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Hundreds of millions of people around the globe are afflicted by diabetes mellitus. The alteration in glucose fixation process might
result into hyperglycaemia and could affect the circulating plasma proteins to undergo nonenzymatic glycation reaction. If it is
unchecked, it may lead to diabetes with increase in advanced glycation end products (AGEs). Therefore, the present study was
designed to inhibit the diabetes and glycation by using natural antioxidant “ellagic acid” (EA). In this study, we explored the
antidiabetes and antiglycation potential of EA in both in vitro (EA at micromolar concentration) and in vivo systems. The EA
concentrations of 10 and 20 mgkg 'B.W./day were administered orally for 25 days to alloxan-induced diabetic rats, a week
after confirmation of stable diabetes in animals. Intriguingly, EA supplementation in diabetic rats reversed the increase in
fasting blood sugar (FBS) and hemoglobin Alc (HbAlc) level. EA also showed an inhibitory role against glycation intermediates
including dicarbonyls, as well as AGEs, investigated in a glycation mixture with in vitro and in vivo animal plasma samples.
Additionally, EA treatment resulted in inhibition of lipid peroxidation-mediated malondialdehyde (MDA) and conjugated dienes
(CD). Furthermore, EA exhibited an antioxidant property, increased the level of plasma glutathione (GSH), and also helped to
decrease histological changes evaluated by histoimmunostaining of animal kidney tissues. The results from our investigation clearly
indicates the antiglycative property of EA, suggesting EA as an adequate inhibitor of glycation and diabetes, which can be
investigated further in preclinical settings for the treatment and management of diabetes-associated complications.

1. Introduction insufficiency of insulin secretion and resistance have

increased noticeably and tremendously contribute to the
The worldwide prevalence of type 2 diabetes mellitus  global burden of disability and mortality [1]. Hyperglycae-
(T2DM) and its associated complications resulting from  mia causes damage to those cell types that are able to
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maintain sugar level, strongly determining the rate of
nonenzymatic glycation. The glycation process proceeds
through several stages and ameliorates oxidative as well as
reactive carbonyl species (RCS) stress which accommodate
advanced glycation end product (AGE) accumulation
intriguingly responsible for long-term acute ailments of dia-
betes [2]. The covalent bonding between the carbonyl group
of reducing saccharide and the side chains of amino groups
of proteins results in Schiff’s bases and more stable Amadori
products, which are named as early glycation products [3].
Furthermore, subsequent irreversible reactions leads to the
formation of highly reactive glycation intermediates known
as reactive carbonyl compounds mainly glyoxal (GO),
methylglyoxal (MG), and 3-deoxyglucosone (3-DG). These
reactive carbonyl compounds can induce more stable het-
erogeneous advanced glycation end products called AGEs.
Therefore, diabetes accelerates AGE formation and its grad-
ual build-up in circulation and body tissues [4]. This phe-
nomenon is strongly associated with renal afflictions [5],
osteoarthritis [6], and atherosclerosis [7] with diabetes.

LDL glycation was first described by Schleicher et al. [8].
The LDL particles have protein(s) on their surface that
determine their interactions with cell-membrane receptors.
The core of LDL particles contains esterified cholesterol, tri-
glyceride, and other lipids. Under abnormal LDL accumula-
tion in plasma, the extent of LDL glycation varied as a
function, both of the duration of LDL incubation and of
the concentration of reactive carbonyl in the incubation
mixture [9]. The increased glycative stress induces the
impaired uptake of glycated LDL by the LDL receptor of
the liver and the scavenger cells, increasing plasma half-life
of the LDL molecule. Glycation causes damage to LDL and
other plasma proteins that might serve as a predictor for
early detection of diabetes. Our previous study revealed that
MG-modified glycated LDL might be a potential target for
circulating autoantibodies against glycated LDL, which
increases with the increase in duration of type 2 diabetes
mellitus [10]. The autoantibodies that react with glycated
LDL generates both intra- and extravascular immune com-
plexes, which may further contribute to other immune fac-
tors involved in the destruction of f-cells of the pancreas
[11]. People with diabetes undergo in vivo glycation of
LDL apolipoprotein B (Apo B) which gave rise to the
hypothesis that lipoprotein glycation contributes to the dia-
betes and its associated complications [9, 12].

