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ABSTRACT: Effect of ellagitannins gut microbiota metabolites ellagic acid (EA) and urolithin A-urolithin D
(UroA-UroD) on human serum albumin (HSA) glycation were firstly evaluated in this research. The inhibition
mechanisms were investigated by methylglyoxal (MGO) trapping and radical scavenging ability assays, docking
studies and Nano LC-Orbitrap-MS/MS technology. Results indicated that the inhibition of urolithins on HSA
glycation was highly positive correlated with the number of phenolic hydroxy groups. Addition of UroD and EA could
effectively enhance the content of free amino group, suppress dicarbonyl compounds and advanced glycation
end-products (AGEs) formation, alleviated tryptophan and protein oxidation, inhibited HSA amyloid-like aggregation.
They could also trap MGO and scavenge DPPH: and ABTS:". Molecular docking indicated that EA and
UroA-UroD interact with HSA mainly through hydrogen bound and hydrophobic interaction, among which two or
three hydrogen bonds were formed. The number of glycation sites were reduced from 11 to 10, 10, 7, and 10,
respectively, when 90 umol/L of EA, UroA, UroC and UroD were added. However, weak inhibition was observed on
UroA and UroB. These findings can provide scientific evidence for the application of ellagitannins-rich foods in
alleviating diabetic complications.

Keywords: Ellagitannin metabolites; human serum albumin; non-enzymatic glycation.

1. Introduction

Glycation reaction, also known as non-enzymatic glycosylation, is a nucleophilic addition reaction
between the carboxyl group of reducing sugar and the free amino group of protein or peptide. Lysine,
arginine, and the N-terminal of protein/peptide is the main potential glycosylation site [1, 2]. The extent of
protein glycation in health people is limited, but in these suffer from diabetes, prolonged hyperglycemia will
strongly promote the glycation of hemoglobin and serum albumin [3, 4]. Among which, glycated
hemoglobin (HbAlc) is the international king-standard for evaluating the blood glucose status in clinical
practice, and can reflect the average blood glucose levels of diabetes within 2 — 3 months, as well as the risk
of diabetic complications [5]. However, hemoglobin is an intracellular protein, glucose cannot react with
hemoglobin before being transported into erythrocyte through glucose transporter 1. What’s more, it
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contains much less potential glycation sites (lysine and arginine residues) than serum protein [6]. It was
reported that serum protein undergoes glycation before hemoglobin and is the main target of glycation [7].

Human serum albumin (HSA) is the most abundant plasma protein and responsible for multiple
biological activities, like binding and transporting endogenous and exogenous compounds (such as drugs,
nutrients, etc.), regulating plasma pH and lipid metabolism, maintaining osmotic pressure, and
anti-oxidation, etc. Due to the long half-life (14 — 20 days), free circulation in body, and massive free lysine
and arginine residues (85 glycation sites), HSA is highly sensitive to post-translational modifications,
especially for glycation modifications [8]. In diabetic patients, HSA is more susceptible to undergo
non-enzymatic glycosylation as compared with other proteins, and is the major glycated target, accounting
for approximately 80% of the total glycated proteins in the blood [9]. Currently, glycated HSA has been used
as a supplementary indicator of HbAlc or real-time blood glucose monitoring, which can indicate the
average blood glucose levels of diabetic patients within 21 days [10]. Glycation can not only change the
two- and three-dimensional structure of HSA, resulting to the alteration in antioxidant activity and molecular
transporting function [11, 12], but also can form many advanced glycation end-products (AGEs), active
oxygen and active carbon free radical, causing irreversible damage to bioactive macromolecules, organs and
tissues [10]. It was reported that glycation of HSA would promote thrombosis formation, inhibit
glucose uptake of cells, evoke inflammatory responses, and increase the risk of cardiovascular
complications, etc [9, 13]. In addition, the accumulation of AGEs in the body could accelerate
the progress of diabetic complications, such as cardiovascular disease, kidney damage,
Alzheimer's disease and retinal damage [14]. Hence, inhibiting HSA glycation is of great importance for
relieving diabetic complications and other related sub-health status.

Ellagitannins (ETs) is a class of hydrolyzable tannins founding naturally in many fruits and
nuts, such as pomegranate, strawberries, walnuts, black teas, almonds, and oaks, et al., and was
reported to show a large number of biological activities, but it cannot be absorbed directly in the
gastrointestinal tract upon ingestion [15]. In the stomach and gut digestion stage, ETs undergo
hydrolysis and produce hexahydroxydiphenoyl (HHDP) group, which is then spontaneously
converted into ellagic acid (EA). Some of the EA can be absorbed in gastrointestinal tract, the
unabsorbed EA are subsequently metabolized by gut microbiota to form a lot of
3,8-dihydroxy-6H-dibenzopyran-6-one type derivatives, also named as urolithin intermediates,
such as urolithin A (UroA), urolithin B (UroB), urolithin D (UroD), and urolithin C (UroC) (Fig.1)
[16]. Urolithins (Uros) are much better absorbed and exhibit higher bio-availability than the
original ETs and EA, and were also evidenced to be responsible for the health effects of ET-rich
foods consumption [17]. Up to date, plenty of bio-activities have been found on EA and Uros, such
as extending lifespan, preventing cardiovascular diseases, alleviating inflammatory reaction,
anti-oxidant, anti-diabetes, anti-cancer and anti-obesit [18, 19]. Liu et al. [20] indicated that UroA,

UroB, and EA could suppressed fructose-induced bovine serum albumin glycation by scavenging
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reactive carbonyl species, and EA showed the strongest activity. Our previous research found
UroA could inhibit the formation of AGEs in HSA-fructose system by trapping methylglyoxal,
promoting the exposure of chromophores to more hydrophobic micro-environment, and forming
UroA-HSA complexes [21]. However, the structure-activity relationship of ET metabolites
inhibiting HSA glycation, as well as its effect on the formation of glycation products and further

inhibition mechanism are still unclear.
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Fig.1 A simple schematic view for the gut microbiota metabolism of ellagitannin and ellagic acid in gastrointestinal tract.

