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Anacardic acids (AAs) are a class of alkyl phenols widely distributed in the Anacardiaceae family and known for
their diverse biological properties. However, their potential against type 2 diabetes mellitus (T2DM) has never
been thoroughly investigated. In this study, a fraction isolated from a Pistacia vera shell extract, enriched in AAs,
exhibited potent inhibitory activity against a-amylase («-Amy) and a-glucosidase (a-Glu). Pure (15:0)-AA and
(17:1)-AA also acted as strong inhibitors of both enzymes, displaying ICso values significantly lower than those of
the marketed anti-diabetic drug acarbose. Kinetic and molecular docking analyses identified both AAs as
competitive a-Amy and a-Glu inhibitors that interact with the catalytic sites via non-covalent interactions.
Fluorescence measurements revealed dynamic quenching upon AA-enzyme binding, while FT-IR and dynamic
light scattering analyses demonstrated AA-induced conformational rearrangements and increased size
distribution.

Beyond their hypoglycaemic potential, (15:0)-AA and (17:1)-AA strongly inhibited the formation of patho-
genic advanced glycation end products (AGEs). AAs efficiently reduced fluorescent AGE formation in three
distinct glycation models and effectively protected human serum albumin (HSA) from glycation-induced struc-
tural alterations, including exposure of hydrophobic domains and amyloid aggregation. Notably, AAs retained
substantial antiglycation activity after simulated gastrointestinal digestion.

Overall, this work provides the first detailed insights into the hypoglycemic and antiglycation properties of
AAs, supporting their potential application as multifunctional natural agents for T2DM management.

1. Introduction

In recent years, the search for novel therapeutic agents from natural
sources has intensified, supported by their high biocompatibility and
favorable safety profile compared to synthetic drugs [1]. Anacardic
acids (AAs), also known as ginkgolic acids, are a class of long-chain alkyl
phenols that naturally occur in the Anacardiaceae family, notably in
cashew (Anacardium occidentale) nut shell liquid (CNLS) and the root

bark of Ozoroa insignis [2,3]. Other botanical sources of AAs include
Pistacia vera L. [4-71, Juglans regia L. [8], Syzygium samarangense [9] and
Ginkgo biloba L. [10]. Structurally, these compounds are characterized
by a salicylic acid moiety substituted with a hydrophobic side chain of
varying length and unsaturation.

Emerging evidence highlights AAs as promising candidates for the
management of diverse pathological conditions associated to oxidative
stress [11], including acute respiratory distress syndrome [12], bacterial
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and fungal infections [2,13], inflammation [13], and pain [14]. Addi-
tionally, AAs have been shown to strongly inhibit target proteins such as
histone acetyltransferase [13], lipoxygenase 1 [15], xanthine oxidase
[16], and tyrosinase [17]. Notably, AAs-rich extracts from Pistacia vera
L. [4,5] and Syzygium samarangense [9] have recently been identified as
a-glucosidase (a-Glu) inhibitors, suggesting that the therapeutic poten-
tial of AAs could be extended to metabolic disorders such as type 2
diabetes mellitus (T2DM).

T2DM is a widespread chronic disorder characterized by hypergly-
cemia [18]. The inhibition of carbohydrate-hydrolysing enzymes,
namely a-amylase (a-Amy; EC 3.2.1.1) and a-glucosidase (a-Glu, EC
3.2.1.20) represents a key strategy to reduce postprandial blood glucose
levels and counteract hyperglycemia [19]. Despite their efficacy, con-
ventional a-Amy and «-Glu inhibitors, such as acarbose and miglitol, are
frequently associated with adverse gastrointestinal effects, flu-like
symptoms, and skin reactions [18], prompting the search for safer,
natural alternatives. While AAs show promise, a comprehensive evalu-
ation of their potential inhibitory effects on a-Amy is still lacking, with
only preliminary data available on their a-Glu inhibitory activity [9,20].

Notably, remarkable a-Amy and o-Glu inhibitory properties were
previously observed by our research group for a Pistacia vera L. shell
extract (PVS-E) and related to its bioactive constituents, including AAs
[5]. Consequently, the present work investigated the inhibitory poten-
tial of an AA-rich fraction obtained from PVS-E against a-Amy and
a-Glu. Subsequently, the inhibitory mechanisms of two major AAs
identified in the fraction, namely (C15:0)-AA and (C17:1)-AA (Fig. 1),
were characterized to explore the possible correlation between the
hypoglycaemic activity of AA-containing extracts and that of individual
AAs. Furthermore, new insights uncovered the role of AAs in counter-
acting protein glycation.

In diabetic patients, prolonged hyperglycemia promotes glycation, a
non-enzymatic reaction between reducing sugars and proteins, leading
to the formation of advanced glycation end products (AGEs) [21]. AGEs,
such as glycated haemoglobin (HbAlc), can functionally alter nucleic
acids and proteins, contributing to T2DM-related complications,
including retinopathy and nephropathy [21]. Herein, human serum al-
bumin (HSA), one of the most abundant plasma proteins in the body
[22], was employed as a model protein to evaluate the antiglycation
potential of AAs. To this end, methylglyoxal (MGO), a dicarbonyl
compound, and arginine (Arg), a key amino acid involved in non-
enzymatic glycation, were employed as reactive precursors of AGEs.
The influence of AAs on the structural stability and conformational
changes of HSA, along with their dicarbonyl scavenging capacity, was
thoroughly assessed using Fourier-transform infrared (FT-IR) and fluo-
rescence spectroscopy. Finally, an in vitro simulated gastrointestinal
digestion was carried out to evaluate whether AAs retain their anti-
glycation activity after digestion.

By integrating multi-spectroscopic techniques and in silico modeling,
this work provides crucial insights into the anti-diabetic and anti-
glycation mechanisms of AAs, thereby supporting the potential appli-
cation of such a class of alkyl phenols in T2DM management.
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2. Materials and methods
2.1. Reagents

All chemicals were of analytical (or superior) grade, as received from
commercial sources. 6-pentadecylsalicylic acid ((15:0)-AA; >95.0%), 6-
[(10Z)-heptadecenyl]salicylic acid ((17:1)-AA; >95.0%), catechin (>
97.0%), gallic acid (97.5-102.5%), quercetin-3-O-glucoside (>98%),
acetonitrile (CH3CN), formic acid (FA), methanol (MeOH), 96% ethanol
(EtOH), a-Glu from Saccharomyces cerevisiae (EC 3.2.1.20, Type I,
lyophilized powder, >10 units/mg protein), a-Amy from porcine
pancreas (EC 3.2.1.1, Type VI-B, >5 units/mg solid), p-nitrophenyl-a-D-
glucopyranoside (pNP-a-G), starch from potato, 3,5-dinitrosalicylic acid
(DNS), and 2-chloro-4-nitrophenyl-a-maltotrioside (CNP-a-G3), fluo-
rescein sodium salt, fatty acid free human serum albumin (HSA; >99%),
MGO solution (40 wt% in H20), aminoguanidine hydrochloride (AG), D-
(—)-fructose, 8-anilino-1-naphthalenesulfonic acid (ANS), thioflavin T
(ThT), 2,4-dinitrophenyl hydrazine (DNPH), and trichloroacetic acid
were purchased from Merck (Darmstadt, Germany). a-Glu and a-Amy
inhibition assays and kinetic analyses were performed on 96-well
microplates and the Synergy H1 microplate reader (BioTek, United
States) was used. a-Amy from human saliva (Type IX-A, 1000-3000 U/
mg protein), calcium chloride dihydrate (CaCly- 2H20), pepsin from
porcine gastric mucosa (3200-4500 U/mg protein), pancreatin from
porcine pancreas (4 x USP), and bovine bile (B3883) were employed for
the simulated gastrointestinal digestion as purchased from Sigma-
Aldrich (Steinheim, Germany). Milli-Q water was employed in all the
experiments.

2.2. Extraction and separation of anacardic acids

Pistacia vera L. shells (PVS), obtained from the Green Pistachio of
Bronte (Italian Protected Designation of Origin (PDO) product; CE: Reg.
EU No. 21, January 12, 2010), were kindly supplied by a pistachio
manufacturer in Bronte (Catania, Italy) in December 2021. The shells
were threefold washed with distilled water, dried at 35 °C for 48 h, and
milled to a particle size of less than 1 mm. Subsequently, PVS (5 g) were
subjected to microwave-assisted extraction (MAE), according to a pre-
viously optimized methodology [5]. The extraction conditions were as
follows: 20% aqueous ethanol, 1000 W, 135 s, and a liquid/powder ratio
of 27 mL/g. After extraction, the supernatant was vacuum-filtered and
dried under reduced pressure. The resulting extract (PVS-E; 13.7% w/w)
was stored at —20 °C until further experiments.