At present, many patented drugs are well known to
circumvent the growing effect of AGEs, including amino-
guanidine (AG), pyridoxamine, and other antidiabetic drugs
[5, 13, 14]. The action mechanisms of these drugs impede
the formation of RCS and AGEs, lowering of cholesterol
and triglyceride levels, when applied at higher concentra-
tions [15-17]. In the case of AG treatment, the higher con-
centration is not preferred as it reacts with vitamin B6
causing its deficiency and inducing toxicity [18]. Therefore,
the need of the hour is to screen out natural antiglycating
agents that are nontoxic with longer half-life to potentiate
inhibition of early (Amadori), intermediates (carbonyl con-
tent-dicarbonyls), and AGEs [19]. The number of aqueous
plant extracts of dietary spices, fruits, vegetables, and herbs
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has been evaluated and used as an inhibitor of AGE forma-
tion. Polyphenols are reported to have some health benefits,
which are linked to their antioxidant properties, and AGE
inhibition activity suggests that they exert their inhibitory
activity by interrupting the autoxidative pathways [20].

Ellagic acid (EA), which is a potent antioxidant and
dimeric derivative of gallic acid (GA), includes hydrophilic
moiety composed of four hydroxyl and two lactone groups
and a lipophilic planar fragment, consisting of two hydro-
carbon phenyl rings. The EA can be found as a polyphenolic
compound present in many berries and pomegranate at rel-
atively high concentrations [20]. In this study, EA was used
as an inhibitor of in vitro glycation parallel with in vivo gly-
cation inhibition in a diabetic animal model to evaluate its
potential as an antiglycating and antidiabetic compound
which might turn out as a silver lining. Furthermore,
in vivo study depicts an activity of EA which mediates a pre-
ventive role against AGE accumulation-mediated histologi-
cal changes due to immunoreactivity of AGEs-IgG in the
globular basement membrane (GBM) of the kidney in a
diabetic rat model. Therefore, the aim of this study is to
repurpose the EA compound to elucidate its antiglycative
as well as antidiabetic property by inhibiting the loss of the
biomolecular function.

2. Materials and Methods

Low-density lipoprotein (Human-LDL), paraformaldehyde,
thiobarbituric acid, ellagic acid (EA), nitro-blue tetrazolium
(NBT), dimethyl sulfoxide (DMSO), methylglyoxal (MG),
aminoguanidine (AG), Tris-citrate buffer, phosphate buffer
saline (PBS), alloxan, guanidine hydrochloride, malondial-
dehyde, and anti-CML ELISA kit were obtained from
Bioassay Technology Laboratory. Fluorescein isothiocyanate
conjugate- (FITC-) labelled IgG was obtained from Calbio-
chem (USA).

2.1. Physicochemical Characterization of Glycation. Human
low-density lipoprotein (LDL) was isolated from the blood
plasma from a normolipidemic donor [21]. In vitro LDL
glycation and its inhibition were characterized by UV-Vis
spectroscopy at 282nm wavelength described previously
[22, 23]. The effect of ellagic acid (EA) as an antiglycating
agent at varying concentrations (80, 130, and 180 uM) in
comparison with 10mM aminoguanidine (AG) were
examined in vitro. EA was dissolved in 10% DMSO with
homogenate saline. EA is almost insoluble in acidic media
and distilled water, while its water solubility is significantly
improved by basic pH.

The rate of ketoamine formation is directly proportional
to the fructosamine concentration and is measured by the
spectrophotometric technique. In the absence and presence
of EA in the glycation mixture, the degree of LDL glycation
and glycation inhibitory action of EA was observed by
detecting ketoamine moieties (NBT assay) at 525 nm wave-
length and carbonyl content detection by using 2,4-dinitro-
phenylhydrazine (DNPH) at 360 nm wavelengths [24]. The
content of ketoamine moieties and carbonyl content
(nMmL™") was estimated by using an extinction coefficient
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which is 12640M™ cm™ and 22,000M 'cm™. However,
effect of EA propensity for AGEs and intrinsic fluorescence
of glycated LDL was subjected to fluorescence spectroscopy
as described previously [22, 25, 26]. The excitation wave-
length and emission wavelength range for AGE detection
were 370nm and 400-600 nm, respectively. To detect EA
effect upon aromatic amino acid environment that gives
intrinsic fluorescence, the samples were excited at 295 nm
and the emission was observed in the range between 310
and 450 nm wavelength [27].