In this research, the inhibition of EA, UroA, UroB, UroC, and UroD on HSA glycation were
evaluated by determining the formation of fructosamine, dicarbonyl compounds, fluorescent
AGEs, and oxidation products. Influences on the fibrotic situation and molecular weight of native
and glycated HSA were studied with fluorescence spectroscopy and sodium dodecyl sulfate
polyacrylamide gel electropheresis (SDS-PAGE). The inhibition mechanisms were analyzed by
methylglyoxal (MGO) trapping ability, free radical scavenging capability assays, and Nano liquid
chromatography system coupled to Orbitrap tandem mass spectrometry (Nano
LC-Orbitrap-MS/MS) technique. This study can provide a theoretical basis for EA and Uros as
non-enzymatic glycosylation inhibitors to prevent diabetic complications and related sub-health

state.

2. Materials and methods
2.1 Reagents and chemicals

O-phenylenediamine (O-PDA), acetone aldehyde, 5-methylquinoxaline (5-MQ), trypsin, HSA (Code:
A1653), 2,2'-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS), dithiothreitol (DTT), iodoacetamide
(IAA), and 1,1-diphenyl-2-picrylhydrazyl (DPPH) were purchased from Sigma-Aldrich (Louis, USA). EA,
UroA, UroB, UroC, and UroD were from Shanghai YuanYe Biotechnology Co., Ltd. (Shanghai, China).
Glucose, aminoguanidine hydrochloride (AG), nitro-blue tetrazolium (NBT), methanol, formic acid,
trichloroacetic acid, sodium dodecyl sulfate (SDS), 2-nitrobenzoic acid (DTNB), thioflavin T (ThT), and
acetonitrile (ACN) were purchased from Shanghai Aladdin Technology Co., Ltd (Shanghai, China). All other
chemicals and reagents were analytical grade and purchased from Solarbio Biological Technology Co., Ltd.

(Beijing, China).
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2.2 HSA-glucose model assay

The HSA-glucose glycation model was performed according to previous report[21]. Glucose (0.5 M) and
HSA (20 mg/mL) solution were prepared with 0.1 M, pH 7.4 phosphate buffered saline (PBS). EA and
UroA-UroD were dissolved in dimethyl sulfoxide (DMSO). Then, 1.0 mL of HSA, 1.0 mL of glucose and
200 pL of 1.0 mmol/L EA, UroA-UroD or AG were mixed and incubated at 37 °C for 4 weeks. The control
group and blank group without inhibitors or glucose were prepared in parallel. After the incubation, all

sample were kept at 4 °C for further analysis.
2.3 Determination of free amino group, fructosamine, dicarbonyl compound, and fluorescent AGEs

The free amino group contents of all samples were estimated with fluorogenic OPA method [22]. 2 mL
OPA reagent were mixed with 100 uL of samples in tube, and incubated for 5 min at room temperature.
Subsequently, the absorbance of complexes was measured at 340 nm. Lysine (0 — 1250 ng/mL) was used as
standards to calculate the content of amino groups. y = 474.87x — 139.19, R? = 0.9981. The results were
expressed as lysine equivalent (ug/mL protein).

Determination of fructosamine content was conducted based on the NBT method [23]. Briefly, 20 pL of
glycated mixtures prepared in section 2.2 and 180 pL of 1.0 mmol/L NBT solution (pH=10.8, 0.1
M carbonated buffer solution) were reacted at 37 °C for 2.0 h. The absorbance at 530 nm was
measured by microplate reader (Biotek, Vermont, USA), and used to reflect the relative content
of fructosamine.

The dicarbonyl compounds was evaluated according to the description of Liu et al [20]. The glycated
samples (40.0 pL) were mixed with Girard-T reagent (100 uL, 0.5 M) and sodium formate (1.7 mL, 0.5 M,
pH 2.9) in sequence, and allowed to react at 37 °C for 1.0 h. Then, absorbance at 290 nm was measured by
microplate reader (Biotek, Vermont, USA).

The inhibition on fluorescent AGEs formation was measured by the method previously reported [21].
The percentage inhibition was calculated with the maximum fluorescence intensity.

(FI, -FI,)- (FI, -FI,)

100% 1
FI_-FI, 8 M

Inhibition (%) =

where Flc, Flv, FIs and Flu, are the fluorescence intensity of control group, blank group, experimental

group, and sample blank group, respectively.
2.4 Oxidation products
2.4.1 Determination of free tryptophan

The free tryptophan was determined by fluorescence spectroscopy [24]. All sample solutions were
10-fold diluted and used for fluorescence intensity evaluation at an excitation and emission wavelength of 280
and 350 nm, respectively. The slit width and PMT voltage were set at 2.5 nm and 700 V, respectively. The
scanning rate is set as 1200 nm/min. The fluorescence intensity could indicate the relative tryptophan

content.
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2.4.2 Determination of free thiol groups

