Huang et al.,
2017) and secoiridoids derivatives from olive leaf and oil (Troise et al., 2014), inhibit the

generation of DCs and contribute to their elimination.

Correlation of dietary intake and the in vivo concentration of DCs is yet to be established
when considering the complexity of dietary patterns. Recent studies suggested an association
between a DC-rich diet and endogenous MGO levels (Maasen et al., 2022), however,
confounding factors including dietary concentrations of lipids & proteins (Baynes & Thorpe,

2000; Davies, 2016) should be considered.

Because of their ubiquitous presence in foods, restricting the intake of DCs or trapping them
within the digestive system are interesting approaches that can limit the endogenous DC
concentration (Delgado-Andrade & Fogliano, 2018). Indeed, ingestion of pure dietary
flavonoids considerably contributed to a decline in the endogenous DCs concentrations (Van

den Eynde et al., 2018).

High-molecular-weight melanoidins (HMWM) are brown polymers formed during food
processing with a specific molecular structure depending on the food composition (Zhang et
al., 2019). Typical daily dietary intake for melanoidins is estimated to be 10.0 g (Fogliano &
Morales, 2011). Several studies demonstrated their antioxidant, antimicrobial, and prebiotic
capacities (Mesias & Delgado-Andrade, 2017; Palma-Duran et al., 2016). In general,
melanoidins perform as bioactive dietary fibre within the Gl tract by enhancing the release of
reducing capacity in the presence of reductones and condensed polyphenols (Morales et al.,

2012). Polyphenols are integrated into melanoidin structures in coffee, cocoa, fruits, and
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nuts. For example, coffee melanoidins contain fragments of chlorogenic acids (Coelho et al.,

2014), and epicatechins have been found in cocoa melanoidins (Oracz et al., 2019).

The array of reactive moieties and polyphenols present on melanoidin skeleton can work as a
trapping agent for dicarbonyls. In this context, Zhang et al. demonstrated greater than 40%
DC trapping after 2 h from HMW coffee melanoidins, under physiological conditions (Zhang

etal., 2019).

Brewer's spent grain (BSG) represents a functional matrix rich in both polyphenols and
carbohydrates. Despite the fact that BSG contains a considerable load of polyphenols, it is
underutilized and is primarily used in animal feed (Kasperovich et al., 2009). More recently,
BSG was utilised as a substrate for the production of enzymes, lactic acid, bioethanol, and
xylitol (Nigam, 2017). However, the trapping capacity of BSG toward DCs is yet to be

investigated and could have the potential benefit of adding value to this by-product.

This study aimed to assess the DCs trapping capacity of HMWM from roasted BSG (HMW-
BSGM) in a model in vitro system and to identify mechanisms crucial to the trapping
activity, thus exploring the possibility to valorise BSG as a bioactive source of antiglycative

compounds.

2. Materials and methods

2.1. Chemicals and reagents

GO aqueous solution (40%), MGO aqueous solution (40%), 2,3-butanedione, pyridoxamine
(PM) dihydrochloride, o-phenylenediamine (OPD), ethylenediaminetetracetic acid (EDTA),
caffeic acid, (+)-catechin, ferulic acid, sinapic acid, 4-hydroyxbenzoic acid, syringic acid,
vanillic acid, vanillin, p-coumaric acid, benzoic acid, protocatechuic acid, gallic acid, 2,2'-

azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) diammonium salt,
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aminoguanidine (AG) hydrochloride, bovine serum albumin (BSA), glucose (GLC),
penicillin-G sodium salt, sodium azide (NaNs) and formic acid were purchased from Sigma-
Aldrich (St. Louis, MO). Hydrochloric acid (HCI, 37%), sodium hydroxide (NaOH),
methanol HPLC grade, acetonitrile HPLC and LC-MS grades, 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox), potassium persulfate, and NaCl were
obtained from Thermo Fisher Scientific (Waltham, MA). Sodium dihydrogen phosphate
dihydrate (NaH2PO4-2H20), di-sodium hydrogen phosphate dihydrate (Na2zHPO4-2H20) and

Folin-Ciocalteu's (FC) phenol reagent were purchased from Merck (Darmstadt, Germany).

2.2. Brewer’s spent grain source and high-molecular-weight brewer’s spent grain

melanoidins (HMW-BSGM) preparation

BSG originating from the Concerto barley variety were provided by a local distillery in Fife,
Scotland. The fresh BSG was dried at 60 °C overnight using a convection oven (Memmert,
Schwabach, Germany), and then stored in an air-tight container before further use. HMW-
BSGM were obtained according to the method of Summa et al. (2006) with some
modifications. BSG were roasted in a convection oven (Memmert, Schwabach, Germany)
according to nine different roasting regimes increasing in time (30, 60 and 90 min) and
temperature (160, 185 and 210 °C). Roasted BSG was ground using a ring sieve of 0.5 mm in
diameter fitted to an electric mill (ZM 200, Retsch, Haan, Germany). Roasted BSG powder
(100 g) was extracted in water (1.2 L) for 20 minutes at 80 °C, with stirring. The supernatant
was filtered under vacuum (Whatman 595, Billerica, MA). The filtrate was dialyzed (MW
cut-off 14 kDa, D9402, Sigma-Aldrich, St. Louis, MO) at 4 °C, until conductivity was <2
uS/cm, as measured by a conductivity meter (DiST 3, Hanna Instruments, Woonsocket, RI)
(water renewed at rate of 1 L per cycle) allowing the removal of any potential remaining free

sugars and amino acids as well as polypeptide chains of up to 140 amino acids. Retentate was