To separate AAs from PVS-E, a Sep-Pak C-18 cartridge (Waters,
Milford, MA, USA) was preconditioned with 10 mL of acidified CH3CN/
H20 (65:35 v/v + 0.1% FA), followed by 10 mL of HoO/CH3CN solution
(98:2v/v + 0.1% FA). PVS-E (33 mg) was completely dissolved in 25 mL
of HpO/CH3CN solution (98:2 v/v 4+ 0.1% FA) and slowly loaded onto
the cartridge, yielding fraction 1 (F1; 29.6 mg). The cartridge was then
sequentially eluted with 20 mL of H.O/CHsCN solutions at different
ratios: 90:10 v/v (fraction 2, F2; 4 mg), 70:30 v/v (fraction 3, F3; 2.9
mg), 50:50 v/v, and 5:95 v/v. Based on their chromatographic profile,
the last two eluates were combined to obtain fraction 4 (F4; 3.2 mg). All
collected fractions (F1-F4) were dried and stored at +4 °C for further
analyses. The recovery yields were 89.7% (F1), 12.1% (F2), 8.8% (F3),
and 9.7% (F4), respectively.
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Fig. 1. 2D structures of (15:0)-AA and (17:1)-AA.
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2.3. HPLC/ESI-MS/MS analysis of fractions obtained from Pistacia vera
L. shell extract

Fractions (F1 — F4) obtained from PVS-E were analysed using an ion
trap mass spectrometer equipped with an ESI ion source (LTQ, Thermo
Fischer Scientific, San Jose, CA, USA) and coupled online with an LC
pump (DionexUltimate 3000, Thermo Fischer Scientific, San Jose, CA,
USA), according to a previously reported method [5]. All fractions (F1 —
F4) were dissolved at a concentration of 1 mg/mL in a MeOH/H;0
mixture (50:50 v/v). Then, 20 pL of each sample were loaded into a
Waters Symmetry RP-C18 column (150 mm x 1 mm i.d., 100 A, 35 pm)
maintained at 25 °C. Data acquisition and analyses were performed
using Xcalibur v. 1.3 Software (Thermo Fischer Scientific, San Jose, CA,
USA). The resulting total ion current (TIC) chromatograms are shown in
Fig. SIA—D.

Quercetin 3-O-glucoside, (15:0)-AA, and (17:1)-AA were identified
using commercial standards. The remaining compounds, for which
standards were not available, were identified based on their retention
time, chemical formulas, [M — H]™ m/z values, and diagnostic MS/MS
fragmentation patterns, as well as by comparison with MS data reported
in the literature. Quantification was performed using external standard
calibration curves (Fig. S2A—D) of gallic acid (Fig. S2A), quercetin 3-O-
glucoside (Fig. S2B), (15:0)-AA (Fig. S2C), and (17:1)-AA (Fig. S2D).
Semi-quantification of both gallic acid derivatives (GAs) and phenolic
acids was carried out using gallic acid. Semi-quantification of flavonoids
was achieved using quercetin-3-O-glucoside, while fatty acids (FAs) and
AAs were quantified using (15:0)-AA. Results were expressed as mg of
compound per g of dry weight (mg/g DW) =+ standard deviation (SD).

2.4. a-Amylase and a-glucosidase inhibitory mechanism

2.4.1. Invitro a-glucosidase and a—amylase inhibition assays

The inhibitory effects of AA-rich fractions and pure AAs towards
a-Amy and a-Glu was evaluated according to previous methods [5,23],
as detailed in Supporting Material. AA-rich fractions were dissolved in a
MeOH/H20 mixture (50:50 v/v) at 1 mg/mL. Pure (15:0)-AA and
(17:1)-AA were dissolved in methanol at 20 pM. Acarbose (3.1 mM) was
analysed as a positive control in both bioassays. For a-Glu inhibition
assay, changes in optical density (OD) were measured in quadruplicate
at 405 nm. For a-Amy inhibition assay, OD measurements were acquired
in quadruplicate at 540 nm. Inhibition percentages were calculated by
Eq. (1), whereas the concentration required to inhibit 50% of a-Glu/
a-Amy activity (ICsp) was determined by regression analysis and
expressed in pg/mL and pM + SD.

ODcantrol - ODsample

Inhibition (%) = oD
control

x 100 (@]

2.4.2. Kinetic of a—glucosidase and a—amylase inhibition

The mode of a-Glu and a-Amy inhibition was spectrophotometrically
determined by kinetic analysis, performed according to previously re-
ported methods [1,23], as detailed in the Supporting Material. The
Lineweaver-Burk equation, written in its double reciprocal form (Eq.
(2)), was used to determine a competitive inhibition mechanism.

Km<1+,(ii> 1

1_ W1 @
v Vmax S Vmax

Furthermore, the competitive inhibition constants (K;) were determined
in triplicate by secondary plots of the slope versus inhibitor concentra-
tion, as reported in Eq. 3 [24,25], where v and vy are the initial rate of
the enzymatic reaction and the maximal velocity, respectively, in the
absence and presence of tested AAs; K;,, and K; are the Michaelis-Menten
and the competitive inhibition constant, respectively; [S] and [I] are the
concentrations of substrate (pNP-a-G) and inhibitor, respectively.
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2.4.3. Molecular docking studies

The .sdf files of acarbose, (15:0)-AA and (17:1)-AA were downloaded
from Pubchem (https://pubchem.ncbi.nlm.nih.gov/, ID cod respec-
tively: 41774, 167551 and 5,469,634). The 3D models were geometri-
cally minimized with optimized potential liquid simulation (OPLS3)
force fields [26] considering the protonation state at pH of 7.0 & 1 and
processed using LigPrep interfaced with Maestro (13.7.125, MMshare
Version 6.3.125) of Schroedinger suite [27]. The 3D structure of a-Amy
(PDB ID: 10SE) was downloaded from Protein Data Bank [28], whereas
the 3D protein model of a-Glu was downloaded from AlphaFold Protein
structure Database (https://alphafold.ebi.ac.uk/, PDB code: AF-P53341-
Fl-model v4) [29]. The putative binding site of a-Glu was identified
through the SiteMap software, which allowed the generation of a
ranking of five possible druggable binding pockets based on the site
score output. Hence, the best-one was used to obtain the following co-
ordinates by Grid generation experiment: 14.61 (x), 2.13 (y), 1.91 (2),
10 x 10 x 10 as innerbox, and 36.76 x 36.76 x 36.76 as outerbox. The
grid box of a-Amy was constructed by selecting in the Receptor Grid
Generation tab, the co-crystallized inhibitor (acarbose) to specify the
protein region suitable as binding site. In this way, the protein grid box
was calculated, with the grid centre set at 35.61 (x), 37.36 (y) and —
1.35 (z), using 20 x 20 x 20 as innerbox, and 40.80 x 40.80 x 40.80 as
outerbox for a-Amy. Glide Ligand Docking interfaced with Maestro
(Version 13) was employed for docking data analysis and the acquisition
of 3D models. In the docking calculation, ligands were treated as flex-
ible, while enzymes were treated as rigid and run in an OSX Ventura
(13.2) environment.

2.4.4. Fluorescence spectra measurements

The interaction of (15:0)-AA and (17:1)-AA with a-Amy and a-Glu
was investigated by quenching experiments, according to the procedure
of Sciacca et al., with slight modifications detailed in the Supporting
Material [1]. The fluorescence spectra of a-Amy and a-Glu were recor-
ded on an Agilent Cary Eclipse fluorescence spectrophotometer (Milan,
Italy) in the range 300-500 nm, setting the excitation wavelength (1)
at 295 nm. All the measurements were performed by setting both exci-
tation and emission slits at 10 nm, with a scan speed of 500 nm/min.
Enzyme solutions (0.5 pM) were titrated with (15:0)-AA or (17:1)-AA
(0-3.9 pM). All solutions were mixed and kept at specific temperatures
(25, 30, and 37 °C) for 2 min before measurement. Fluorescence mea-
surements were analysed according to the Stern-Volmer Eq. (4) [24]:

FT;) =1+Kw[Q =1+K,70[Q] @

where Fy and F are the maximum fluorescence intensity of the free
enzyme (a-Amy or a-Glu) and the maximum fluorescence intensity of
the protein-inhibitor complex, respectively; [Q] represents the concen-
trations of AAs; 7y is the average lifetime of the fluorophore in the
absence of AAs, accounting for 108 s for both enzymes [24]; Ksy and K
represent the quenching constant and the quenching rate constant,
respectively. Therefore, the apparent binding constant (K,) and the
number of binding sites (n) were calculated using the following double-
log Stern-Volmer Eq. (5) [23]:

logFO -F

= logK, + nlog[Q] (5)

In addition, the fluorescence intensities were corrected for absorption of
the excitation light and reabsorption of the emitted light to reduce the
inner filter effect (IFE) according to Eq. (6) [30]:

Foor = obs]-O(ADﬁAM)/2 (6)
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where F.or and Fqps are the fluorescence intensities corrected and
observed, respectively; and Ay and Ay, are the UV absorption values of
the protein and ligands at the excitation and emission wavelengths,
respectively [30]. The UV-Vis spectra of the two enzymes and AAs were
recorded in the range of 200-700 nm using an Agilent Cary 60 UV-Vis
spectrophotometer (Agilent Technologies Inc., Milan, Italy) in a 1.0 cm
quartz cuvette at room temperature (Fig. SSA—B).