Change in free thiol groups (-SH) on HSA was determined using 5,5'-dithiobis, DTNB
method [1]. Glycated sample (50 pL) was mixed with 50 pL of 3.0 mmol/L DTNB solution, 150
uL of 100 mmol/L ethylene diamine tetraacetic acid (EDTA) in 96-well microplate. After 20 min
of reaction at 37 °C, absorbance at 412 nm was monitored using a microplate reader. Blank group
was prepared with samples replaced by double distilled water, the concentration of free thiol
group was calculated based on the standard curve plotted with L-cysteine and expressed as

microgram L-cys per milliliter of sample solution (pg L-cys/mL).
2.5 Effect of EA and UroA-UroD on the structure of glycated HSA
2.5.1 Thioflavin T fluorescence

The fibrotic state of protein was investigated by the ThT method [25]. The glycated samples or
native HSA and ThT solution (10 pg/mL) were mixed in equal volume, following by 40 min of
incubation at 25 °C. Thereafter, fluorescence intensity at an excitation wavelength of 450 nm and
emission wavelength of 490 nm was measured by a F-7000 fluorescence spectrophotometer (Hitachi,
Japan).

2.5.2 SDS-PAGE

The SDS-PAGE experiment was performed according to previous method with slight modifications [26].
All samples were pre-treated with buffer and then loaded (10 pL, 250 pg/mL) into each well of 10%
SDS-PAGE gel. Then, electrophoresis was performed at 80 volts for 3 h at room temperature. Protein was

stained with Coomassie Brilliant Blue (CBBR-250) for 30 min followed by destaining with water overnight.
2.6 Molecular docking

The 3D structure of HSA (PDB ID: 1AO6) was acquired from protein data bank
(www.rcsb.org/structure/1A06). The 3D structure of EA and UroA-UroD were achieved from PubChem
website (https://pubchem.ncbi.nlm.nih.gov/) and their PubChem CID numbers were EA (5281855), UroA
(5488186), UroB (5380406), UroC (60198001) and UroD (5482042), respectively [21]. Before docking
analysis, the structure of HSA was optimized by removing duplicate sequences, non-catalytic water
molecules, and adding a polar hydrogen and charge. The molecular docking was analyzed with Discovery
Studio 2020 software. The size of grid was set at 60 x 60 x 60 A with a grid spacing of 15.2798 A. The binding
site was set at domain III with the center co-ordinates of (13.25, 29.20, 21.98) along the X, Y, and Z axis,
which was accorded with other studies [21]. The docking calculations were run for 100 times by Genetic
Algorithm, the output was sorted by Lamarckian GA module, the conformations with the minimum energy of
EA and UroA-UroD with HSA were selected as docking results. The binding energy was calculated by the
following formula: Binding Energy = Complex Energy - Ligand Energy - Receptor Energy.

2.7 Nano LC-Orbitrap-MS/MS analysis

2.7.1 Sample preparation
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The digestion and hydrolyzation of samples were carried out according to our previous method [27].
Freeze-dried glycated HSA were dissolved in 200 pL of SDT buffer (4% SDS, 100 mmol/L Tris-HCI, 1
mmol/L DTT, pH 7.6) and boiled for 5 min. Then 50 pL of boiled samples were mixed with 200 puL of urea
buffer (8.0 M Urea, 150 mmol/L Tris-HCI, pH 8.0) in 10 kDa ultrafiltration centrifuge tube (Sartorius,
Germany), and centrifuged at 14,000 g for 15 min. After centrifugation one more time with urea buffer, 100
uL of IAA (50 mmol/L TAA in UA buffer) was added and incubated at 25 °C for 30 min in darkness. The tubes
were centrifuged at 14, 000 g for 10 min, the proteins remained in the upper part were then successively
washed with 100 pL of urea buffer for three times. Finally, 40 uL of trypsin buffer (2 ug of trypsin in 40 pL of
25 mmol/L NH4HCOs3) was added to hydrolyze HSA at 37 °C for 16 h. The proteolytic peptides were collected
by centrifugation at 14, 000 g for 10 min and used for peptide mapping.

2.7.2 Nano LC-Orbitrap-MS/MS analysis

An Easy-nLC1000 system couple to a tandem mass spectrometer was used for peptides and glycation site
identification. Two microliters of proteolytic peptides was injected into an Acclaim PepMap 100 RP-C18
loading column (2 pm, 100 pm x 2 cm, Thermo Scientific, Waltham, MA, U.S.A.) coupled to an Acclaim
PepMap RSLC RP-C18 analytical column (2 um, 75 um X 15 ¢m, Thermo Scientific, Waltham, MA, U.S.A.).
The column was eluted with 0.1% aqueous formic acid (solvent A) and acetonitrile containing 0.1% formic
acid (solvent B) at a flow rate of 300 nL/min, and equilibrated with 4% B for 7 min before injection. The
elution of gradient was: (0 — 6) min, 4% B; (6 — 50) min, 4% (B —25)% B; (50 — 58) min, 25% B —40% B; (58
— 61) min, 40% B — 85% B; (61 — 66) min, 85% B. The mass spectrometry (MS) and tandem mass
spectrometry (MS/MS) data were collected using an Orbitrap fusion mass spectrometer (Thermo Scientific,
Waltham, MA, U.S.A.). The operating parameters were as follows: positive ion model; MS scanning range,
m/z 350 — 1800; MS resolution, 60000; MS/MS fragmentation mode, high-energy C-trap dissociation (HCD)
and electron transfer dissociation (ETD); MS/MS resolution, 15 000; automatic gain control (AGC) target, 4 x

105; maximum injection time (IT), 50 ms; dynamic exclusion, 60 s; and normalized collision energy, 30 eV.
2.8 MGO trapping ability