154  stored at -20 °C prior to and post freeze drying. The yield of melanoidin content was
155  determined by weighing the freeze-dried product and was ranging between 1.11 and 2.43 g of

156  melanoidin extract/100 g of roasted BSG, depending on the roasting intensity.
157  2.3. Response surface methodology design

158  The roasting procedure of BSG was optimized utilizing a response surface methodology
159  (RSM) experimental design. A face-centred two factor composite design consisting of 10
160  randomised runs, with two centre-point replicates was used. Roasting temperature (160, 185
161  and 210 °C, X1) and roasting duration (30, 60 and 90 min, X2) were the independent

162  variables. The total phenolic content and the antioxidant activity of HMW-BSGM were the
163  two dependent variables. A second polynomial response surface was used to fit the

164  experimental data following Equation 1 (Iglesias-Carres et al., 2019):

165 Y =Bo+XiiBi Xi + Xy Bu X+ Bica Xjmiv1 By XuX; (1)

166  Where Y is the dependent variable, fo is the constant coefficient, and i, Bii, and Bij are the
167 linear, quadratic, and interaction regression coefficients, respectively. Xi, Xii, and Xiji

168  represent the independent variables.
169  2.4. Analysis of response variables of response surface methodology design

170  Analysis of response surface variables required the determination of the following
171 experimental endpoints (antioxidant activity and total phenolic content) was performed as

172 described below.
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2.4.1. Determination of the antioxidant activity of HMW-BSGM

The antioxidant activity of HMW-BSGM from the three different roasting regimes was
estimated following a previously described method (Re et al., 1999) with minor
modifications. Prior to antioxidant activity determination, acid hydrolysis was performed as
per section 2.5.1.a., accounting for total antioxidant activity. ABTS radical cations (ABTSe+)
were produced to get an absorbance between 0.70 and 0.75 at 734 nm. Melanoidin
hydrolysate (10 mg/mL) or Trolox standard (100 uL) added to 1.0 mL of diluted ABTS++
solution, an absorbance reading at 734 nm was taken after 2.5 minutes using a UV-Vis
spectrophotometer (Thermo Scientific Genesys 10S, Waltham, MA). External calibration
with a linear range 10-250 pmol/L was used to express results as Trolox equivalent

antioxidant capacity (TEAC) in mg per 100 g of dry weight (mg TEAC/100 g dw).

2.4.2. Determination of total phenolic content of HMW-BSGM

The total phenolic content in the extracts was analysed by the FC method (Singleton et al.,
1999) with minor modifications. Total phenolic content determination was preceded by the
same acidic hydrolysis procedure described in section 2.5.1.a. Analysis was scaled to a
sample aliquot of 125 pL of each HMW-BSGM hydrolysate (10 mg/mL). The initial
incubation period was 6 mins. Following dilution, the second incubation period was for 90
min, in the dark, at room temperature, absorbance was measured at 760 nm (Thermo
Scientific Genesys 10S UV-Vis Spectrophotometer, Waltham, MA). An external calibration
curve was constructed using aqueous gallic acid standard solutions ranging in concentrations
from 10 to 200 pg/ml. The total phenolic content of the samples was expressed as gallic acid

equivalents (GAE) in mg per 100 g of dry weight (mg GAE/100 g dw).
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2.5. Characterisation of phenolic compounds present in HMW-BSGM

2.5.1. Release of bound phenolic compounds from HMW-BSGM

a. Acidic hydrolysis

Prior to analysis, acidic hydrolysis was performed to release bound polyphenols from HMW-
BSGM according to the method of Oracz et al. (2019) with the following modifications. 1.0
mL of HCI (10 M) was mixed with HMW-BSGM (2.5 mL, 40 mg/mL in 50% v/v aqueous
methanol). Following hydrolysis and neutralisation, the supernatant was evaporated under
vacuum using a rotary evaporator (Eppendorf Concentrator 5310, Hamburg, Germany) and
redissolved in 2.5 mL of 50% v/v aqueous methanol to a final concentration of 10 mg/mL. A
control sample was prepared as follows: 50 mg of non-treated HMW-BSGM was dissolved in
4.75 mL of water then centrifuged (4500g for 8 min at 4 °C). The supernatant was then

filtered using a 0.22 um PVDF filter.

b. Alkaline hydrolysis

Alkaline hydrolysis of HMW-BSGM was carried out in order to release covalently-bound
polyphenols following the method of Coelho et al. (2014) with modifications. Initial
melanoidin concentration of 20 mg/mL in NaOH and incubation time increased to 90

minutes.

2.5.2.  Analysis of predominant phenolic compounds in HMW-BSGM

The identification and quantification of predominant polyphenols in acid and alkali-
hydrolysed HMW-BSGM was achieved by liquid chromatography tandem mass spectrometry
(LC-MS/MS) according to Schulz et al. (2015) with some modifications. The

chromatographic separation was performed on a Synergi Hydro-RP 80 A column (150 mm x
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4.6 mm, 4 um, Phenomenex, Torrance, CA). Mobile phase A was 0.1% v/v formic acid
aqueous solution, and mobile phase B was 0.1% v/v formic acid in acetonitrile. The gradient
of solvent B (minutes/%B) was as follows: (0/10), (2/10), (9/90), (14/90), (14.1/10), (17/10).
The flow rate was 0.3 mL/min, and the column oven was set at 40 °C. The TSQ triple
quadrupole mass spectrometer mass spectrometer (Thermo Fisher Scientific, Waltham, MA)
was equipped with an electrospray ionisation (ESI) source and was operated in negative
ionisation mode. The ion source conditions were: spray voltage 4.0 kV, capillary temperature
270 °C, nitrogen was used as a nebulizer gas. Sheath and auxiliary nitrogen gas were used at
a flow rate of 50 and 25 arbitrary units, respectively. Polyphenols were quantified using their
respective external calibration standard curves. Retention time, Multiple reaction monitoring
(MRM) transitions, collision energy, linear calibration range, limit of detection (LOD), and
limit of quantification (LOQ) of each phenolic compound are listed in Table S1. Data were

collected with Xcalibur version 3.0 (Thermo Fisher Scientific, Waltham, MA).