2.4.5. Fourier transform infrared (FT-IR) spectroscopy

The FT-IR spectra of a-Glu (0.8 pM) and a-Amy (6.9 pM) in 0.1 M
phosphate buffer containing 0.1 M NaCl, pH 6.8, and their respective
mixtures with AAs, as well as those of HSA and its glycated form with
and without AAs, were acquired using a PerkinElmer SpectrumOne FT-
IR spectrometer fitted with an ATR module. According to a previous
method [31], spectra were recorded in the range of 4500-450 cm’l,
with a resolution of 4 cm ™! and 60 scans per measurement. In the FT-IR
experiments conducted on o-Glu and a-Amy, 2 mM stock solutions of
(15:0)-AA and (17:1)-AA were used. For the FT-IR measurements of HSA
glycated complexes, both AAs were tested at 0.4 mM. The spectral re-
gion 1700-1600 cm ™! was carefully analysed to investigate the enzy-
me-AA interactions and glycated HSA-AAs interactions, respectively. All
FT- IR data were obtained as the average of three replicates.

2.4.6. Dynamic light scattering (DLS) measurements

DLS measurements were performed using a Zetasizer Pro instrument
(Malvern Panalytical Ltd., United Kingdom) to study the variation in the
size distribution (d, nm) of a-Amy and a-Glu in the presence of AAs.
Following a previous method [32], data were reported as size distribu-
tion (nm). In the experiments, each enzyme (2 mg/mL in 50 mM
phosphate buffer, pH 6.8) was mixed with 20 pL of MeOH (reference) or
with AAs (2.8 mM). The mixtures were incubated at 37 °C for 15 min
and then centrifuged at 5000 rpm for 10 min. Hence, the resulting so-
lutions were filtered through a 0.45 pm PTFE membrane and employed
for measurements. Samples were acquired in triplicate and processed in
three 5 min runs.

2.5. In vitro inhibitory effect of anacardic acids (AAs) on advanced
glycation end products (AGEs)

2.5.1. Antiglycation activity assay

The inhibitory efficacy of (15:0)-AA and (17:1)-AA towards AGEs
formation was tested by three different non-enzymatic protein glycation
models, namely HSA/FRU, HSA/MGO, and Arg/MGO, respectively,
following the method described by Wang et al., [33] with slight modi-
fications [34], as detailed in the Supporting Material. AG and catechin
were employed as positive controls. Blank solutions were obtained by
replacing samples/controls with the same amount of 50 mM sodium
phosphate buffer pH 7.4, containing 0.02% sodium azide. Briefly, AAs,
AG and catechin were dissolved in a MeOH/H50 mixture (50:50 v/v)
and serially diluted from 2 to 0.15 mg/mL in sodium phosphate buffer
(50 mM, pH 7.4, with 0.02% sodium azide) for ICsy determination. The
degree of protein glycosylation was assessed in triplicate by monitoring
the changes in AGEs fluorescence emission within 340-420 nm. Hence,
AGEs inhibition percentages (%) were calculated using the following Eq.
@):

Fo—F

Inhibition of fluorescent AGEs (%) = OT x 100 @
0

where F and Fj represent the fluorescence intensity with and without
inhibitors/controls, respectively. ICsy values were calculated by
regression analysis and expressed in pg/mL + SD.

2.5.2. Methylglyoxal-induced structural changes of human serum albumin
(HSA)
The glycosylation reaction of HSA was performed using MGO,
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according to previously reported methods [35,36], with slight modifi-
cations. Glycated HSA (G-HSA) was prepared under aseptic conditions in
50 mM phosphate buffer (pH 7.4, 0.02% sodium azide) by incubating
HSA (10 mg/mL) with MGO (10 mM) in the absence and presence of
different concentrations (0.05-0.4 mM) of tested AAs (1:1:1 v/v). AG
(0.4 mM) was treated as a sample and used as a positive control. Protein
mixtures were pre-incubated for 10 min at 37 °C before the addition of
10 mM MGO and then kept for 4 days at 37 °C in the dark. HSA alone
(hereafter referred to as native HSA) was used as a control. All protein
mixtures were prepared in triplicate.

After the incubation period, changes in the fluorescence emission
signals of all mixtures were monitored at 440 nm upon excitation at 370
nm using a Varioskan Flash multimode reader (Thermo Fisher Scientific,
Inc. Waltham, MA, USA). Protein mixtures were stored at —20 °C until
further experiments.

2.5.3. ANS fluorescence measurements

The exposure of hydrophobic domains in native, G-HSA, and G-HSA
treated with AAs was assessed using ANS. This hydrophobic fluorescent
probe is widely used for the characterization of protein binding sites
[37]. According to a previous method [35], 5 pL of 5 mM ANS solution
were added to 2995 pL of each protein sample and incubated for 5 min at
room temperature in the dark before fluorescence measurements.
Emission spectra were recorded in the range of 400-600 nm with exci-
tation at 385 nm. All the measurements were carried out in triplicate,
and their average was used for data elaboration.

2.5.4. ThT fluorescence assay

In this study, ThT fluorescence was used to evaluate amyloid for-
mation in G-HSA and the protective role of AAs against glycation-
induced aggregation and fibrillation. Native HSA was tested as a con-
trol. According to a previous method [35], 20 pL of G-HSA or HSA/AA
mixtures were combined with 980 pL of ThT solution (10 pM ThT in
phosphate buffer, pH 7.4). Fluorescence intensity was recorded at 485
nm with excitation at 430 nm. The degree of inhibition (%) was calcu-
lated using Eq. (8):

F, — F,
i hb . — 8 t 1
vinhibition Fig “F x 100 (€)]

where F, F;, and F, represent the fluorescence intensities of glycated,
treated, and native HSA samples, respectively.

2.5.5. Determination of dicarbonyl compounds by DNPH assay

The ability of AAs to scavenge reactive dicarbonyl compounds was
evaluated following a well-established procedure [38], with minor
changes [39]. G-HSA and G-HSA treated with 0.1 mM (15:0)-AA and
(17:1)-AA (200 pL) were mixed with 400 pL of a 7 mM DNPH solution
prepared in 2 M HCl and incubated for 1 h at room temperature. Sub-
sequently, 500 pL of 4% (w/v) trichloroacetic acid was added to pre-
cipitate the proteins. Each mixture was centrifuged at 14,000 xg for 5
min, and the resulting supernatant was discarded. The pellet was
washed with a 1:1 v/v ethanol/ethyl acetate solution and centrifuged.
This washing step was repeated four times to remove excess DNPH. The
final pellet was dissolved in 0.6 mL of 6 M guanidinium hydrochloride
(prepared in 20 mM phosphate buffer, pH 2.3). Samples were frozen
overnight at —20 °C to ensure complete dissolution of hydrazones.
Subsequently, absorbance was measured at 379 nm. Native HSA was
tested as a control. Results were expressed as moles of dicarbonyl per
mole of HSA, calculated in triplicate using a molar absorption coefficient
of €379 nm = 22,000 M~! em ™! [38].

2.5.6. In vitro simulated gastrointestinal digestion

AAs were subjected to the in vitro simulated digestion method pro-
posed by Minekus et al. [40], with minor modifications [41]. AAs were
dissolved in ethanol at 3 mg/mL and mixed at a 1:1 v/v ratio with a
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simulated salivary fluid (SSF) containing salivary a-amylase (75 U/mL),
adjusted to pH 7 with 0.3 M CaCl>-2H-0. Each mixture was incubated at
37 °C for 2 min. Subsequently, 0.2 mL of the oral digest was collected in
duplicate and replaced with an equal volume of SSF. For the gastric
stage, simulated gastric fluid (SGF; pH 3) containing porcine pepsin
(2000 U/mL) and 0.3 M CaCl.-2H-0 was added to the previous mixture
and incubated at 37 °C. After 2 h, 0.2 mL of the gastric digest was
collected in duplicate and replaced with an equal volume of SGF. The
intestinal phase was initiated by adding a simulated intestinal fluid (SIF)
containing pancreatin (100 U/mL) and bile salts (10 mM) at pH 7 to the
gastric digest. Each mixture was incubated for 2 h under agitation at
37 °C. Hence, 1 mL of the intestinal digest was collected in duplicate.
Blank samples were prepared by replacing the AAs solution with
ethanol. All digested samples were centrifuged at 12,000 rpm for 5 min
at 4 °C, and the resulting supernatants were collected and stored at
—20 °C until the in vitro antiglycation assay.

The same in vitro digestion protocol was also applied to G-HSA
(control) and G-HSA treated with 0.4 mM AAs. Subsequently, the
digested samples were used for direct fluorescence AGE determination
(Mex = 370 nm; Ay = 440 nm).

2.5.7. Antiglycation effect of anacardic acids (AAs) after in vitro digestion

The antiglycation activity of digested AAs was assessed using the
HSA/MGO glycation model, as detailed in Section 2.5.2. Results were
obtained in triplicate and expressed as the inhibition rate of AGEs for-
mation, calculated using Eq. (9) [41]:

Fcontrol - Fdigest

Inhibition rate (%) = x 100 (©)]

control — F blank

where Fy;ge represents the fluorescence intensity of digested AAs in each
digestive phase, Fpp.nkis the fluorescence intensity of the digestive fluid
with distilled water, and F onuolis the fluorescence intensity of the
digestive fluid without AAs.

2.6. Statistical analysis

To investigate statistical significance, one-way ANOVA analyses
were performed using OriginPro 2023 software (Northampton, Massa-
chusetts, USA), followed by Tukey's pairwise comparison test (p < 0.05).