2.2. Agarose Gel Electrophoresis. The agarose gel electropho-
resis of LDL was done according to Noble with slight mod-
ification [28]. The barbital buffer contained barbituric acid,
0.05M, with pH8.6 maintained with sodium hydroxide.
The barbital buffer was used as a running buffer and 0.8%
agarose was dissolved in 50 mL as described previously.

2.3. Ethical Statement for Animals and In Vivo Study. To
conduct an animal study in vivo, Wistar rats (male) weigh-
ing around 200-250 g were acquired from CDRI, Lucknow,
India. After acclimatization of animals, per cage, five rats
were housed in a temperature-controlled room with 12h
light/dark cycles with accessibility to food and water ad
libitum and experimented with care to minimize the pain.
The implicated protocol of intervention for animal study
approval was given by the Institutional Animal Ethical Com-
mittee (IAEC) of Integral University, Lucknow, India, with
approval No: IU/TAEC/16/05.

2.4. Development of Diabetic Animal Model (Wistar Rats).
Alloxan which is chemically known as 5,5-dihydroxyl
pyrimidine-2,4,6-trione is an organic compound and glucose
analog which has the molecular formula C,H,N,O, and a
relative molecular mass of 142.06. Alloxan is one of the com-
mon diabetogenic agents often used to assess the antidiabetic
potential of both pure compounds and plant extracts in
studies involving diabetes [29]. After being acclimatized for
1 week, animals were randomized and divided into four
groups, and each group contained five rats (n =5). In group
I, normal control rats received 0.9% saline while groups II-IV
were fasted for 12 hours prior to intraperitoneal administration
of alloxan (65mgkg 'dissolved in 0.9% saline) to develop
diabetes in rats. The fasting blood sugar (FBS) of alloxan-
administered group II-IV rats was observed for four weeks
(one month) by using a one-touch glucometer. After one
month of alloxan-induced diabetes, rats with an increased
FBS level (>150mg dL™) were selected for treatment with EA
(groups ITI-IV) [30]. The selected rats in group II were diabetic
rats with no EA treatment while group III and IV diabetic rats
were treated with EA (10 and 20 mgkg™', respectively). The
animals in the control group received the basal diet only.

2.5. Toxicity Study and Dose Preparation of EA. To check
toxicity of EA, single oral dose administration of EA at
different concentrations (50, 100, and 150mgkg’ body
weight (b.w.), intragastrically) was given simultaneously to
the animals [31]. EA dissolved in 10% of dimethyl sulfoxide
(DMSO) homogenized with saline. Intragastric intubation
(0.3mL) of EA with an oral dose of 10 and 20 mgkg™

b.w./day for a period of 25 days was selected on the basis
of previously published reports [32, 33].

2.6. Estimation of FBS and HbAIC from EA-Treated Diabetic
Rat In Vivo. The blood was taken through cardiac puncture
and collected in heparin-coated tubes. FBS and HbAlc
values were measured in the whole blood [34]. FBS was
monitored with a one-touch glucometer. HbAlc was deter-
mined by using a commercial kit from Bio-Rad to perform
HbAlc test using the HPLC-based D-10 HbAlc program.
Plasma separation from groups I-IV was pooled, aliquoted,
and stored either at 4°C or —20°C for further biochemical
parameters to study.