2.6. Monitoring of the a-dicarbonyl trapping capacity of phenolic acids and HMW-

BSGM, time-course study and evaluation of the physiological relevance

Sample preparation was performed according to the method described by Zhang et al. (2019)
with minor modifications. MGO, GO, 2,3-butanedione, sinapic acid, caffeic acid, ferulic acid,
4-hydroxybenzoic acid, syringic acid, vanillic acid, p-coumaric acid, benzoic acid,
protocatechuic acid, gallic acid and PM (positive control) were individually dissolved in
phosphate buffer (0.1 mol/L, pH 7.4) reaching the same molarity (6.4 mmol/L). GO, MGO,
or 2,3-butanedione (100 uL) was combined with 100 uL. of PM solution (positive control)/
phosphate buffer (blank)/phenolic standard or melanoidin solutions (5 — 50 mg/mL) and 800
uL of phosphate buffer. Mixtures were then incubated at 37 °C, for 168 h. The final

concentrations of HMW-BSGM in model systems ranged from 0.5 to 5 mg/mL, whereas that
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of DCs and PM/phenolic standards was 0.64 mmol/L. Following the incubation period, 0.2%
OPD solution (200 pL) containing EDTA (9.6 mmol/L) was added to the samples to
derivatise GO, MGO and 2,3-butanedione into and 1-quinoxaline (QX), 2 -methylquinoxaline
(2-MQX) and 2,3-dimethylquinoxaline (2,3-MQX), respectively. Prior to high-performance
chromatography (HPLC) analysis, samples were filtered through a 0.22 m PVDF filter after

vortexing for 5 s and incubating at 37 °C in the dark for 2 hours.

The HPLC analysis of the samples was performed according to the method of Ledbetter et al.
(2021) with minor modifications. The HPLC system consisted of a Thermo Fisher Scientific
Ultimate 3000 Pump (Waltham, MA), coupled with a Dionex DDA-100 diode array detector,
and a Dionex autosampler ASI-100 (San Jose, CA), equipped with 5 um Eclipse Plus C18
column (150 mm x 4.6 mm) (Agilent, Santa Clara, CA), thermostated at 40 °C, at a flow rate
of 0.4 mL/min; the injection volume was 5 pL. A binary solvent system gradient of water
containing 0.1% v/v formic acid (A) and acetonitrile containing 0.1% v/v formic acid (B) was
used as follows (minutes/%B): (0/2), (2/2), (8/20), (10/40), (13/95), (16/95). Chromatograms
were recorded at 313 nm. QX, 2-MQX and 2,3-MQX eluted at 12.48 and 13.86 and 14.51
min, respectively. Peaks were identified and quantified, by comparison of retention time of
external calibration standards in the range 0.1-40 pg/mL. LOD was 0.008, 0.010 and 0.025
ug/mL for QX, 2-MQX and 2,3-MQX, respectively, while LOQ was 0.024, 0.033 and

0.083pg/mL for QX, 2-MQX and 2,3-MQX, respectively.

Percentage decrease in each DC was calculated using equation 2:

Trapping capacity (%) = [(DC in blank — DC in sample)/ DC in blank] x 100  (2)

Simulating the upper intestinal phase conditions, the estimated dietary daily intake of MGO

(1.9 mg/person) (Hellwig et al., 2018) and that of total melanoidins (10 g/person per day)
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(Fogliano & Morales, 2011) were reacted together to evaluate the physiological significance
of DCs scavenging ability of HMW-BSGM. Assuming a digestive volume of 2 L, volumes
were scaled down as follows. 100 pL of GO/MGO/2,3-butanedione (0.26 mmol/L) was
incubated with 100 pL of HMW-BSGM (50 mg/mL) and 800 uL of phosphate buffer (0.1 M,
pH 7.4) at 37 ° for 2, 4 and 24 h. Then, solutions were derivatised and analysed by HPLC as

previously described.