The trapping capacity of EA and UroA-UroD on methylglyoxal (MGO) was determined by
high performance liquid chromatography (HPLC) [28]. Briefly, 250 pL of 5.0 mmol/L MGO and
250 pL of 200 pumol/L EA or UroA-UroD solutions were added in brown bottles with caps. They
were then incubated in a constant temperature shaking incubator at 40 r/min, 37  for 24 h,
followed by the addition of 5.0 uL acetic acid to terminate the reaction. Then, 50 uL of 5.0
mmol/L o-PDA and 50 pL of internal standard 5-MQ (5.0 mmol/L) were added and allowed to
incubate at 25 © for 30 min. They were finally filtered with 0.22 pm nylon membrane and
subjected to HPLC analysis. The HPLC analytical parameters were: injection volume of 30 pL;
ZORBAX SB-C18 column (4.6 mm x 250 mm, 5 um, Japan); Solvent A and B consisted of 0.1%

formic acid-water and acetonitrile, respectively. The gradient elution program were: (0 —5) min,
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5% B; (5.5 —20.0) min, 35% —40% B; (20.5 —25.5) min, 95% B; (26.0 —30.0) min, 5% B. The

trapping ability was calculated based on the peak area.
2.9 Radical scavenging ability assays
To compare the radical scavenging ability of EA and UroA-UroD, DPPH- and ABTS-"

scavenging ability assays were conducted following reported methods [23]. Fifty microliters EA
or UroA-UroD (1.0 mmol/L) solution were reacted with 150 pL of freshly prepared DPPH: (0.15
mmol/L) or ABTS:* (absorbance of 0.70 + 0.20 at 734 nm) solution in 96-well microplate. After
certain times of incubation in darkness at room temperature, absorbance (As) at 517 and 734 nm
was measured individually for DPPH- and ABTS-" scavenging ability. Aminoguanidine was set

as positive control, the percentage scavenging ability was calculated as following:

(Ac -Ap ) -(As-Ap)

Scavenging ability (%0)=——2——=
c™b

x100% ©)

where, Ac was the absorbance of control group with samples replaced by distilled water; Av was the

absorbance of blank group with radical solution replaced by ethanol.
2.10 Statistical analysis

All experiments were performed in triplicate, the values were presented as mean value + standard
deviation (SD). Statistical analysis of data was evaluated by SPSS software (SPSS 22.0, IBM, Armonk, NY,
USA) via one-way analysis of variance (ANOVA), a value of P < 0.05 was considered to show significant

difference.

3. Results and discussions
3.1 Contents of glycation HSA products
3.1.1 Effect of EA and UroA-UroD on the formation of fructosamin

Fructosamine is the early glycation products, as one of the indexes for clinical evaluation of diabetes, its
level is usually positively correlated with blood glucose concentration [29]. Effect of EA and UroA-UroD on
the content of fructosamine was shown in Fig.2A. The As3o values were significantly enhanced in UroC group
and increased by 26.17% compared with the glycated HSA without inhibitor (G-HSA) (P < 0.05), followed by
the EA and UroD group, and no significant difference was observed between these two groups (P > 0.05).
Whereas, the addition of UroA (0.667) and UroB (0.693) had no obvious effect on the absorbance at 530 nm as
comparison to that of G-HSA (0.703) (P > 0.05). Above results indicated that EA, UroB, UroC, and UroD
could promote the accumulation of fructosamine in HSA-glucose glycation system, UroC gave the strongest

effect.
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Fig.2 In the HSA-glucose model, effect of EA, UroA-UroD and AG on the formation of fructosamine (A), a-dicarbonyl
compounds (B), AGEs (C) and free amino group (D). Different letters indicate statistically significant differences (P < 0.05).
The concentrations of EA, UroA-UroD and AG in HSA-glucose model were 90.90 umol/L.

3.1.2 Suppression of EA and UroA-UroD on the formation of dicarbonyl compounds

Dicarbonyl compounds are typical middle glycation products, they are highly reactive and can attack
quickly with the free amino group of protein to form fluorescent AGEs. Therefore, inhibiting dicarbonyl
compounds accumulation has been an important aspect of natural small molecular to suppress protein
glycation [20, 28]. Effect of EA and UroA-UroD on the production of dicarbonyl compounds was displayed in
Fig.2B, the absorbance at 290 nm (A290 value) reflects the relative content. It’s clear that the G-HSA group
gave the highest A0 value of 0.245, the addition of EA, UroA-UroD and AG could significantly reduce the
A290 value (P < 0.05), especially for EA, UroC, and UroD, the average value was reduced to 0.041, 0.029, and
0.061, respectively (P < 0.05). Therefore, it could be concluded that EA and UroA-UroD could suppress the
dicarbonyl compounds formation in HSA-glucose glycation system, EA, UroC, and UroD exhibited much
higher effect than UroA and UroB. Liu et al. [20] also found that EA showed higher capturing ability on
typical dicarbonyl compounds methylglyoxal than UroA and UroB.