2.7. Biochemical Assessment in Animal Plasma. The plasma
of control, one-month-old diabetic, and diabetic EA-
treated animals was assayed to trace early, intermediate,
and advanced glycation products. Plasma ketoamine moie-
ties (NBT-assay) and carbonyl content were estimated by
taking the absorbance at 525nm and 360 nm wavelengths
through UV-Vis spectroscopy. However, the fluorescence
spectroscopy to detect AGEs was done by the methods
described above [35]. Plasma-reduced glutathione (GSH)
level estimated by using 5,5 -dithio-bis-[2-nitrobenzoic
acid] (DTNB) was done as per the protocol described by
Sedlak and Lindsay with slight variation [36]. Investigation
of conjugated diene (CD) and malondialdehyde (MDA)
from lipid fraction of plasma was done as discussed in previ-
ous studies [22, 37].

2.8. CML Detection by ELISA. CML is a nonfluorescent AGE
precursor. CML detection was done in sera by using an anti-
CML ELISA kit (Bioassay Technology Laboratory). The
ELISA kit provides rapid detection and quantitation of
CML protein adducts. The composed in vitro glycation
and EA-antiglycation mixture was subjected to anti-CML
ELISA. In vivo CML detection from the control, diabetic,
and diabetic EA-treated serum samples was also subjected
to ELISA for detection of CML. The absorbance was mea-
sured at 450 nm.

2.9. Immunohistochemistry of Diabetic and EA-Treated Rat
Kidney Tissues. The kidney tissues of control, diabetic, and
EA-treated animals were analyzed for the detection of
AGE-IgG immune complex deposition. To witness the
anatomical changes in the kidney of all group animals, sec-
tions of kidney tissues were screened by light microscopy
using hematoxylin and eosin stain (H&E staining) [22].
The hyperglycaemic condition promotes AGE-LDL-IgG-IC
deposition in the renal organ [31]. Furthermore, the immu-
nochemical evaluation was performed to detect the presence
of AGE-LDL-IgG immune complex deposition in the kidney
of normal, diabetic, and diabetic EA-treated group of male
Wistar rats by using the fluorescence microscopy [38, 39].
All the animal-related experiments are represented in
Scheme 1.

2.10. Data Analysis. Data are expressed as mean + SD.
Significant difference between treatments was defined at a
level of P<0.05 and P <0.01. Statistical significance was



determined using GraphPad Prism 5. Analysis of variance
and Duncan’s test were used to evaluate data. Values
for *P<0.05 were considered significant and those of
**P<0.01 were considered highly significant.

3. Results and Discussions

3.1. Ellagic Acid (EA) Toxicity Test and Administration Dose
Levels. Owing to the implications of ellagic acid (EA) in dis-
tinct applications, the current in vivo study was premedi-
tated not only to evaluate the antidiabetic effects of EA but
also to assess its protective impact on AGE-induced pathol-
ogies in alloxan-induced diabetes rats. Assessment of the
toxicity of therapeutic agents in various in vitro and in vivo
systems is the prerequisite for the drug discovery program
[40]. Therefore, before moving to the therapeutic interven-
tional analysis, we assessed the toxic effects of EA when
administered with varying doses (50, 100, and 150 mgkg™
b.w.) in rats. Careful observation of the animals depicted
that all these concentrations of EA were safe as no death,
abnormal behaviour/activity, or irritations were observed
in EA-administered rats, when compared to normal control
rats. Our findings are well in agreement with another report
which demonstrated that administration of EA at much
higher doses did not show any mortality or treatment-
related clinical signs [41]. Another study concluded that
the treatment of diabetic rats with EA at 10 and 30 mgkg™
b.w. is safe and did not lead to any significant changes in
the activities of animals [42]. Conversely, EA has also
showed protective effects against drug-induced toxicity
[42]. Therefore, we selected 10 and 20mgkg™ b.w. of EA
for the assessment of protective effects of EA against
alloxan-induced diabetes in rats.