3. Results and discussion

3.1. Phytochemical profile of fractions obtained from Pistacia vera L.
shell extract

According to our previous work [5], PVS-E constituents comprise
five classes of compounds, namely organic acids (1,2), gallic acid de-
rivatives, including hydrolysable tannins (3-5, 7, 9, 14, 19, 23, 24),
flavonoids (6, 8, 10-13, 15-17, 20, 21, 25, 26, 30), fatty acids (22,
27-29, 31-39, 44, 45) and AAs (41-43, 46-52) [5]. In this study, PVS-E
was fractionated on a Sep-Pak C18 cartridge, with stepwise elution
under acidic conditions employing CHsCN/H20 to obtain a fraction
enriched in AAs. The resulting fractions (F1 — F4) were qualitatively and
quantitatively characterized by HPLC/ESI-MS/MS (Table S1). Repre-
sentative Total Ion Current (TIC) chromatograms obtained in negative
ionization mode for fractions F1 — F4 are shown in Fig. SIA—D.

Fraction F1 was characterized by the presence of an intense peak at
the beginning of the TIC chromatogram (t; = 1.7-3.5 min, Fig. S1),
consisting of co-eluting organic acids, namely malic (1) and quinic (2)
acids, which were quantified together (88.61 mg/g DW).

Fractions F2 — F3 were characterized by the presence of gallic acid
derivatives (digallic acid, 4; ethyl gallate, 9; pentagalloyl glucose iso-
mer, 19; digalloyl hexose, 23; gallic acid derivative, 24), luteic acid (18),
and flavonoids, including aspalathin (6), taxifolin (15), quercetin (25),
kaempferol (26), and dihydrokaempferol (30), as well as derivatives of
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quercetin (quercetin galloyl hexoside isomer, 13; quercetin hexoside,
16; quercetin monoglucuronide, 17; quercetin pentoside, 20; quercetin-
O-hexosedeoxyhexoside, 21) and myricetin (myricetin galloyl hexoside,
8; myricetin hexuronide, 10; myricetin rhamnohexoside, 11; myricetin
hexoside, 12). Specifically, fraction F2 was distinguished by its high
content of ethyl gallate (76.90 mg/g DW), quercetin galloyl hexoside
isomer (0.38 mg/g DW), and luteic acid (4.31 mg/g DW), whereas fla-
vonoids were mostly concentrated in F3. Although AAs were detected in
fractions F1 — F3, the highest concentrations were found in F4 (Table 1;
Table S1).

F4 exhibited a markedly different composition, with a clear enrich-
ment in AAs. Its TIC chromatogram (Fig. S1D) was dominated by intense
peaks eluting at high retention times (t, = 60-66 min), corresponding to
less polar compounds, including fatty acids and AAs. The total content of
AAs in F4 reached 24.86 mg/g DW, which was significantly (p < 0.05)
higher compared with the amount detected in F1 — F3 (Table 1). F4
included 85.69% of the total AAs quantified in PVS-E, reflecting the high
efficiency of the applied fractionation process in concentrating such
compounds into a single fraction. Specifically, (14:1)-AA was detected
among the most abundant AAs (5.50 mg/g DW), followed by (13:1)-AA
(3.02 mg/g DW), (13:3)-AA (2.59 mg/g DW), (15:0)-AA (2.46 mg/g
DW), and (17:1)-AA (2.73 mg/g DW). Additionally, (13:0)-AA, (15:1)-
AA, and (17:3)-AAs were consistently found in F4 (Table S1), high-
lighting fractionation on Sep-Pak C18 as an effective strategy for the
recovery of AAs from PVS-E.

3.2. Hypoglycaemic effect of anacardic acid-rich fractions

a-Amy and o-Glu are key hydrolytic enzymes involved in the
breakdown of carbohydrates during digestion. a-Amy, secreted in its
active form by salivary glands, begins starch digestion in the oral cavity,
hydrolysing it into maltose and dextrins. This process continues in the
duodenum through the action of pancreatic a-Amy. Afterward, a-Glu
hydrolyses glycosidic bonds («-1,4 and/or «-1,6), breaking down the
residual polysaccharides produced by a-Amy into absorbable mono-
saccharides, mainly glucose [43]. Accordingly, a-Amy and a-Glu inhi-
bition represent a strategy to manage postprandial increases in blood
glucose levels and insulin response [43,44].

Recent studies have highlighted the a-Glu inhibitory potential of
AAs-containing extracts from Pistacia vera hulls [4] and Syzygium
samarangense leaves [9]. Additionally, a recent investigation has
revealed an appreciable inhibitory capability towards both a-Amy and
a-Glu by an extract obtained from pistachio hard shells (PVS-E) [5]. The
extract's hypoglycaemic properties have been related to its bioactive
constituents, including AAs. Nevertheless, a direct correlation between
the activity of AAs-containing extracts and that of individual AAs
remained unestablished.

In the present work, fractions F1 — F4 obtained from PVS-E were

Table 1

Total contents of organic acids, gallic acid derivatives, flavonoids, fatty acids,
and anacardic acids (AAs) determined by HPLC-ESI-MS/MS analysis in fractions
F1 - F4 obtained from Pistacia vera L. shell extract (PVS-E).

F1 F2 F3 F4
Total organic acids ?igg * 431+012° - -
Total gallic acid 0.32 +
- .28 4+ 1.32% -
derivatives 7728 3 0.03°
Total flavonoids - 7.82 +0.23% 1'35bi -
0.14
. 3.92 + ¢ 3.58 + 9.44 +
Total fatty acids 0.81° 2.04 £ 0.11 0.29° 1.02°
Total anacardic acids 3.37 + 4 234+ 24.86 +
(AAs) 0.59" LI9£ 0370 43 0.62°

Results are expressed in mg/g DW and reported as means + SD. Different letters
in the same row indicate statistically significant differences (p < 0.05, Tukey's
test).
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screened for their inhibitory effects on a-Amy and a-Glu, together with
two pure AAs identified in the fractions, according to a well-established
procedure [1,5]. The results, expressed as ICso values (pg/mL), are
summarized in Table 2.

Considering that lower ICsy values reflect higher inhibitory effec-
tiveness, F4, which contained the highest concentration of AAs
(Table 1), exhibited the strongest hypoglycaemic activity towards both
target enzymes, being only 9.7% of the total eluate. Specifically, F4
displayed an o-Amy inhibitory activity of 3.18 pg/mL, which was
significantly (p < 0.05) stronger than that observed for fractions F1-F3
and the anti-diabetic drug acarbose (7.68 pg/mL). Similarly, F4 showed
a markedly higher a-Glu inhibitory effect (5.14 pg/mL) than F1-F3,
PVS-E (41.07 pg/mL), and acarbose (88.25 pg/mL).

Herein, pure AAs were tested as new natural inhibitors of both a-Glu
and a-Amy. The potential administration of AAs to diabetic patients was
first considered by Toyomizu et al. [20], who reported preliminary data
on the o-Glu inhibitory activity of some 6-alkylsalicylic acids isolated
from CNLS (Anarcardium occidentale), while no studies have been per-
formed on the potential inhibitory behaviour of such alkyl phenols to-
wards a-Amy. Pure (15:0)-AA and (17:1)-AA strongly inhibited a-Glu
(13.21 pM and 9.42 pM, respectively), in line with previous findings on
6-alkylsalicylic acids and derivatives [9,20]. Tested AAs also showed a
remarkable a-Amy inhibitory capacity (7.46 pM and 6.36 pM, respec-
tively). Moreover, their activity towards both the enzymes was superior
to that observed for acarbose (Table 2).

Worth noting, pure AAs showed a-Glu and a-Amy inhibitory activ-
ities comparable (p > 0.05) to those of F4, corroborating the hypothesis
that they are key contributors to the observed hypoglycaemic effects.
Consequently, this study aimed to elucidate fully, for the first time, the
inhibitory behaviour of AAs towards both a-Amy and a-Glu, addressing
the lack of a direct correlation between the hypoglycaemic activity
displayed by AAs-containing extracts and that of individual AAs. To this
end, (15:0)-AA and (17:1)-AA were subjected to computational, kinetic,
and fluorescence analyses to evaluate their inhibition mechanism and
binding affinities towards a-Amy and a-Glu. The results are discussed in
the following.

3.3. Molecular modeling

In this investigation, molecular docking was employed to evaluate
the binding affinity of tested (15:0)-AA (X) and (17:1)-AA (Y) towards
a-Glu and a-Amy catalytic sites. The ligand-protein interactions are
summarized in Tables 3 and 4. To validate the models, acarbose was
employed as a positive control for both a-Glu and a-Amy.

Table 2

Hypoglycaemic effect of fractions obtained from Pistacia vera L. shell extract and
pure anacardic acids (AAs) towards a-amylase (a—Amy) and a —glucosidase
(0—Glu). Results are reported as mean + SD (n = 3).

Hypoglycaemic activity

a-Amy ICso, pg/mL o-Glu ICso, pg/mL

PVS-E” 2.05 + 0.84f 41.07 + 1.30°
F1 32.36 + 2.94° 96.38 + 1.88?
F2 103.90 + 4.45° 24.73 + 3.33¢
F3 20.54 + 3.77¢ 45.29 + 1.80°
F4 3.18 £ 0.31° 5.14 + 0.62°
G e
(15:0)-AA 2.59 + 0.55 4.60 + 0.16
(7.46 + 0.49 pM)* (13.21 + 0.68 pM)*
2.38 + 0.43° 3.53 +0.31f
17:1)-AA
azn (6.36 + 1.14 pM)* (9.42 + 0.83 pM)*
Acarbose 7.68 + 0.734 88.25 + 7.81°

Different letters in the same column indicate statistically significant differences
(Tukey's test, p < 0.05).