3.1.3 Inhibition of EA and UroA-UroD on the formation of fluorescent AGEs

Fluorescent AGEs are typical end-products of protein glycation, so, the inhibitory ability of EA and
UroA-UroD on the late stage of HSA glycosylation were evaluated by measuring the inhibition on fluorescent
AGEs formation. According to Fig.2C, the best fluorescent AGEs inhibitory rate was detected on UroD,
followed by UroC. The percentage inhibition at the concentration of 90 pmol/L was 69.31% and 54.21%,
respectively. While, negligible inhibitory rate was observed on UroA (2.33%) and positive control AG
(6.14%), which differed from the results found in previous reports, it could be due to the low concentration
used in this research. The EA (28.15%) and UroB (16.80%) showed certain inhibition, but the ability was
much weaker than that of UroC and UroD. The results were highly negatively correlated (R>= — 0.73) to the
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dicarbonyl compounds content, indicating the importance of trapping or suppressing dicarbonyl compounds
on alleviating fluorescent AGEs formation. Liu et al. [20] and Peng et al. [21] individually proved that
scavenging dicarbonyl compounds was one of the mechanism of EA and UroA suppressing fluorescent AGEs

formation.
3.1.4 Influence of EA and UroA-UroD on free amino group

The free amino groups of proteins like e-NH2 groups of lysine will interact with the carbonyl groups of
sugars during glycation reaction, and resulted to the decrease of free amino groups, which was an important
indicator to reflect the effect of samples on HSA glycation [30]. As shown in Fig. 2D, the content of free
amino groups in natural HSA was 675.80 pg/mL, which was reduced to 325.47 pg/mL after glycation, while it
was returned to (367.85 — 579.05) pg/mL with the addition of EA, UroA-UroD and AG. The results indicated
that EA, UroA-UroD and AG could hinder the free amino groups of HSA to bind with sugars, delayed the
process of glycation, UroC and UroD showed the best effects. Similar findings were observed in the studies of
Arfin et al. [30], who found that addition of isoferulic acid significantly reduced the content of free amino

groups in HSA-fructose system.
3.2 Analysis of oxidation products
3.2.1 Contents of tryptophan

The tryptophan residues can be oxidized by free radical produced during glycation process, resulting in
reduced fluorescence intensity at an excitation and emission wavelength of 280 and 350 nm, respectively [24].
The oxidation products of tryptophan were divided into tryptophan-Amadori products and
(1R,35)-1-(D-gluco-1,2,3,4,5-pentahydroxypentyl)-1,2,3,4-tetrahydro-p-carboline-3-carboxylic acid
(Ph-THPC), which can promote the progress of protein glycation [31]. As displayed in Fig.3A, the
fluorescence intensity of tryptophan residues on natural and glycated HSA was 148.33 and 59.64,
respectively, suggesting that 59.79% of tryptophan residues in HSA were oxidized after glycation. Addition of
EA and UroD alleviated the fluorescence intensity weaken of G-HSA, the fluorescence intensity was
enhanced by 45.00% and 54.81%, respectively, as compared with G-HSA. Addition of UroC and AG showed
insignificant influence on the fluorescence intensity of G-HSA (P > 0.05), unexpectedly, UroA and UroB
reduced the fluorescence intensity obviously. Therefore, it can be seen that EA and UroD could effectively
inhibited tryptophan oxidation, and the inhibitory ability of Uros was highly correlated to the number of

phenolic hydroxyl groups on the dibenzopyran-6-one ring.
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Fig.3 Effect of EA, UroA-UroD and AG on tryptophan residues (A) and free thiol group content (B) in the HSA-glucose model.
Different letters indicate statistically significant differences (P < 0.05). The concentrations of EA, UroA-UroD and AG in
HSA-glucose model were 90.90 pumol/L.

3.2.2 Contents of free thiol groups

Levels of free thiol groups is the indicator of protein redox status, and provides a evidence for protein
conformational change [32, 33]. Effect of EA, UroA-UroD, and AG on free thiol level were evaluated and the
results were given in Fig.3B, the amount of free thiol groups in native HSA was 20.50 pg L-cys /mL, it
decreased to 9.95 ug L-cys /mL as a result of glycation. However, the content of free thiol was returned to
almost native HSA levels upon the addition of EA and UroD (P > 0.05), the amount was enhanced to 17.31
and 21.96, respectively. UroA could also enhance the content of free thiol to 14.77 pg CyE/mL, but the ability
was much lower than that of UroD. However, insignificant difference was observed on the HSA glycated in
the presence of UroB, UroC, and AG (P> 0.05). These findings demonstrated that EA, UroA, and UroD could
protect HSA from oxidation during non-enzymatic glycosylation, UroD exhibited the strongest activity. Qais
et al. [1] also reported that glyburide inhibited the non-enzymatic glycosylation of HSA by mitigating the
degradation of the free thiol groups degradation.

3.3 Change on the structure of glycated HSA
3.3.1 Effect of EA and UroA-UroD on the aggregation of G-HSA

The fluorescent AGEs formed during glycation can induce protein cross-linking to form amyloid-like
aggregation, leading to alteration of protein structure and function. Currently, attenuating the amyloid
aggregation of proteins has been a potential target for evaluating the ability of compounds or extracts against
protein glycation [34]. ThT is a biomarker that can bind to the B-sheet structure present in amyloid fibrils, and
then displays a strong fluorescence in the emission wavelength of 480-490 nm upon excited at 440 nm [25].
Therefore, ThT was used to evaluate the fibrillar state of native and glycated HSA, the results were presented
in Fig.4A. Native HSA presented the minimal fluorescence intensity (370.91), which was increased to 588.53
upon glycated with glucose, suggesting obvious fibrillar formation and HSA aggregation. The presence of EA,
UroB, and UroD reduced the ThT fluorescence of G-HSA significantly, the intensity decreased by 28.5%,
21.5%, and 22.8%, respectively, and exhibited insignificant difference (P > 0.05). Addition of UroA, UroC,
and AG could also diminish the ThT fluorescence of G-HSA (P> 0.05), but the ability was weaker than that of
EA, UroB, and UroD. Above results implied that EA and UroA-UroD could prevent the amyloid aggregation
of HSA induced by glucose glycation, and EA, UroB, and UroD demonstrated stronger effect.
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Fig.4 Influence of EA, UroA-UroD and AG on the fibrillar state (A) and molecular weight of glycated and native HSA (B).
Different letters indicate statistically significant differences (P < 0.05). The concentrations of EA, UroA-UroD and AG in
HSA-glucose model were 90.90 umol/L.