3.2. LDL Glycation Inhibition by Ellagic Acid. Our results
from UV-Vis spectroscopic analysis demonstrated that
structural perturbation of MG-glycated LDL increases
absorbance (0.9 +0.03 nm) which cause a 56% increase in
hyperchromicity as compared to the absorbance of native
LDL conformers (0.224 + 0.02 nm) as shown in the absorp-
tion spectra at 280 nm (Figure 1). This enhanced absorbance
significantly (P <0.01) decreases after incubation of MG-
LDL with EA at varying concentrations. EA in the glycation
mixture showed % inhibition of glycation which was
observed at 10% (0.84 +0.09nm), 37% (0.6+0.02nm),
and 56% (0.42 + 0.04 nm) at the concentrations of 80, 130,
and 180 uM of EA-treated glycated LDL (Table 1). However,
glycated samples treated with standard AG (10 mM) exhibit
less inhibitory action against glycation as compared to EA
(Figure 1). These ameliorative effects might have been
accompanied by the interference of the aforesaid com-
pounds with the initial attachment of MG to the amino
groups of proteins, therefore blocking the formation of
MG-LDL. There is growing evidence that production of
ROS increased in diabetes patients, and the oxidative stress
is associated with hyperglycaemia and diabetic complica-
tions [40, 43]. The ketoamine adduct formation, a marker
of early glycation, could be inhibited by EA indicating that
EA could exert their effect at the early stage of glycation.
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However, some EA derivatives are superior inhibitors to pre-
vent glycation at the early, intermediate, and late stages to
inhibit AGE formation [44-47]. Therefore, our in vitro
LDL glycation and its treatment with EA results exhibited
that susceptibility of LDL to glycation decreases significantly
at concentrations of 180 uM EA.

3.3. In Vitro and In Vivo Treatment of EA Decreases
Ketoamines. In vitro glycated LDL showed an 86% increase
in the Schiff base product fructosamine (1-amino-1-deoxy
fructose), which is a stable ketoamine (15.31 + 1.31 nM mg™")
as compared with native LDL (2.1+0.23nM mg™'). The
glycation reaction with 80 and 130uM EA showed the
inhibitory role of glycation by the decreasing rate of fructosa-
mine content (14.3+0.4nMmg™' and 11.4 +0.3nMmg™')
which is 11.36% and 34.41%, respectively (with no signifi-
cant difference). However, ketoamine moiety decrease
(72+0.5nMmg™!) in 180uM EA-treated antiglycation
mixture is 52%, showing strong inhibition of early glycation
products that have low ketoamine content (significant differ-
ence with 10 mM AG) (Figure 2 and Table 1). However, in vivo
animal model group II diabetic rats showed 61% increase in
ketoamine-LDL adducts (29.3 + 1.6nMmL™) of plasma as
compared with group I healthy control rat plasma ketoamine
(8.34 + 1.1 nM mL™"). The diabetic rats with 10 mg EA (group
III) dose showed the inhibitory effect that showed a decrease
in plasma ketoamine (22.1+2.1nMmL™) by 24% with
20mg EA (group IV) by 44% (with significant difference)
decrease in plasma ketoamine content (16+0.3nM mL™!)
(Figure 3). Ellagitannins (ETs), EA, and its metabolites exhib-
ited similar great potential for the treatment of oxidative
stress-mediated human diseases. AGE inhibitors prevented
the formation of AGEs at the late stage of glycation, but a
few of them exerted their effects at its early stage [48]. There-
fore, the NBT assay results suggested that the decrease in early
glycation product ketoamines by EA may be due to inhibition
of LDL glycation with MG.

3.4. Protein-Carbonyl Content Trapping by EA. The elevated
protein-carbonyls in glycated LDL (27.3+0.3nMmg™')
sample were recorded as 78% high as compared to that in
the native LDL sample (4.24 + 0.5nM mg™!). In our in vitro
antiglycation experiments, little inhibitory effect of EA was
observed at 80 uM (19.1 +0.2nM mg') which is 17.84% as
compared to 10 mM AG (with no significant difference). How-
ever, 130uM EA (13.2+0.4nMmg') and 180uM EA
(10+1nMmg™!) concentrations showed 43.43% and 62%
inhibition, respectively, of carbonyl content as compared to
AG (with significant difference) (Figure 4 and Table 1). Fur-
thermore, at the carbonyl content estimation in vivo, group II
diabetic animal plasma carbonyl increases, recorded as a 72%
significant increase in carbonyl content (24 +2.1nM mL™)
as compared to the carbonyl content of normal control group
I animal plasma (5.4 +1.2nMmL™). The carbonyl content
scavenging event in EA-treated group III (16 + 0.80 nM mL™")
and group IV animal (10.4 + 1.1 nM mL™") plasma exhibited
33% and 56% low level of carbonyl content as compared to dia-
betic control group II, respectively. Several phenolic compounds
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TaBLE 1: Characterization of ellagic acid- (EA-) treated MG glycated LDL in vitro.