2.7.  Adducts confirmation by liquid chromatography high-resolution tandem mass

spectrometry (LC-HRMS/MS)

Acidic melanoidins extract (4 mg/mL) and polyphenols identified following the analysis in
section 2.5.2 (at the concentration levels used in section 2.6), were individually incubated
with GO, MGO and 2,3-butanedione (0.46 mg/mL) at 37 °C, for 168 h. The melanoidin
sample was subjected to acidic hydrolysis post incubation as described in section 2.5.1.a. to
release the formed adducts from the melanoidins matrix. Sample analysis was conducted with
a Vanquish Core LC system coupled with a quadrupole Orbitrap high resolution mass
spectrometer (Exploris 120, Thermo Fisher Scientific, Waltham, MA). Aqueous supernatants
were freeze-dried, then resuspended in methanol/water 70:30 (v/v) and 1 pL was directly
injected. Polyphenol-DC adducts were separated at 35°C through a core-shell biphenyl
column (Kinetex biphenyl, 100 x 2.1, 2.6 um, Phenomenex, Torrance, CA) with the
following gradient of solvent B (minutes/%B): (0/5), (1.5/5), (13/90), (15/90). Mobile phases
consisted of water containing 0.1% formic acid (A) and acetonitrile (B) and the flow rate was
0.25 mL/min. For negative ion mode H-ESI interface parameters were as follows: spray
voltage -3.2 kV, ion transfer tube and vaporizer temperature were 300 and 290 °C,
respectively; sheath gas flow and auxiliary gas flow were 45 and 10 arbitrary units. Upon a

preliminary screening in full scan mode in the m/z range 80-600, polyphenol-DC adducts
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were tentatively identified in product ion scan mode screening the precursor ions according to
an in-house mass list generated in Trace Finder environment (v. 5.1, Thermo Fisher
Scientific, Waltham, MA) (Table S2). For product ion scan, normalized collision energy was
set at 30%, Orbitrap resolution at 30000 (FWHM at m/z 200) and the quadrupole resolution
was set at 1. Profile data were collected using Xcalibur 4.5 (Thermo Fisher Scientific,
Waltham, MA) and fragmentation spectra were recorded by using Free Style software (v. 1.8,

Thermo Fisher Scientific, Waltham, MA).

2.8. Assessment of the in vitro glycation of bovine serum albumin with glucose

The BSA-GLC assay was conducted following the method of Navarro et al., (2018) with
modifications. In brief, AG (4 mg/mL, positive control), HMW-BSGM (28 mg/mL), sinapic
acid (0.98 mg/ mL) and caffeic acid (0.77 mg/mL) were separately dissolved in phosphate
buffer (0.1 mol/L, pH 7.4). An aliquot of 100 pL of each solution or of phosphate buffer
(blank) was added to 200 pL of a 175 mg/mL GLC solution and 200 pL of a 35 mg/mL BSA
solution (containing 0.1 mg/mL of NaNs, 1.3 mg/mL of EDTA and 0.05 mg/mL of penicillin-
G). Solutions including samples, positive control and blank were incubated for 21 days, at 37
°C. The reference (without incubation) was kept at =20 °C for the same duration. To account
for potential interferences arising from the inhibitors, the intrinsic fluorescence of the
prepared solutions was estimated by separately mixing 100 pL of AG, HMW-BSGM, sinapic
acid and caffeic acid with 600 pL of phosphate buffer (0.01 mol/L, pH 7.4) and incubating
the mixture for 21 days, at 37 °C. The fluorescence intensity of all solutions was measured
using a spectrofluorometer (RF -1501, Shimadzu, Kyoto, Japan). Glycation was determined
by measuring fluorescence of solutions using excitation and emission maxima of 360 and 420

nm, respectively. The intrinsic fluorescence of each solution was deducted from its
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corresponding total fluorescence in the BSA-GLC system. The inhibition percentage of

AGEs formation in each sample was determined following equation 3:

Inhibition (%) = {1 — [(fluorescence of solution with inhibitor - intrinsic fluorescence of
sample with inhibitor)/(fluorescence of blank solution - intrinsic fluorescence blank

solution]} x 100 (3)

2.9. Statistical analysis

Analysis of RSM design results was performed using JMP 16.2 software (SAS Institute,
Cary, NC). Significant differences (p < 0.05) in the DC trapping, the antiglycative capacities
of samples and in the content of individual phenolic compounds in HMW-BSGM were
analysed by Tukey’s HSD test and the Student’s t-test using the SPSS statistics (v. 26.0,
IBM, Armonk, NY). Error bars in all figures express the standard deviation (SD). All

experiments were performed in triplicate.

3. Results and discussion

3.1. Surface response results

Experimental values of antioxidant activity and total phenolic content of HMW-BSGM
(dependent variables) quantified by spectrophotometry and the setting of the face-centred
design of roasting time and temperature (independent variables) are reported in Table S3. It is
demonstrated that roasting regimes affected the individual responses for the dependent

variables.

A summary of the regression coefficients of the model (Equation 1) for antioxidant activity
and total phenolic content obtained by the multiple linear regression can be found in Table

S4. The linear effects of the independent variables, their interaction and the quadratic were all
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significant (p < 0.05) for antioxidant activity and total phenolic content. RSM surface plots
illustrating the statistical significance of the roasting time and temperature on the antioxidant
activity (Figure S1A) and the total phenolic content (Figure S1B) of HMW-BSGM show that
the two responses were similarly influenced by the two independent variables. Temperature
had a positive linear effect on both dependant variables while duration and temperature
showed a negative quadratic effect on antioxidant activity and total phenolic content,
meaning that the levels of both variables increase when the temperature and/or duration
increases up to a maximum, after which they reach a plateau then decrease (Figure S1 and
Table S4). This trend is in disagreement with a previous study on maize kernels (Youn &
Chung, 2012), in which extracted polyphenols increased in yield with rising roasting
temperature and time up to 240 °C and 50 min, respectively. This can be explained by the fact
that the softening of the kernel texture and the decomposition of insoluble polymer kernel
require a higher roasting temperature (Kahyaoglu & Kaya, 2006; Deshpande & Aguilar,
1975) than BSG, which consisted only of the outer shell of barley. This can also be attributed
to the more extreme conditions when roasting time exceeded 60 min causing the oxidation of
polyphenols and the formation of a very intricate molecular network. As shown in Table S5,
model validation data at the highest desirability (0.813) demonstrated that the optimal
roasting conditions to be used for the following part of the study were a temperature of

185.46 °C and a duration of 60.31 min.