# Data previously reported, stated in the table only for comparison purposes
[51.

" Values in brackets correspond to ICs, values expressed in pM.
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Table 3
Binding energy (AGping), molecular interactions and residues interacting with
(15:0)-AA and (17:1)-AA within the a-glucosidase (a-Glu) catalytic site.

Ligands Glide Interacting Interaction Ligand Distance
caled residues type functional @A
AGypind group
(15:0)- —4.40
AA keal/
mol
Lys155 H-bond Cc=0 1.95
(carboxyl
group)
Lys155 salt bridge OH 3.34
(carboxyl
group)
Hie239° n-7 aromatic 5.19
stacking ring
Hie239° aromatic H C=0 3.15
bond (carboxyl
group)
Phe311 aromatic H OH 3.62
bond (carboxyl
group)
17:1)- —4.35
AA kcal/
mol
Hip279" Salt bridge OH 2.81
(carboxyl
group)
Hip279" H-bond OH 2.09
(—carboxyl
group)
Hip279" aromatic H C=0 3.25
bond (carboxyl
group)
Acarbose -7.09 - - - -
keal/
mol”

@ Histidine residues are labelled according to their protonation state: HIE
(e-protonated) and HIP (doubly protonated, positively charged).

b Result previously reported by our research group, stated in the table only for
comparison purposes [1].

Fig. S4 shows the molecular surface models of a-Glu (cherry wood)
and o-Amy (faded red orange) with the natural ligands overlapping
within the binding sites and suggests a good compatibility in terms of
shape and size for the hydrophobic pocket. Binding energy ranged from
—4.62 to —4.35 kcal/mol for a-Glu and from —5.04 to —4.66 kcal/mol
for a-Amy. Although their docking scores are less favorable than that of
acarbose, this difference can be attributed to their simpler chemical
structures and the lower number of polar functional groups, which limits
the formation of hydrogen bonds compared to acarbose. Nevertheless,
the hydrophobic alkyl chain of anacardic acids contributes to stabilizing
interactions within the binding pocket, supporting their effective bind-
ing. Visual inspection of docking poses confirmed consistent accom-
modation of both ligands within the catalytic sites.

In general, the two ligands can interact by forming non-covalent
interactions through the aromatic portion of their molecular structure,
which includes a phenolic OH substituent at C-2 and an acidic group at
C-1. Further, the aliphatic chain appears to stabilize the pose due to
hydrophobic interactions. For a-Glu, (15:0)-AA interacts with key resi-
dues such as Lys155, Hie239 and Phe311through hydrogen bonds, salt
bridges, and = — © stacking interactions, resulting in a binding energy of
—4.62 kcal/mol (Table 3, Fig. 2A).

Similarly, (17:1)-AA interacts within the same binding region
(Fig. 2A), mainly involving Hip279, with a comparable binding energy
(—4.35 kcal/mol). These findings are consistent with the in vitro results
(Table 2), which showed significant inhibitory activity for both
compounds.
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Table 4
Binding energy (AGyping), molecular interactions and residues interacting with
(15:0)-AA and (17:1)-AA within the a-amylase (a-Amy) catalytic site.

Ligands Glide Interacting Interaction Ligand Distance
caled residues type functional &)
AGbpind group
(15:0)- —4.66
AA keal/
mol
Thr52 H-bond OH 2.32
(carboxyl
group)
Asn53 H-bond OH 1.95
(—carboxyl
group)
Val50 H-bond OH 2.33
(carboxyl
group)
17:1)- —5.04
AA kecal/
mol
Thr52 H-bond OH 2.35
(carboxyl
group)
Asn53 H-bond OH carboxyl 1.96
group)
Val50 H-bond OH 2.33
(carboxyl
group)
Acarbose  —6.70 - - - -
kcal/
mol”

@ Result previously reported by our research group, stated in the table only for
comparison purposes [1].

The results are also promising in the case of a-Amy, for which AG
values of —4.66 and —5.04 kcal/mol were obtained for (15:0)-AA and
(17:1)-AA, respectively (Table 4). Both ligands are well accommodated
within the hydrophobic cavity, with the alkyl chain deeply inserted and
the aromatic head oriented towards the pocket entrance. In a-Amy,
(15:0)-AA forms hydrogen bonds with Thr52, Asn53, and Val50,
involving both the carboxyl and phenolic groups.

The same coordination type with a-Amy was observed for (17:1)-AA
(teal), confirming the very similar inhibition values obtained from the in
vitro biochemical assays (Table 2). Overall, the in silico analysis sup-
ported the ability of both AAs to interact with the catalytic sites of a-Glu
and a-Amy, suggesting a potential competitive inhibition mechanism.

3.4. Kinetic of a-amylase and a-glucosidase inhibition

The inhibition mechanism of the tested AAs towards a-Amy and
a-Glu was investigated by following a previously reported spectropho-
tometric approach [1,23]. Lineweaver-Burk plots of a-Amy and «-Glu
inhibition in the presence of (15:0)-AA and (17:1)-AA are reported in
Fig. 3A-B. Graphs were obtained by plotting the reciprocal of enzyme
reaction rate (v) against the reciprocal of the substrate concentration
(CNP-a-G3 for a-Amy and NP-a-G for a-Glu). Specifically, each inhibitor
was tested at five different concentrations, yielding five straight lines
that intersected at a single point. Additionally, kinetic inhibitory con-
stants (K;) of (15:0)-AA and (17:1)-AA were estimated according to Egs.
(4)-(5) and are listed in Table 5. All the results were compared with
previously published data on acarbose, which has been identified as a
competitive inhibitor of both a-Amy and o-Glu [1,45].

According to Fig. 3A-B, both AAs act as competitive inhibitors, with
the lines intersecting the y-axis in the first quadrant [24,44], thus sup-
porting the molecular docking results. Competitive inhibitors bind to the
enzyme active site, displacing the substrate in a concentration-
dependent manner [46]. In this type of inhibition, the characteristic
Michaelis-Menten kinetic show an increase in K;,, while V4 remains
unchanged [45]. According to Fig. 3A, increasing concentrations of AAs
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did not affect the Vjq, value (0.01 pM min~!) and increased the K,
values ((15:0)-AA: from 0.88 to 2.67 pM; (17:1)-AA: from 1.13 to 3.26
pM), supporting the finding that tested compounds competitively inhibit
the a-Amy activity [45]. In addition, the secondary plots of the slope
fitted linearly against the different inhibitor concentrations, indicating
that AAs bind to a-Amy at the catalytic site [25,47].

Concerning a-Glu inhibition (Fig. 3B), K;, values of both AAs grad-
ually increased ((15:0)-AA: from 6.33 to 11.9 pM; (17:1)-AA: from 2.67
to 7.25 pM), while the Vi, value remained constant at 0.45 pM min’l,
corroborating the occurrence of a competitive inhibition mechanism
[46], confirming the in silico outcomes. Moreover, as depicted in the
insets of Fig. 3B, the secondary plots of slope versus inhibitor concen-
tration showed a linear fit, confirming that the enzyme-inhibitor com-
plex formation occurred via a competitive mechanism [24].

K; values of tested AAs (Table 5) were consistent with their experi-
mental ICsg values (Table 2), with (17:1)-AA being statistically (p <
0.05) more effective than (15:0)-AA towards both a-Amy and o-Glu.

3.5. Fluorescence quenching studies

The affinity of both (15:0)-AA and (17:1)-AA for a-Amy and a-Glu
was investigated through fluorescence quenching experiments con-
ducted at three different temperatures (25, 30, and 37 °C). Tryptophan
(Trp) and tyrosine (Tyr) are the primary amino acids responsible for the
intrinsic fluorescence of proteins [23]. When an enzyme interacts with a
ligand, changes in the local microenvironment around Trp residues can
lead to a reduction in the enzyme's intrinsic fluorescence intensity [48].
Figs. 4A-B and 5A-B present the fluorescence emission spectra of a-Glu
and a-Amy, respectively, recorded before and after the addition of the
tested AAs at an excitation wavelength of 295 nm. Both a-Glu and a-Amy
exhibited a strong fluorescence emission peak at 330 nm, attributed to
aromatic Trp and Tyr residues within their structures [1]. In compari-
son, AAs alone displayed a fluorescence peak at 410 nm under the same
experimental conditions. Notably, the addition of increasing concen-
trations of tested AAs led to a progressive decrease in the fluorescence
intensity of both the enzymes (Figs. 4-5A-B), indicating that AAs
interact with the two enzymes, altering the environment around their
Trp and Tyr residues.

Data from fluorescence measurements allowed us to elaborate the
Stern-Volmer plots shown in Fig. 6A-B. A unique quenching mode was
observed from the interaction of (15:0)-AA and (17:1)-AA with a-Amy
and a-Glu, as evidenced by the linear fitting of the Stern-Volmer plots
(Fig. 6A-B) [30]. Stern-Volmer quenching constant (Kgy) and apparent
binding constant (K,) were obtained by applying Egs. (4) and (5) and are
shown in Table 6.