MG-LDL+80uM MG-LDL+130uM MG-LDL+180uM Maximum % inhibition

Characterization Native LDL MG-LDL FA EA FA by EA (180 M)
UV-absorbance 0.224 +0.02 0.9 +0.03 0.84 +0.09 0.6 +0.02* 0.42 +0.04** 56%
(280 nm)
Fluorescent AGEs 213042  268+11 243 + 07 132+9* 96+ 10** 70%
Ketoamines nMmg™'  2.1+0.23 153%1.3 14.3+0.4 11.4+0.3 7.2+ 0.5" 520
Carbonyl content - *

424405 273+0.3 19.140.2 13.2+0.4 10+1 9
(CC) nM mg_1 62%
?:%“)Sic fluorescence 19, 4 16 108116 118+7 13249 144 + 6° 40%

Data shown in table represents average of three experiments. The values represent the mean + SD. The *P < 0.05 and **P < 0.01 values differ significantly with
MG-LDL.
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FiGure 2: Effect of EA on MG-LDL induced ketoamines in vitro. Each value is mean + SD for three determinations. The *P < 0.05 values
differ significantly with MG-LDL- and AG treated samples.
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FiGurek 3: Effect of oral administration of 10 (O) and 20 (®) mg of EA (groups III and IV) causes % change in ketoamine, carbonyl content
(CC), conjugated dienes (CD), TBARS, GSH, and AGE levels in alloxan induced diabetic Wistar rats in vivo. The *P < 0.05 values differ
significantly with diabetic rat plasma components estimated in the figure for diabetic EA-treated rat model.
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and phenol polymers showed significant inhibitory effects on
the formation of AGEs. Their antiglycation activities were not
only brought about by their antioxidant activities but also
related to their trapping abilities of RCS such as dicarbonyls,
an intermediate reactive carbonyl of AGE formation [49, 50].
These results advocate that EA could inhibit LDL glycation by
restricting the attack of dicarbonyls. EA could inhibit the
a-dicarbonyl compounds in a concentration-dependent man-
ner [51]. According to Muthenna et al, glycation-mediated
damage to protein was also prevented by EA as there was a
50-90% reduction in the formation of protein-carbonyls upon
glycation in the presence of a 100-150 M concentration [51].

3.5. Intrinsic Fluorescence Spectra In Vitro. To confirm the
antiglycative role of EA, intrinsic fluorescence of native,
glycated MG-LDL and EA and AG treated MG-LDL sample
was measured. Glycation of LDL by MG results in intrinsic
fluorescence quenching, due to glycation mediated structural
changes and perturbation in protein aromatic amino acid
microenvironment [22]. All the samples were excited at
295nm, which is specific for tryptophan residues and
showed strong fall of emission peak of glycated LDL
(108 + 16) as compared to native LDL peak (191 +16) at
346 nm (Figure 5). Therefore, AGE-LDL exhibit loss of fluo-
rescence intensity (54%) compared to native LDL (Table 1).
However, the protective role of 80, 130, and 180 uM of EA
with significant increase in fluorescence intensity (118 +7,
13249, and 144 +6) is 19%, 31%, and 40%, respectively.
However, AG also showed increase in intrinsic fluorescence
by 24% in glycated LDL sample (Figure 5). Tyrosine (Tyr)
modification and lipid peroxidation appear to disturb
hydrophobic stacking of aromatic amino acids in the LDL
core protein and LDL phospholipids belt [52]. Therefore,
EA was fortifying against these structural changes which
was evident from the increase in intrinsic fluorescence inten-
sity of glycated LDL treated with higher EA concentrations

(130 and 180 uM) which is significantly much greater than
AG-treated glycated LDL.