3.2. Characterisation of melanoidin-bound polyphenols

Upon acidic and alkaline hydrolyses of HMW-BSGM, concentration values of polyphenols
were determined as shown in Table 1. Melanoidin-bound polyphenols consisted mainly of

phenolic acids and their relative distribution showed a higher proportion of hydroxycinnamic
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acids (HCAs) than hydroxybenzoic acids (HBAS) (p < 0.05). This was previously reported in

studies on phenolic content in BSG (Szwajgier et al., 2010).

The most abundant HCA was ferulic acid in the HMW-BSGM following acidic or alkaline
hydrolysis treatments, followed by p-coumaric acid and caffeic acid. This is in agreement
with previous studies on acids content of BSG following alkali hydrolysis (Hernanz et al.,
2001; McCarthy et al., 2013; Robertson et al., 2010), microwave-assisted alkaline hydrolysis

(Athanasios et al., 2007) and enzymatic hydrolysis (Szwajgier et al., 2010).

Syringic acid was the most represented HBA, while 4- hydroxybenzoic, vanillic, and
protocatechuic acids were 65.7, 49.7 and 17.3% toward syringic acid, respectively; which is
in agreement with previous work on the polyphenols concentration of alkali-hydrolysed BSG

samples (Athanasios et al., 2007).

When assessing the effect of the hydrolysis method on the phenolic content of HMW-BSGM,
acidic treatment released significantly higher amounts of polyphenols than alkaline
hydrolysis (p < 0.05). Furthermore, the individual polyphenols contents of the acidic and

alkaline extracts of HMW-BSGM were significantly different (p < 0.05) (Table 1).

For the acidic extract of the analysed HMW-BSGM samples, syringic, 4-hydroxybenzoic,
protocatechuic, ferulic, p-coumaric, sinapic and caffeic acids as well as catechin were all
detected at higher concentration. Whilst for the alkaline extract, benzoic, vanillic, gallic acids

and vanillin were detected at higher concentration.

Overall, higher amounts of HCAs were released by acid-catalysed treatment than by alkaline-
catalysed hydrolysis. Previous studies described a similar trend, where alkaline treatment
resulted in incomplete release of bound polyphenols present in HMW melanoidins (Moreira

etal., 2017; Monente et al., 2015; Coelho et al., 2014). The higher temperature applied to the
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acidic treatment, may be attributed to the observed results. Due to increased likelihood, the
covalent linkages between polyphenols and branched macromolecules break allowing the
release of more bound polyphenols. Another contributory factor is functional group reactivity
(amide, carboxylic or hydroxyl groups) of polyphenols implicated in intermolecular

interactions occurring during acidic and alkaline hydrolyses (Oracz et al., 2019).

3.3.  Monitoring of the a-dicarbonyl trapping capacity of phenolic acids and HMW-

BSGM, time-course study and evaluation the physiological relevance

DC trapping capacities of the phenolic acids identified in HMW-BSGM are reported in
Figure 1. Sinapic acid showed the highest trapping capacity among the tested phenolic
standards with inhibition rates of 49.1 + 2.7, 33.1 £ 3.2 and 49.3 % 1.6% for MGO, GO and
2,3-butanedione, respectively, after a 7-day incubation. Caffeic acid also quenched 19.0 £
0.7,26.1 £ 1.3 and 34.5 = 3.1% of GO, MGO and 2,3-butanedione, respectively, under the
same incubation conditions. In the tested conditions, HBAs did not show any significant DC

trapping ability.

A concentration range of 0.5-5 mg/mL for HMW-BSGM for DC trapping, was studied. The
DCs trapping capacity of HMW-BSGM was dose dependent, all DCs were effectively
trapped by HMW-BSGM when the concentration of melanoidins exceeded 2 mg/mL (Figure
2). More than 95% of GO and MGO and more than 80% of 2,3-butanedione was scavenged
by HMW-BSGM at a concentration of 4 mg/mL, following a 7-day incubation. HPLC
chromatograms of each studied DC in the presence of sinapic acid, caffeic acid and HMW-
BSGM (4mg/mL) are shown in Figure S2.These results support previous findings from
Zhang et al. (2019), who did not detect any of the three DCs after an incubation period of 7

days with coffee and cocoa melanoidins (2.5 mg/mL).
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Based on these results, a time-course study including HMW-BSGM (4 mg/mL.), sinapic acid,
caffeic acid and PM (positive control, a common carbonyl scavenger) to better understand the
reaction between polyphenols standards/polyphenols in HMW-BSGM and DCs.

Data of HMW-BSGM, sinapic acid, caffeic acid and PM DCs trapping capacities over time
are reported in Figure 3. GO concentration was reduced by 20.3 £ 2.3% and 18.2 + 0.3% by
sinapic and caffeic acids, respectively, within 96 h. HMW-BSGM was a faster scavenger,

trapping 32.4 = 0.2% within the first 48 h.

A similar trend was observed respecting MGO and 2,3-butanedione. HMW-BSGM showed a
higher trapping capacity (40.4 + 0.8%) than sinapic acid (30.8 = 1.4%) and caffeic acid (8.1 +
0.2%) within the first 72 h of incubation with MGO, while incubation with 2,3-butanedione
for 24 h led to decreases of 25.3 £1.9,9.2 £ 0.5 and 5.4 £ 0.7% by HMW-BSGM, sinapic

and caffeic acid, respectively.