In all experiments, an increase in temperature led to greater colli-
sions and a consequent rise in K, values, suggesting that both AAs
interact with each enzyme through a dynamic quenching mechanism
[1,45]. Specifically, K values of (15:0)-AA increased from 7.28 to
10.03 x 10* L/mol for a-Amy and from 11.54 to 14.50 x 10* L/mol for
a-Glu. Analogously, Ky, values of (17:1)-AA increased from 6.44 to
10.40 x 10* L/mol for a-Amy and from 12.51 to 16.55 x 10* L/mol for
o-Glu. K, values in the range of 10* indicate a strong binding affinity to
both the enzymes [25]. According to Table 6, the number of binding
sites (n) was close to 1 for both AAs, suggesting the formation of a one-
to-one complex between each enzyme and the corresponding quencher
[1,25]. Considering the resulting K, values (Table 6), AAs exhibited
similar affinity towards both enzymes, consistent with the outcomes of
the in vitro and in silico studies.

3.6. Effect of anacardic acids (AAs) on the structure and size of
a-glucosidase and a-amylase

3.6.1. FT-IR measurements
The conformational changes of a-Glu and a-Amy induced by the
interaction with AAs were also investigated using FT-IR spectroscopy.
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Fig. 2. A-B. (15:0)-AA (faded orange), (17:1)-AA (teal) and acarbose (green) into (A) a-Glu and (B) a-Amy binding sites, as well as their respective 2D interac-

tion diagrams.

The amide bands of proteins typically appear in the 1700-1600 cm !
region (C=O stretching, known as the amide I band) and 1600-1500
cm ! region (C—N stretching and N—H bending, known as the amide II
band) [49]. As the amide I band is more sensitive to variations in protein
secondary structures than the amide II band, the 1700-1600 cm ™! re-
gion was analysed in depth to highlight the conformational changes and
variations in the relative content of secondary structure elements
resulting from the interaction of AAs with the two enzymes.

As shown in Fig. 7A-F, the amide I band peaks of free a-Glu (1679,
1663, 1647, 1631, and 1616 cm™ 1) shifted to higher wavenumbers after
the addition of (15:0)-AA and (17:1)-AA, suggesting interactions with
C=O0 groups and rearrangement of the hydrogen bonding pattern [31].

The same trend was observed for free a-Amy and a-Amy-AA mixtures.

Curve-fitting analysis of the amide I region was used to determine the
relative content of each secondary structure element in a-Glu and
a-Amy, both free and in complex with AAs. The results are reported in
Table 7.

Free a-Glu contained 16.3% p-sheet (1616 crn’l), 27.5% a-helix
(1647 cm™1), 27.9% random coil (1631 ecm™1), 19.0% p-turn (1663
cm’l), and 9.3% p-antiparallel (1679 cm’l) structures. After the addi-
tion of AAs, B-sheet and random coil contents decreased, whereas
a-helix, p-turn, and p-antiparallel contents increased (Table 7).

Free a-Amy consisted of 16.3% p-sheet, 24.7% random coil, 28.8%
a-helix, 20.1% p-turn, and 10.1% p-antiparallel structures. After the
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Fig. 3. A-B. Lineweaver-Burk plots of A) a-Amy inhibition at different concentrations of substrate (CNP-a-G3) and B) a-Glu inhibition at different concentrations of
substrate (pNP-a-G) in the presence of (15:0)-AA and (17:1)-AA. The insets depict the secondary plot of slope vs inhibitor concentration. Plotted data are means + SD
(n = 3). K;, inhibition constant; CNP-a-G3, 2-chloro-4-nitrophenyl-a-maltotrioside; pNP-a-G, p-nitrophenyl-a-D-glucopyranoside.

Table 5
Kinetic data on a-amylase (a-Amy) and a-glucosidase (a-Glu) inhibition by (15:0)-AA and (17:1)-AA.
Compound o-Amy a-Glu
Inhibition type K; = + SD (pM) Inhibition type K; = + SD (M)
(15:0)-AA Competitive 6.52 + 0.71° Competitive 5.76 + 0.25"
(17:1)-AA Competitive 5.68 + 0.22¢ Competitive 5.12 + 0.38°
Acarbose* Competitive 23.56 + 0.84% Competitive 179.32 + 11.57

K; = competitive inhibition constant estimated by secondary plots of slope vs inhibitor concentrations.
Different letters in the same column indicate significant differences (Tukey's test, p < 0.05). Results are reported as mean + SD (n = 3).

" Reference standard [1].

addition of AAs, a-helix and p-sheets contents decreased, while the
random coil, p-antiparallel, and B-turn contents increased (Table 7).

3.6.2. Dynamic light scattering (DLS) experiments

The binding properties of enzyme-inhibitor systems were studied by
DLS (Fig. S5), a technique that provides qualitative information on the
size distribution of proteins and their aggregates resulting from
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protein-small molecule interactions. In the studied medium, a-Glu
exhibited an average hydrodynamic diameter of 23.94 nm and a poly-
dispersity index (PDI) of 0.17, indicating a homogeneous solution.

The interaction between a-Glu and both the AAs resulted in an
increased size distribution, reaching 63.22 nm in the presence of (17:1)-
AA and 60.57 nm in the presence of (15:0)-AA after 15 min of incubation
at 37 °C. Analogously, a-Amy exhibited a size of 113.6 nm and a PDI of
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Fig. 4. A-B. Changes in the intrinsic a-Glu fluorescence at different concentrations (0-3.70 pM) of A) (15:0)-AA and B) (17:1)-AA observed at three different

temperatures (pH 6.9, Aex = 295 nm).
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Fig. 6. A-B. Stern-Volmer plots for the quenching effects of a-Amy (A) and «-Glu (B) with (15:0)-AA and (17:1)-AA.

0.32. Interaction with (17:1)-AA and (15:0)-AA caused an increase of 3.7. Effects of anacardic acids (AAs) on advanced glycation end products

this parameter, reaching values of 163.6 nm and 150.8 nm, respectively. (AGEs) formation

The increases in particle size suggest the occurrence of binding in-

teractions between AAs and the two enzymes, leading to conformational Prolonged exposure to elevated levels of reducing sugars promotes
changes responsible for the observed size variations [50]. glycation, a non-enzymatic chemical modification of biological macro-

molecules, including proteins, DNA, and lipids [50,51]. This multistage
process begins with the formation of Schiff bases and Amadori products
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Table 6

International Journal of Biological Macromolecules 369 (2026) 152760

Stern-Volmer quenching constant (Ksy), binding constant (K,) and number of binding sites (n) for the interaction of (15:0)-AA and (17:1)-AA with a-amylase (a-Amy)

and a-glucosidase (a-Glu). Results are reported as mean + SD (n = 3).

T (°C) Ksy (x10* L/mol) R? K, (x 10° L/mol) n R?
a-Glu
25 11.54 + 0.01 0.9940 1.04 + 0.01 1.10 0.9996
(15:0)-AA 30 11.78 + 0.06 0.9942 1.19 + 0.03 1.05 0.9977
37 14.50 + 0.05 0.9980 1.44 + 0.03 1.02 0.9971
25 12.51 + 0.02 0.9976 1.05 + 0.01 1.11 0.9965
(17:1)-AA 30 12.88 + 0.04 0.9930 1.09 + 0.04 1.18 0.9957
37 16.55 + 0.02 0.9981 1.47 + 0.08 1.01 0.9994
o-Amy
25 7.28 + 0.03 0.9957 0.60 + 0.03 1.13 0.9977
(15:0)-AA 30 7.66 + 0.02 0.9982 0.74 + 0.01 1.05 0.9958
37 10.03 + 0.04 0.9928 1.22 + 0.04 1.00 0.9986
25 6.44 + 0.02 0.9948 0.57 + 0.03 1.18 0.9939
(17:1)-AA 30 8.25 + 0.01 0.9901 0.92 + 0.04 1.02 0.9995
37 10.40 + 0.04 0.9930 1.01 + 0.06 1.25 0.9913

(early-stage glycation), followed by oxidative reactions that produce
reactive carbonyl species like MGO, ultimately leading to AGEs forma-
tion (middle to advanced-stage glycation). AGEs, in turn, contribute to
oxidative stress and are closely related to T2DM progression, vascular
complications and atherosclerosis, among other disorders [22,52].

In this study, the effects of (15:0)-AA and (17:1)-AA on AGEs pro-
duction were screened for the first time using three complementary in
vitro models, namely HSA/fructose, HSA/methylglyoxal (MGO), and
Arg/MGO, to mimic different stages of protein glycation [33]. AAs were

showed the highest antiglycation activity (Fig. 8A-C), attesting to the
robustness of all the employed reaction models [33]. According to
Fig. 8A-C, both AAs showed appreciable inhibitory capacity against
total fluorescent AGEs formation.