3.3.2 Effect of EA and UroA-UroD on the molecular weight of HSA

The native HSA, glycated HSA, and G-HSA with EA and UroA-UroD were applied to SDS-PAGE
analysis to elucidate the influence of glycation and EA and UroA-UroD on the molecular weight of HSA. As
shown in Fig.4B, native HSA gave an obvious dark protein band at about 68 kDa, which is consistent with the
molecular weight of HSA (66 kDa), but the glycated HSA has no obvious dark protein band at the same
position of native HSA, the band exhibited slight upshift, indicating the increment of molecular weight, in
addition, the color of the band was much lighter. The colour of protein band in the presence of EA, UroC, and
UroD were darker compared with that of G-HSA, this could be that addition of EA, UroC, and UroD
alleviated the increase of HSA molecular weight induced by glycation, and relieved the dispersion
phenomenon of band, especially for UroD, the position and color of G-HSA with UroD was close to that of
G-HSA. Similar results were obtained in previous reports, Abdullah et al. [26] found that pyridoxamine could
effectively reduce the electrophoretic mobility of glycated HSA medicated by glucose. Min et al. [35]
indicated that the molecular weight enhancement and protein dispersion of glycated HSA were alleviated by

epigallocatechin gallate.
3.4 Molecule docking analysis

Molecular docking is the common methods to investigate the interaction mechanism between small
molecule compounds and protein [33, 36]. Molecular docking simulation can better understand the structural
changes between food proteins and small molecules at the molecular level [37, 38]. Many studies show that
HSA had two primary binding sites, subdomain ITA and subdomain IIIA, and the small molecule compounds
were more likely to bind in subdomain IIIA [21]. The binding energy for the interaction of EA and
UroA-UroD with HSA were — 44.97, — 16.27, — 20.43, — 7.73 and — 38.73 kcal mol’!, respectively,
suggesting that the binding of EA and HSA was the most stable, followed by UroD. As shown in Fig.5, EA
UroA, UroB, UroC, and UroD formed three, two, two, three and three hydrogen bonds with the amino acid
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residues in subdomain IIIA of HSA, respectively. In addition, Pi-cation and Pi-alkyl interactions were also
participated in the binding of EA and UroA-UorD with HSA, which enhanced the affinity. With HSA-EA
complex as example, three hydrogen bonds were formed between the hydroxyl or aldehyde groups of EA and
the amino acid residues of Arg410, Tyr411 and Leu430, and EA also interacted with the amino acid residues
of Leud07, Leud5S3, Val433, and Arg485 by Pi-alkyl interactions. The results indicated that hydrophobic
interactions and hydrogen bonds were the major driving force to bind EA or UroA-UroD with HSA, which
possibly hindered the glycation sites of HSA, resulting the inhibition on the progress of HSA [1].
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Fig.5 The 2-dimensional plot of EA and UroA-UroD interact with HSA by Discovery Studio 2020.

To better understand the mechanism of EA and UroA-UroD attenuating HSA glycation, the glycated
peptides and glycation sites were identified by Nano LC-Orbitrap-MS/MS after ultrafiltration and
hydrolyzation of G-HSA with and without inhibitors. The amino acid sequence of proteolytic peptide was
identified by matching the parent ions (m/z) and fragmentation ions (b-series and y-series ions) with that
recorded in database Uniport Homo sapiens (https://prospector.ucsf.edu/ prospector/mshome.htm). The
glycated peptides were mapped according to the mass shift before and after glycation. Theoretically, when a
molecular of glucose was attached, the corresponding m/z will display a mass shift of 162.0528, 81.0264,
54.0176, 40.5132, and 32.4106 for these in charge of 1, 2, 3, 4, and 5, respectively. The glycation locations
were further identified by matching the b-series and y-series ions with that recorded in database Uniport Homo
sapiens. In case of a peptide contains m amino acid residues, the mass shift between c(n) and c(n-1), z(m-n+1)

and z(m-n) will be 162+128 or 162+156, respectively, when one molecule of glucose was attached to the Lys
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or Arg residues at the site location n [27]. For example, the peak with m/z at 387.4538%" was identified as
peptide 2’LKECCEKPLLEK?!? as shown in Fig.6A, its singly and doubly glycated form will exhibit a mass
shift of 40.5132 and 81.0261, respectively, resulting to the corresponding occurrence of peaks at 427.9668*"
and 468.4799*" Interesting, these two glycated peaks were both detected on the MS spectra, implying two
molecules of glucose were attached. The m/z of peptide *’ET(CAM)CFAEEGKK?>® at unglycated and
glycated pattern was 400.1842°" and 454.2017°", respectively, indicating the mass shift of 54.0171 (shown in
Fig.6B). Thus, it could be concluded that peptide 589 — 598 was glycated by one molecule of glucose. In terms
of glycation sites identification, the m/z peak of C8 and C9 was 941.3629 and 1231.5087, respectively,
indicating the mass shift of 290.1458. Therefore, the attachment of one glucose was at Lys597 other than
Lys598. In light of this theory, glycated peptide 585 — 598 (ADDKETCFAEEGKK, shown in Fig.6C)
possessed three potential glycation sites (K588, K597, and K598), the mass shift between ions C4 (m/z,
609.2679) and C3 (m/z, 319.1232), C13 (m/z 1822.7571) and C12 (m/z, 1532.6018) were both at 290,
suggesting the molecular weight of a glucosyl and a Lys588/Lys597 residue. Thus, Lys588 and Lys597 were
proposed as the glycated position.
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Fig.6 The MS spectra of glycated peptide 290-310 with m/z of 468.4799*" (A) and glycated peptide 589-598 with m/z of 454.20173*
(B). The HCD MS/MS spectra of glycated peptide 589-598 (ETCFAEEGKK) (C) and peptide 585-598 (ADDKETCFAEEGKK)

D).