HMW-BSGM DCs trapping capacities increased continuously during incubation to reach
maxima of 92.6 £ 0.5, 98.2 + 1.0 and 83.2 + 1.6% towards GO, MGO and 2,3-butanedione,

respectively.

The amount of DCs scavenged by sinapic and caffeic acids increased slowly upon longer
incubation time, reaching significantly lower values than those of HMW-BSGM. In fact,
sinapic acid scavenged 31.6 + 2.4, 47.8 = 1.5 and 49.1 + 1.6% of GO, MGO and 2,3-
butanedione, respectively, after 168 h, while caffeic acid inhibited 23.5 + 3.2, 26.4 + 1.4 and

37.5 £ 2.2% of GO, MGO and 2,3-butanedione, respectively, under the same conditions.

PM demonstrated a distinct DCs trapping ability; it was an effective MGO scavenger, a
moderate 2,3-butanedione scavenger and a poor GO scavenger. The current outcome parallels

prior findings, in which the most effective DC in reacting with amino groups was MGO,
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particularly with PM (known for its capability to form stable heterocyclic compounds)

(Meade et al., 2003; Voziyan et al., 2002).

The time course study findings agree with those reported by Zhang et al. (2019) that pointed
out that coffee melanoidins (2 mg/mL) trapped almost all three DCs within 168 h of
incubation. However, the concentration of melanoidins in the current study is double that
investigated by Zhang and co-workers due to a lower polyphenols concentration in HMW-

BSGM compared to coffee melanoidins (Moreira et al., 2012; Coelho et al., 2014).

DCs trapping ability by HMW-BSGM, assessed the melanoidin fraction at a physiological
significant concentration (10 g/day/person) (Fogliano & Morales, 2011), based on the
assumption that melanoidins would accumulate in a volume around 2 L within 24 h (Rogalla

et al., 2005), HMW-BSGM were assayed at a concentration of 5 mg/mL.

Results summarised in Figure 4 demonstrated that about 50% of GO and MGO, and 25% of
2,3-butanedione were quenched within 2 h by HMW-BSGM. DCs trapping capacities
increased within time to reach around 85% for the three DCs after 24 h. These results
revealed that HMW-BSGM should be efficient in inhibiting DCs in both the intestinal tract
(within 2 h) and in the colon (up to 24 h). The poor bioaccessibility and bioavailability of
melanoidins can modulate the gut microbial population, and fermentation by specific
microorganism populations can be another invaluable and yet underexplored triggering factor
to release polyphenols and enhance their trapping activity (Vitaglione et al., 2012). Therefore,
there is evidence that HMW-BSGM are potentially effective in mitigating carbonyl content in

vivo, along with their ability to scavenge transition metals and other oxidizing counterparts.
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3.4. Adduct confirmation by LC-HRMS/MS

The formation of DCs-caffeic acid and DCs-sinapic acid adducts in the DCs-polyphenols and
DCs-HMW-BSGM mixtures upon incubation at 37 °C, for 168 h is summarized in Figures 5
and 6. All the compounds reported in Table S2 were separated in acetonitrile gradient and
their elution profiles were in line with the presence of a substituted aromatic rings interacting
with biphenyl stationary phase. Full scan acquisition in the m/z range 80-600 in negative ion
mode pinpointed chemical formulas and their respective m/z signals for each of the chemical
structure with a mass tolerance of 5 ppm, thus suggesting electrophilic aromatic substitution
reactions or hydroxyalkyation reactions with MGO, GO and 2,3-butanedione (Totlani &
Peterson, 2006). Figure 5 outlines the fragmentation spectra of sinapic acid and sinapic acid-
DCs adducts in targeted MS? product ion scan experiments. Figure 5A shows the typical
fragmentation pattern of sinapic acid with the formation of molecular ion [M-H] at m/z
223.0613 (mass error 0.4 ppm) and the product ions at m/z 208.0381, 193.0143, indicating the
typical loss of CO2 [M-44] and 149.0243 in line with publicly available database (MassBank
consortium and its contributors, 2020) and with previous results obtained by LC-ESI-linear
ion trap Orbitrap (Quifer-Rada et al., 2015). Figure 5 from B to D shows the spectra of
sinapic acid-GO adduct, sinapic acid mono- and di-MGO adducts and 2,3-butanedione
adduct. Along with the theoretical exact masses and molecular formulas of the precursor ions,
we tentatively identified typical patterns of hydroxylalkylation reaction. Figure 5B
summarizes the fragmentation spectra of GO-sinapic acid adduct suggesting the loss of water
molecule [M-18] at m/z 263.0564 and the consecutive losses of glyoxal, hydroxyl group and
the two -OCHs ether groups pointing at m/z 145.9355. In Figure 5C strong evidence suggests
for a double loss of CO2 [M-44] as revealed by the two signals at m/z 251.0569 and
207.0650. Furthermore, we hypothesized the removal of MGO, CsHsO2' [M-73.029] and the

loss of C3H302' [M-71.013] leading to the formation of the fragment at m/z 153.0556. For the
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first time, we report the putative chemical structure of sinapic acid di-substituted with MGO
in Figure 5D. Again, the m/z 153.0556 suggested for the removal of both MGO moieties
(C3sHs02') and C3sHsOz', while the peak at m/z 249.0403 can be resulting from the loss of
water from one of the secondary alcohols. Figure 5E outlines the putative chemical structure
of sinapic acid-2,3-butanedione adduct, its precursor ion at m/z 309.0985 and a product ion at
m/z 263.0552 indicated the loss of a HCOOH group [M-46] . Overall, these putative adducts
corroborate prior findings of Navarro et al. (2018), which reported a direct MGO trapping of

50% in the presence of 0.095 + 0.001 mg/mL of sinapic acid.