Table 7
Secondary structure content determined by FT-IR of a-glucosidase (a-Glu) and
a-amylase (a-Amy) in the absence and presence of anacardic acids (AAs).

tested at five different concentrations to determine the ICs, values. Enzyme/AA p-Sheet  Random coil  a-Helix ~ B-Turn  p-Antiparallel
Hence, the formation of total fluorescent AGEs was monitored by fluo- «Glu
rescence spectroscopy at Aex = 340 nm; Aey = 420 nm, while the for- 1:0 16.3%  27.9% 275%  19.0% 9.3%
mation of the AGE Arg-pyrimidine was monitored at Aex = 340 nm; Aem 1:10 (15:0)-AA  12.3% 24.2% 28.1% 23.9%  12.5%
= 380 nm [33]. The results, expressed as inhibitory percentages and ICsq 110 (17:1)-AA - 134%  25.7% 28.1%  21.5%  11.3%
values (pg/mL), are reported in Fig. 8A-C.
All results were compared with those of catechin, a well-recognized a-Amy
natural inhibitor of protein glycation [33,53]. Additionally, AG, a syn- L0 16.3%  24.7% 28.8%  201%  10.1%
thetic inhibitor discontinued from clinical trials due to serious adverse 110 (50)-AA — 12.5%  25.2% 28.1% - 22.4% - 11.8%
. : 1:10 (17:1)-AA  14.4%  26.7% 28.1%  20.4%  10.4%
effects, was also tested as a positive control. As expected, this latest
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Fig. 7. A-F. The curve-fitted of FT-IR spectra (amide I region, 1700-1600 cm ™) of: A) free a-Glu, B) a-Glu-(15:0)-AA complex, C) a-Glu-(17:1)-AA complex, D) free

a-Amy, E) a-Amy-(15:0)-AA complex, F) a-Amy-(17:1)-AA complex.
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Fig. 8. A-B. Inhibitory effects of (15:0)-AA and (17:1)-AA on total fluorescent AGEs formation using (A) human serum albumin-fructose (HSA-FRU), (B) HSA-
methylglyoxal (HSA-MGO) and (C) arginine-methylglyoxal (Arg-MGO) reaction models, respectively. Results are means + SD. ICs is the concentration required
to inhibit 50% of protein glycation. Different letters indicate significant differences (p < 0.05, Tukey's test).

The HSA/FRU model evaluated the ability of AAs to inhibit the early,
sugar-driven stage of protein glycation. As shown in Fig. 8A, the
inhibitory capacity of (15:0)-AA and (17:1)-AA was not significantly
different (p > 0.05) from that of the pure compound catechin (IC5p =
75.3ug/mL), as highlighted by their ICsg values of 75.6 pg/mL and 77.2
pg/mL, respectively. Furthermore, compared with AG, AAs inhibited
AGEs formation in a concentration-dependent manner, showing inhi-
bition percentages ranging from 27.68% to 79.28% for (15:0)-AA, and
from 31.87% to 82.27% for (17:1)-AA, respectively, at 0.15 mg/mL and
2 mg/mL.

The HSA/MGO model tested the ability of AAs to trap MGO, one of
the most reactive dicarbonyl compounds, and inhibit the intermediate to
late stages of glycation. In this model, both AAs acted as effective MGO
scavengers with inhibition percentages higher than 79.57% even at the
lowest tested concentration (Fig. 8B). Moreover, the inhibitory efficacy
of (15:0)-AA (ICsp = 126.3 pg/mL) and (17:1)-AA (ICso = 144.2 pg/mL)
towards AGEs formation was significantly (p > 0.05) higher than that of

12

catechin (ICsp = 363.3 pg/mL) and almost comparable with that of AG
(ICs5p = 71.06 pg/mL). The results observed in the HSA/MGO reaction
model suggest that AAs could prevent fluorescent AGEs formation by
trapping MGO and other key reactive carbonyl species in the glycosyl-
ation process.

Lastly, the site-specific Arg/MGO model reflected direct carbon-
yl-amino acid interactions without the complexity of protein structure.
As shown in Fig. 8C, (15:0)-AA (ICsp = 243.6 pg/mL) and (17:1)-AA
(ICsp = 245.1 pg/mL) acted as significantly (p > 0.05) more efficient
inhibitors of Arg-pyrimidine formation than catechin (ICsy = 485.9 pg/
mL, 53.12%), exhibiting inhibition percentages of 60.83% and 58.61%,
respectively, at the highest tested concentration (2 mg/mL).

3.8. Antiglycation studies on human serum albumin (HSA)

3.8.1. Effects of AAs on the stability of protein structure
MGO is one of the most reactive intermediates of glucose metabolism
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Fig. 10. A-B. Fluorescence spectra of 1-anilinonaphthalene-8-sulfonate (ANS) binding to native and glycated human serum albumin (G-HSA), as well as to G-HSA
treated with (A) (15:0)-AA and (B) (17:1)-AA excited at 385 nm. Aminoguanidine (AG) was tested as a positive control.

and is known for inducing structural and conformational changes in HSA native HSA, G-HSA, and G-HSA treated with the tested AAs are pre-
[35,371, including partial unfolding and aggregation into toxic amyloid sented in Fig. 9A-B.

fibrils. In this study, fluorescence measurements were performed to Notably, MGO treatment markedly increased HSA fluorescence in-
assess the ability of AAs to inhibit MGO-induced alterations in the tensity, with an emission peak at 440 nm, consistent with the formation
conformation of the native protein. The intrinsic fluorescence spectra of of fluorogenic AGEs, which typically exhibit emission maxima around
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Fig. 11. Inhibition of glycation-induced amyloid formation in human serum albumin (HSA) and ThT fluorescence intensities (Aex = 430 nm; Aem = 485 nm) of native
and glycated HSA (G-HSA), as well as G-HSA treated with different concentrations (0.05, 0.1, 0.2, and 0.4 mM) of (15:0)-AA and (17:1)-AA. Different letters above
error bars represent significant differences (Tukey's test; p < 0.05). Results are reported as mean + SD (n = 3).
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445 nm [37]. A similar increase in intrinsic protein fluorescence has also
been reported by Qais et al. for MGO-modified HSA [35].

Treatment of G-HSA with increasing concentrations of tested AAs
resulted in a dose-dependent reduction in fluorescence intensity, as also
observed for AG, used as a positive control (Fig. 9A-B). These results
suggest that (15:0)-AA and (17:1)-AA can effectively counteract MGO-
induced structural changes in native HSA by interacting with reactive
carbonyl intermediates or by protecting vulnerable amino acid residues
from modification.

To further investigate the ability of AAs to prevent MGO-induced
alterations in HSA's conformation, we measured ANS binding to the
modified HSA (Fig. 10A-B). ANS is a fluorophore that exhibits strong
fluorescence upon binding to hydrophobic domains [54], making it a
widely used probe for monitoring changes in protein binding sites [55].
In albumin, glycation has been reported to induce partial unfolding and
conformational loosening, increasing the exposure of hydrophobic do-
mains [22].

According to Fig. 10A-B, glycated samples exhibited a higher ANS
fluorescence intensity compared with native HSA, reflecting increased
exposure of hydrophobic regions caused by glycation. This observation
is consistent with previous studies reporting enhanced ANS fluorescence
in G-HSA compared to its native form [35,56]. Treatment with
increasing concentrations of tested AAs resulted in reduced ANS binding
(Fig. 10 A-B), indicating that the protein adopted a more compact
structure. These findings suggest that AAs, similarly to AG [35], mitigate
glycation-driven exposure of hydrophobic regions and can help main-
tain the native-like structure of HSA under glycation conditions.

3.8.2. Effect of AAs on MGO-induced cross-linking and aggregation of HSA

Numerous studies have shown that glycation alters albumin's
colloidal stability, promoting its aggregation in amyloid fibrils, protein
aggregates with a needle-shape geometry [22]. In contrast to its native
helical structure, G-HSA exhibits an amyloid cross-p structure with
strong affinity for ThT, an amyloid-specific benzothiazole dye [22]. In
this study, the inhibitory effect of AAs on the formation of HSA amyloid
fibrils was investigated by measuring the ThT fluorescence emission
upon binding to native HSA, G-HSA, and G-HSA treated with different
concentrations of (15:0)-AA and (17:1)-AA. Results are presented in
Fig. 11.

G-HSA exhibited a remarkably higher fluorescence compared to
native HSA, indicating the presence of amyloid fibrils and cross-p
structures. G-HSA treatment with 0.05, 0.1, 0.2, and 0.4 mM (15:0)-AA
significantly reduced ThT fluorescence and inhibited amyloid formation
by 25.2%, 72.7%, 76.3%, and 85.4%, respectively. Similarly, treatment
with 0.05, 0.1, 0.2, and 0.4 mM (17:1)-AA significantly inhibited HSA
fibrillation by 48.3%, 73.8%, 77.3%, and 88.5%, respectively (Fig. 11).

Dicurbonyl content (mol/mol HSA)

Native HSA G-HSA

International Journal of Biological Macromolecules 369 (2026) 152760

The reduction in ThT fluorescence intensity of G-HSA suggested that
both AAs can effectively protect HSA from fibrillation and aggregation,
thereby uncovering for the first time their anti-amyloidogenic role under
glycation conditions.

3.8.3. Ability of AAs to capture dicarbonyl compounds

Reactive dicarbonyl compounds, such as MGO, are generated in large
amounts during non-enzymatic glycation and are precursors of highly
toxic AGEs [22]. In this study, the amount of dicarbonyl compounds was
estimated in both native HSA and glycated samples. The results are
shown in Fig. 12.