The detailed glycation peptides and glycation sites identified in G-HSA with and without inhibitors were
listed in Table 1. Eleven sites Lys130, Lys186, Lys300, Lys305, Lys341, Lys499, Lys549, Lys558, Lys588,
Lys597, and Lys598 were detected in G-HSA. After the addition of EA, UroA, UroB, UroC, and UroD, the
number of glycated sites were 10, 10, 11, 7, and 10, respectively. Sites Lys186, Lys305, Lys341, Lys499,
Lys597, and Lys598 disappeared in the G-HSA with UroC, but new sites Lys214 and Lys569 appeared, which
further proved that UroC alleviated the number of glycated sites. UroA could completely inhibit sites Lys300,
Lys341, and Lys558. In addition, glycation sites Lys36, Lys161, and Lys438 appeared in G-HSA in the
presence of EA, but sites Lys186, Lys305, Lys499, and Lys598 disappeared. After the addition of UroD, one
glycation site was reduced, only Lys36, Lys88, Lys130, Lys160, Lys205, Lys257, Lys305, Lys341, Lys549,
and Lys588 were identified. The addition of UroB did not change the number of glycation sties, but the
glycated sites was different. Therefore, it can be seen that EA and UroA-UroD could alter the glycation sites of
HSA, and UroC decreased the sites number greatly. Qais et al. [1] proposed that glyburide might decreased the
available sites of glycation on HSA by masking of free amino groups of HSA. Peng et al. [21] also evidenced
that UroA could reduce the glycation reactivity of some sites by altering conformation structure of HSA and

changing the micro-environment nearby potential glycation sites.
3.6 Trapping of EA and UroA-UroD on MGO

MGO is a typical dicarbonyl compound, it can attack the free amino group of protein to form fluorescent
AGEs, trapping MGO can effectively reduce MGO-mediated protein glycation and fluorescent AGEs
formation [28]. Therefore, the MGO trapping ability of EA and UroA-UroD were evaluated to further analyze
the mechanism of EA and UroA-UroD inhibiting HSA glycation. As shown in Fig.7A, the MGO trapping
ability of EA, UroA, UroB, UroC, and UroD at 90 pmol/L was 72.92%, 7.80%, 69.15%, 46.37%., and 89.72%,
respectively. UroD gave the strongest trapping ability, followed by EA and UroB (P > 0.05), the ability was all
much stronger than that of positive control AG (49.99%). UroC exhibited insignificant MGO trapping ability
as compared with AG (P > 0.05). Unexpectedly, UroA showed a much weaker trapping ability at the
concentration of 90 umol/L, which is similar with the results reported by Liu et al., [20] who found that UroA
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reduced 10.1% of MGO at a concentration of 500 umol/L. These results indicated that EA and UroA-UroD
could trap MGO and hinder HSA glycosylation. Peng et al. [21] also indicated that UroA could inhibit
fluorescent AGEs formation in HSA-glucose system by trapping MGO.
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Fig.7 The MGO trapping ability (A) and DPPH: (B) and ABTS " scavenging activity (C) of EA, UroA-UroD and AG.
Different letters indicate statistically significant differences (P < 0.05). The concentrations of EA, UroA-UroD and AG in
HSA-glucose model were 90.90 umol/L.

3.7 Antioxidant capacity

In this research, the DPPH- and ABTS-" scavenging ability assays were conducted to compare
the radical scavenging ability of EA and UroA-UroD. Non-enzymatic glycosylation of proteins,
glucose auto-oxidation and carbonyl stress can all induce free radicals production, which in turn accelerate
fluorescent AGEs formation and the development of diabetes and diabetic complications [39, 40].
Anti-oxidant compounds such as flavonoids, phenolic acid, polysaccharides, and vitamins have been
demonstrated to reduce protein glycosylation in vivo and in vivro [41]. Thus, radical scavenging ability could
be one of the mechanism for compounds against protein glycosylation. The scavenging ability of EA and
UroA-UroD on DPPH- and ABTS-" were given in Fig.7B and Fig.7C. EA, UroC, and UroD exhibited good
DPPH- scavenging ability at the sample concentration of 250 pmol/L, and followed the order of EA
(76.68%) > UroD (68.34%) > UroC (47.24%). While UroA, UroB, and AG all showed negligible scavenging
ability on DPPH- (P > 0.05). In terms of ABTS-", UroD had the strongest scavenging ability, followed by EA
and UroC (P > 0.05), while UroB exhibited the weakest ability, the scavenging ability was close to zero at 250
umol/L. These are consistent with the results found by Bialonska et al., [42] who found that UroC and UroD
possessed much higher antioxidant ability than UroA and EA through HL-60 cells assay, no antioxidant
ability was detected on UroB, and proposed that the antioxidant potential of urolithins depends on the number

of hydroxyl substitution.