In Figure 6, we outlined the fragmentation spectra of caffeic acid (Figure 6A) and its adducts
(Figure 6 from B to D). In line to what observed for sinapic acid, caffeic acid shows a main
peak at m/z 135.0451 indicating the loss of CO2 from the precursor ion [M-H]at m/z
179.0350, a typical mass spectrometry behaviour of hydroxycinnamic acid family. In line
with fragments in panel A, caffeic acid-GO adduct reveals a similar pattern with the loss GO
moiety, C2H3O2 and the consequent formation of caffeic acid fragments combined with the
signal at m/z 135.0456 [M-CO2-GO]". This latter signal was reported also in Figure 5C
highlighting the interlinked loss of MGO and COz. Furthermore, we putatively identified
another loss of CO2 peaking at m/z 207.0661in line to the fragmentation pattern of sinapic
acid-MGO adduct. Finally in Figure 6D, we report the chemical structure and the
fragmentation pattern of caffeic acid-2,3-butanedione adduct: in line with hydroxycinnamic
acid derivatives, we pinpointed the loss of CO2, at m/z 221.0826. However, in this reaction
mixture, we did not notice any formation of caffeic acid-di-MGO adducts probably because
of the competitive role exerted by other polyphenols. Tandem MS spectra of caffeic acid and
caffeic acid-MGO adduct fully confirmed the results obtained in similar conditions (Zhang et

al., 2019).
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3.5. Assessment of the effect of HMW-BSGM, sinapic acid and caffeic acid on in vitro

glycation of BSA by glucose

To assess the mitigating effect of HMW-BSGM, sinapic acid and caffeic acid against the
formation of free fluorescent AGEs in vitro, the corresponding fluorescence intensities were
measured using AG as a positive control (final concentration in the reaction medium 0.57
mg/mL). Based on the findings of the time course study of DCs trapping, the final
concentrations in the incubation model system were 4, 0.14 and 0.11 mg/mL for HMW-

BSGM, sinapic and caffeic acids, respectively.

The mitigating effect of these compounds on free fluorescent AGEs occurrence in BSA-GLC
assay is shown in Figure 7. For the studied samples, considerable variations in the inhibitory
activity of AGEs formed (p < 0.05) were observed. AG showed the highest inhibitory
capacity (average inhibitory rate 93.8 £+ 0.6%) followed by HMW-BSGM (79.3 + 3.8%). The
individual polyphenols exhibited the lowest reduction in the formation of fluorescent AGE,
with values of 53.4 = 1.5 and 45.4 + 1.6% for sinapic acid and caffeic acid, respectively. In
terms of AGEs mitigation, HMW-BSGM overperformed several natural seed products that
were comparatively tested at a concentration of 3.6 mg/mL, namely apricot (23.2%), peach
(20.7%), sesame (66.1%), almond and pomegranate seeds (61.7%). Only green pepper seeds
extract surpassed HMW-BSGM, inhibiting 91.9% of fluorescent AGEs in BSA-GLC model

system (Mesias et al., 2013).

4. Conclusion

The role of melanoidins during GI digestion represents a challenging, but intriguing topic.
The kind of chemical moieties occurring on these brown polymers and the corresponding
ability to block highly reactive compounds needs to be combined with the complexity of food

digesta and the enzymatic processes ongoing in the oxidizing environment occurring in the
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Gl tract. In a simplified model system consisting of incubation at 37 °C up to 168 h, we
demonstrated that, in line with other vegetable melanoidins as coffee and cocoa melanoidins,
HMW-BSGM is a valuable source of bioactive molecules. We envisaged that the local
accumulation of polyphenols in association with the melanoidin skeleton can work as a
sponge not only for transition metals, but also for a-dicarbonyls, thus limiting undesired
effects and reactions leading to potentially toxic molecules. Hydroxycinnamic derivatives
such as caffeic acid and its derivatives played a key role; their chemical nature was readily
prone to the reaction with a-dicarbonyls and, according to dedicated MS/MS and UV
experiments, we obtained that MGO is the preferred target, but similar reaction pathways can
be outlined for GO and 2,3-butanedione. Surprisingly, a similar behaviour was observed for
sinapic acid, suggesting that the multitude of possible combinations in nature can be further
enhanced by controlled thermal treatment able to expose bioactive moiety and improve the

functionality of foods ingredients.
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748  Table 1. Content of released phenolic compounds (mg/100 g dry weight) from high molecular
749  weight brewer’s spent grain melanoidins after acidic and alkaline treatments. All values are

750  expressed as mean + SD (n = 3). n.d., not detected.