As expected, G-HSA showed a much higher amount of dicarbonyl
compounds (37.42 + 2.5 mol/mol HSA) compared to native HSA, which
showed a negligible dicarbonyl content (3.98 n mol/mg of protein).
Noteworthy, dicarbonyl content in G-HSA was significantly (p < 0.05)
reduced in the presence of (15:0)-AA (25.8 + 1.1 mol/mol HSA) and
(17:1)-AA (19.1 £+ 1.2 mol/mol HSA). These results demonstrate the
AAs' ability to quench dicarbonyl compounds.

3.8.4. Evaluation of HSA structural alterations by FT-IR spectroscopy

The changes in the native conformation of HSA induced by MGO
were further explored by FT-IR measurements. Fig. 13A-D reports the
curve fitting of FT-IR spectra of native HSA, G-HSA and G-HSA com-
plexes with (15:0)-AA and (17:1)-AA in the range of 4500-400 em ™!
[57]. The relative content of each secondary structure element in native
HSA and its glycated forms was calculated from curve fitting of the
amide I region, and the results are reported in Table 8. Both (15:0)-AA
and (17:1)-AA were tested at a concentration of 0.4 mM, which showed
the highest antiglycation activity (Fig. 9A-B).

In the main bands of the HSA IR spectra, the amide I peak, which is
primarily associated with the C=O stretching vibrations of the peptide
backbone, appears in the 1700-1600 cm™! region [57,58]. In native
HSA, the secondary structure was composed of 9.99% (-sheet (1615
em™1), 27.84% random coil (1630 cm™1), 29.60% a-helix (1645 cm ™),
21.73% p-turn (1662 crn’l), and 10.86% p-antiparallel (1679 cm’l).
Upon MGO-induced glycation, an increase in f-sheet (+1.48%), p-turn
(+1.18), and p-antiparallel (+1.61) structures was observed, indicating
partial unfolding and aggregation of the protein. Conversely, the pro-
portions of random coil and a-helix structures in G-HSA were signifi-
cantly reduced (—3.4% and —0.89%, respectively). Both AAs effectively
reduced these structural alterations. Treatment with (15:0)-AA (—2.63%
and —0.37%, respectively) and (17:1)-AA (—2.88% and —0.17%,
respectively) limited these decreases, preserving a more balanced
secondary-structure profile. These findings suggest that both (15:0)-AA
and (17:1)-AA can help preserve a more native-like conformation of HSA
under glycation conditions, consistent with the fluorescence results.

G-HSAHIS5:0-AA G-HSA+(17:1)-AA

Fig. 12. Ability of (15:0)-AA and (17:1)-AA to trap dicarbonyl compounds. Results are reported as mean + SD (n = 3). Different letters above error bars represent

significant difference (Tukey's test; p < 0.05).
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Fig. 13. A-D. The curve-fitting of FT-IR spectra (amide I region, 1700-1600 cm ™) of: (A) native HSA, (B) glycated HSA (G-HSA), (C) G-HSA/(15:0)-AA complex and
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Table 8

Secondary structure composition of native HSA, glycated HSA (G-HSA) and G-HSA treated with 0.4 mM (15:0)-AA and (17:1)-AA.

Conformation HSA G-HSA G-HSA + (15:0) AA G-HSA + (17:1) AA
p-Sheet 9.99% 11.47% (+1.48%) 9.98% (—0.01%) 9.47% (—0.52)
Random coil 27.84% 24.44% (—3.4%) 25.21% (—2.63) 24.96% (—2.88)
a-Helix 29.60% 28.71% (—0.89%) 29.23% (—0.37) 29.43% (—0.17)
B-Turn 21.73% 22.91% (+1.18%) 22.11% (+0.38) 21.52% (—0.21)
B-Antiparallel 10.86% 12.47% (+1.61%) 11.56% (+0.7) 11.80% (+0.94)

3.8.5. Antiglycation activity of AAs after in vitro digestion

In our previous study, in vitro simulated digestion and untargeted
metabolomic analysis were performed on the AA-rich PVS-E [41].
Despite a decrease in concentration, AAs remained stable in the
gastrointestinal environment, suggesting that they may retain their
bioactivity even after digestion [41]. In the present study, AAs were
subjected for the first time to the standardized INFOGEST digestion
protocol developed by Minekus et al. [40], and their antiglycation effect
after digestion was evaluated using the HSA/MGO glycation model, in
which undigested AAs had shown inhibition percentages higher than
79.57% even at the lowest tested concentration (Fig. 8B). The inhibitory
activity of undigested and digested AAs on AGE formation is shown in
Fig. 18A.

According to Fig. 14A, the inhibitory efficacy of AAs significantly (p
> 0.05) decreased by 1.8-fold and 1.5-fold after oral and gastric diges-
tion, respectively, and by 2.5-fold after intestinal digestion. Specifically,
the AGE inhibition rates of (15:0)-AA and (17:1)-AA increased slightly
from 53.8% and 58.4% in the oral phase to 54.4% and 60.5% in the
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gastric phase and subsequently decreased to 33.3% and 22.5% in the
intestinal phase, respectively. This decrease in the intestinal phase could
be related to the lower stability of AAs under alkaline conditions, which
was previously reported [40]. A similar trend has also been observed for
the antiglycation activity of catechins and ferulic acid, which exhibited
higher AGE inhibitory effects during the gastric phase compared with
the intestinal stage [42].

Fig. 14B shows the fluorescence intensity of digested G-HSA and G-
HSA treated with AAs. The fluorescence intensity of G-HSA significantly
(p < 0.05) increased throughout digestion, reaching its maximum during
the intestinal phase. This can be attributed to the deprotonation of lysine
amino groups at higher pH values, which increases HSA nucleophilicity
and enhances its interaction with reactive carbonyls such as MGO,
thereby promoting AGE release [59]. However, the treatment with AAs
markedly reduced G-HSA fluorescence intensity at all digestion stages,
indicating that they could effectively inhibit AGE formation during
simulated gastrointestinal digestion.

Although the INFOGEST gastrointestinal digestion protocol is a



A.E. Maccarronello et al.

A

B G-HSAIS8RAAN GHSAMITIIEAA

E A =
e
"

£
S
.

Inhibition of AGE formatien (%)

Undigesred Oral Crastric Intestinal

Control (G-HSA )} s G-HSAHIS5:0)-AAN G-HSAHIT: 1AM

AGE fluorescence intemsity
.

(ral Gasiric Inescinal
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(17:1)-AA in the oral, gastric, and intestinal digestive stages. Results are re-
ported as mean + SD (n = 4). Different letters in the same group represent
significant differences (Tukey's test; p < 0.05).

widely accepted, standardized model, it does not fully mimic the dy-
namic processes of human digestion, absorption, metabolism, and
microbiota interactions. Future cell-based permeability assays and in
vivo pharmacokinetic studies should be performed to evaluate inter-
individual variability or gut microbiota-mediated metabolic trans-
formations, thereby determining the actual intestinal absorption, sys-
temic bioavailability and effects of AAs.

4. Conclusion

In summary, this study provided the first comprehensive investiga-
tion of the inhibitory mechanisms and antiglycation properties of AAs
against key enzymes implicated in T2DM. Fraction F4, including 85.69%
of the total AAs quantified in PVS-E and characterized by a high content
of (15:0)-AA and (17:1)-AA, exhibited the most potent a-Amy and a-Glu
inhibitory activity, overcoming the reference drug acarbose. Kinetic and
molecular docking analyses demonstrated that both AAs can act as
competitive inhibitors of both the enzymes, effectively binding to their
catalytic sites through non-covalent interactions involving both the
salicylic portion and aliphatic side chain. FT-IR measurements revealed
the changes of the secondary structure of a-Glu and a-Amy upon inter-
action with tested AAs, highlighting rearrangement of the hydrogen
bonding pattern. DLS experiments corroborated the occurrence of
binding interactions between AAs and the two enzymes, resulting in
increased size distribution. Fluorescence measurements allowed for the
first time to estimate the quenching and binding constants for (15:0)-AA
and (17:1)-AA with a-Amy and o-Glu, highlighting the occurrence of
dynamic quenching.

Beyond their hypoglycaemic activity, AAs displayed remarkable in
vitro antiglycation effects, showing inhibitory efficacy comparable to or
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greater than catechin and AG. Both (15:0)-AA and (17:1)-AA efficiently
prevented the formation of fluorescent AGEs, mitigated the exposure of
HSA hydrophobic regions, and protected HSA from glycation-induced
fibrillation and aggregation, thereby preserving its structural integrity
under glycation conditions.

Using multi-spectroscopic and in silico techniques, this study pro-
vided a robust mechanistic foundation for the application of AAs as
novel multifunctional ingredients, setting the stage for future trans-
lational research. Although promising, the in vitro and in silico findings
cannot fully reproduce the complexity of physiological conditions
occurring in vivo. For instance, the effective in vitro concentrations
identified herein may not directly reflect achievable plasma or tissue
levels following an oral intake. Future studies should therefore include
in vivo investigations, pharmacokinetic analyses, and safety assessments
to better define the therapeutic potential of AAs. Furthermore, innova-
tive formulation strategies, including nano-delivery systems, may be
explored to improve the solubility and gastrointestinal bioavailability of
such lipophilic compounds. In this context, potential synergistic effects
among different AAs or in conjunction with conventional hypoglycemic
drugs such as acarbose should also be considered. All these steps will be
fundamental to fully exploit AAs as novel multifunctional ingredients for
the management of T2DM and its related complications.
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