3.8 Correlation analysis
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Currently, trapping reactive carbonyl and reactive oxygen species, altering protein conformation,
restraining protein oxidation and aggregation, forming stable complexes, and reducing the glycation reactivity
of glycation sites were the revealed mechanism of natural compounds against HSA glycation [1, 25, 43]. This
research indicated that EA, UroC, and UroD greatly restrained the formation of dicarbonyl compounds and
fluorescent AGEs in HSA-glucose system, EA and UroD exhibited stronger inhibition on the oxidation of
tryptophan and HSA than UroA-UroC. In addition, better alleviation on the molecular increment of HSA
induced by glycation was observed on UroC and UroD than UroA and UroB. EA, UroA, UroC, and UroD
obviously inhibited the fibrillar of HSA and altered the sites glycated, and UroC decreased the number of
glycated sites mostly. What’s more, UroC, UroD, and EA presented excellent and better MGO trapping
ability, DPPH- and ABTS"™ scavenging activity than UroA and UroB. UroA, UroB, UroC, and UroD is
urolithin carrying two (3°-OH and 8’-OH), one (3’-OH), three (3°-OH, 4’-OH, and 8’-OH), and four (3’-OH,
4’-OH, 8’-OH, and 9’-OH) hydroxyl groups, respectively (Fig.1), EA also possesses four hydroxy groups.
The stronger bio-abilities detected on UroC, UroD and EA than UroB and UroA could be attributed to the
greater number of hydroxyl groups. Correlation analysis revealed high correlation coefficients (R?, shown in
Table S1) between the number of hydroxyl groups and the dicarbonyl compounds content (R?>= — 0.85),
fluorescent AGEs formation inhibition (R?>= — 0.91), tryptophan oxidation (free tryptophan content, R*= —
0.96), contents of free amino group (lysine content, R>= 0.93), DPPH- (R?= 0.97) and ABTS"- scavenging
activity (R?=0.95). Dicarbonyl compounds and fluorescent AGEs are typical middle and advanced glycation
products, suppressing the formation are usually used as the key indicators to evaluate the anti-glycation ability
of compounds or natural extracts, high negative R? also suggested the importance of hydroxyl group in the
anti-glycation ability of urolithins.

In addition, significantly correlation between radical scavenging activities and dicarbonyl compounds
content, fluorescent AGEs formation inhibition, free tryptophan and thiol content, with the R? ranged from
0.93 to 0.75, suggesting the important role of antioxidant ability on inhibiting harmful glycation products
formation and protein oxidation. This could be that dicarbonyl compounds are highly reactive carbonyl
species and middle products, it can attack quickly the free amino group of protein to form fluorescent AGEs
and lead to protein oxidation. Compounds with higher radical scavenging usually shows stronger dicarbonyl
compounds capturing ability, therefore exhibited better mitigation on protein glycation. Previous researches
indicated that cinnamic acid restrained HSA glycation by scavenging reactive carbonyl species and
dampening protein oxidation due to the antioxidant capacity [25], the inhibition of glucose auto-oxidation by
antioxidants reduced the covalent linking of glucose to serum albumin [44], administration of vitamin E could
effectively reduce protein glycosylation in diabetic patients [45]. Nadeem et al. [46] found that addition of
antioxidants diethylenetriamine pentaacetic acid and dithiothreitol could improve the level of fructosamine
during glycation, while reactive oxygen radical exhibited a negative impact.

What’s more, the dicarbonyl compounds content showed good negatively correlated (Table S1) with

fluorescent AGEs percentage inhibition rate (R? = — 0.73), tryptophan oxidation (R? = — 0.80), protein
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oxidation (R?= — 0.63) and fibrillar (R*> = — 0.65), indicating the importance of trapping or suppressing
dicarbonyl compounds on the alleviation of EA and UroA-UroD on HSA glycation. Currently, trapping
dicarbonyl compounds was reported to be the one of the major mechanism of natural compounds against
protein glycation, such as quercetin [47], hesperetin-Cu [48], cichoric acid [49] (ACN) were purchased ,

rosmarinic acid [25], punicalagin and ellagic acid [20] and vitexin [28] etc.

4. Conclusion

In summary, the inhibition of urolithins on HSA glycation was highly depended on the number of
phenolic hydroxy groups, stronger anti-glycation was observed on EA, UroC, and UroD as compared with
UroA and UroB. UroD presented the strongest inhibition activity on fluorescent AGEs formation with the
inhibition rate of 69.31 % at 90 umol/L, followed by UroC. Obviously, suppression on dicarbonyl compounds
formation was also observed on EA, UroC, and UroD (P > 0.05). Meanwhile, EA and UroD could effectively
increase the level of tryptophan residues, free amino and free thiol groups, prevent amyloid aggregation of
HSA induced by glycation, trap MGO, and scavenge DPPH- and ABTS-". Molecular docking analysis
indicated EA and UroA-UroD formed complex with HSA through hydrogen bonds and hydrophobic
interaction, 2-3 hydrogen bonds Pi-alkyl and Pi-cation interactions were detected between EA or UroA-UroD
and the amino acid residues of HSA, which might hinder the glycation sites and ultimately inhibited the
glycation procession. In addition, addition of EA, UroC, and UroD might alter the availablity of glycation sites
on HSA, the number of glycated sites was reduced by 1, 4 and 1, respectively. Overall, trapping MGO,
scavenging free radicals, suppressing protein oxidation and cross-linking, and altering the glycation activity of
potential sites all contributed to inhibition of EA, UroC, and UroD on HSA glycation. This study could
provide theoretical support for the application of ellagitannins-rich foods, or EA and UroC-UroD as glycation

inhibitors to alleviate harmful glycation products formation in vivo.
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