Acidic hydrolysis

Alkaline hydrolysis

Phenolic acids

Hydroxycinnamic acids
Ferulic acid

p-Coumaric acid 7.55+£0.60 bA 5.67+0.31 bB
Sinapic acid 7.55+1.31bA 4.12+0.94 bB
Caffeic acid 7.66 £0.56 bA 5.39+0.30bB
Total* 77.44 £ 2.47 aA 42.17 £1.76 aB
Hydroxybenzoic acids
Syringic acid 5.39+0.30 aA 4.38+0.23 aB
4-Hydroxybenzoic acid 3.54+ 0.15 bA 2.09+£0.22 bB
Benzoic acid 2.68+0.26 cA 2.40 £0.20 bA
Protocatechuic acid 0.93 £0.02 dA 0.54£0.05cB
Gallic acid 0.44+£0.02 eA 0.41£0.08 cA
Vanillic acid n.d. fA 2.90+0.13bB
Total* 12.98 + 0.63 bA 12.72 £ 0.39 bA
Flavonoids
Flavanols
(+)-Catechin 2.75+0.08 A 1.72+0.32 B
Other polyphenols
Hydroxybenzaldehydes
Vanillin 027+0.05A 1.22+0.24B

54.68 £ 5.34 aA

26.99 +3.51 aB

751  Different uppercase letters in the same row indicate significant differences (p < 0.05) according to
752  Student's't test. Different lowercase letters in the same column within the same phenolic sub-group
753  indicate significant differences (p < 0.05) according to Tukey’s HSD test. *Total hydroxycinnamic
754  acids and total hydroxybenzoic acids were statistically compared separately using the student’s' t test.

755
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Figure 1. GO (A), MGO (B), and 2,3-butanedione (C) trapping capacities of the phenolic acids
identified in high-molecular weight brewer’s spent grain melanoidins at 168 h. FA (0.12 mg/mL), p-
CA (0.11 mg/mL), SA (0.14 mg/mL), CA (0.11 mg/mL), SyrA (0.12 mg/mL), 4-HBA (0.09 mg/mL),
BA (0.07 mg/mL), PA (0.09 mg/mL), GA (0.10 mg/mL) and VA (0.10 mg/mL). All concentration
values correspond to 0.64 mmol/L. Results are expressed as mean + SD for » = 3. Bars with different
letters indicate significant differences according to Tukey’s HSD test at p < 0.05. Glyoxal (GO);
methylglyoxal (MGO); ferulic acid (FA); p-coumaric acid (p-CA); sinapic acid (SA); caffeic acid
(CA); syringic acid (SyrA); 4-hydroxybenzoic acid (4-HBA); benzoic acid (BA); protocatechuic acid
(PA); gallic acid (GA); vanillic acid (VA).

Figure 2. GO (A), MGO (B), and 2,3-butanedione (C) trapping capacities of high-molecular- weight
brewer’s spent grain melanoidins at different concentrations (0.5—5 mg/mL) at 168 h. Results are
expressed as mean + SD for n = 3. Bars with different letters indicate significant differences according
to Tukey’s HSD test at p < 0.05. Glyoxal (GO); methylglyoxal (MGO).

Figure 3. Time-course of GO (A), MGO (B), and 2,3-butanedione (C) trapping capacity of SA (0.14
mg/mL), CA (0.11 mg/mL), HMW-BSGM (4 mg/mL), and PM (0.11 mg/mL). Results are expressed
as mean = SD for n = 3. Glyoxal (GO); methylglyoxal (MGO); high-molecular-weight brewer’s spent
grain melanoidins (HMW-BSGM); sinapic acid (SA); caffeic acid (CA); pyridoxamine (PM).

Figure 4. Dicarbonyl trapping capacity of high-molecular weight brewer’s spent grain melanoidins (5
mg/mL) within 24 h under simulated physiological conditions. The concentration of dicarbonyls and
melanoidins was calculated according to the estimated daily intake. Results are expressed as mean +
SD for n = 3. Bars with different letters indicate significant differences according to Tukey’s HSD test
at p < 0.05. Glyoxal (GO); methylglyoxal (MGO).

Figure 5. Tandem mass spectra of sinapic acid (panel A) and sinapic acid-dicarbonyls adducts (panels
B, C, D, E). Profile data were acquired in negative product ion scan mode, working in targeted MS?
according to molecular formulas and m/z extracted in full scan mode (see supplementary table 1).
Normalized collision energy was set at 30% for all the scan experiments. Putative chemical formulas
in each box were based on hypothesized fragmentation pathway and hydroxyalkylation reaction.

Figure 6. Tandem mass spectra of caffeic acid (panel A) and caffeic acid-dicarbonyls adducts (panels
B, C, D). Profile data were acquired in negative product ion scan mode, working in targeted MS?
according to molecular formulas and m/z extracted in full scan mode (see supplementary table 1).
Normalized collision energy was set at 30% for all the scan experiments. Putative chemical formulas
in each box were based on hypothesized fragmentation pathway and hydroxyalkylation reaction.

Figure 7. Antiglycative activity of AG (0.57 mg/mL), HMW-BSGM (4 mg/mL), SA (0.14 mg/mL)
and CA (0.11 mg/ mL) in BSA-GLC assay. Results are expressed as mean + SD for n = 3. Bars with
different letters indicate significant differences according to Tukey’s HSD test at p < 0.05.
Aminoguanidine (AG); high-molecular-weight brewer’s spent grain melanoidins (HMW-BSGM);
sinapic acid (SA); caffeic acid (CA).



Highlights:

A novel use of brewer’s spent gain is discussed.

The polyphenolic profile of brewer’s spent grain melanoidins is established.
Brewer’s spent grain melanoidins trapped a-dicarbonyls in a simplified model system.
Brewer’s spent grain melanoidins inhibited the formation of free fluorescent AGEs.

The putative adduct of sinapic acid-di-MGO is reported for the first time.
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