3.6. Antiglycation-Inhibition of AGE Formation. Fluores-
cence spectrometry was done to detect the presence of AGEs
in glycation and antiglycation mixture. EA-treated glycated
LDL mixture exhibits decrease in fluorescence intensity as
compared to the glycated LDL (AGE-LDL) sample which
is recorded to be 13.5, 54.4, and 70% (Table 1). However, a
well-known AGE inhibitor AG (10 mM) showed nonsignifi-
cant decrease in AGE-LDL when compared with the gly-
cated LDL sample (Figure 6). Increase in fluorescence
intensity was observed in diabetic control group II rats when
compared to its healthy control group I. The decrease in
AGE-specific intensity is 40% and 62% in EA groups III
and IV, respectively, which suggested that the antiglycation
event of EA could inhibit the formation of AGEs (Figure 3
and Table 2). MG and GO are well-known precursors of
AGEs, and trapping reactive carbonyl content may reduce
the formation of AGEs [53]. Serum levels of AGEs increased
and are correlated with type II diabetes mellitus and coro-
nary heart disease [54].

Previous studies on bioactive compound role in antigly-
cation suggests these agents play a role in delaying the AGE
formation through the prevention of oxidation of glucose
and Amadori product [55]. The investigations in relation
with AGEs inhibitors would offer a potential therapeutic
approach for the prevention of diabetic or other pathogenic
complications. Several inhibitors can suppress AGE
formation by scavenging certain precursors such as 1,2-
dicarbonyls. An evaluation of direct MG-trapping capacity
suggested, seed extracts could directly scavenge carbonyl
compounds [56, 57]. Both synthetic compounds and natural
products have been evaluated as inhibitors against the
formation of AGEs. So far, phenolic antioxidants such as
EA, have been found to be the most promising agents, and
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TaBLE 2: Glycation inhibition from EA treatment characterized by biochemical estimations in alloxan-induced diabetic rats in vivo.

Groups Ketoamines (nMmL') CC (aMmL"') TBARS (aMmL') CD mMmL"')  AGEs (A.U.)
Group I control 834+1.1 5.45+1.2 0.3+0.03 10+0.16 1042
Group II diabetic control 29.3+1.6 24+2.1 1.8+0.06 17.7+1.2 116 + 10
Group TIT diabetic + 10 mg EA 22.1+2.1 16+0.8 1.22+0.2 15+ 1.40" 69+ 8"
Group IV diabetic + 20 mg EA 16 +0.3" 104+1.1% 0.66 +0.03" 13.36 £ 0.2* 43 £ 5"
% inhibition by 10 mg EA 24% 33% 32% 30% 40%

% inhibition by 20 mg EA 44% 56% 59% 61% 62%

Each value is mean + SD. Five rats per cage in each group. The *P < 0.05 and **P < 0.01 values differ significantly with the diabetic group II.
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FIGURE 7: Agarose gel electrophoresis of plasma LDL (lane A), native LDL (lane B), and MG-LDL (lane C) while lanes D, E, and F show a
banding pattern of MG-LDL with 80, 130, and 180 uM EA-treated samples. The banding pattern shows significant electrophoretic mobility

change from lanes E to F as compared to MG-LDL (lane C).

their activities against AGE formation to correlate highly
with their reactive carbonyl inhibition as well as those which
possess AGEs inhibition capacities [51, 56].

3.7. EA-Treated Glycated LDL Eletrophoretic Mobility. The
LDL molecules were stained with Sudan black for the visual-
ization of LDL molecule electrophoretic mobility in the gel.
The agarose gel electrophoresis pattern of MG-glycated
LDL suggested that that glycation can change the electro-
phoretic mobility and anodic migration of LDL when com-
pared to the native LDL molecule (Figure 7) [22]. Glycated
LDL migrated apparently faster than did plasma LDL and
native LDL toward the positively charged anode. The faster
migration might be due to glycation-induced damage in
the structure of LDL molecules which make it shorter and
lighter. However, glycated LDL treated with 80 uM EA did
not show any significant change in the migration of LDL
as compared with glycated LDL. The decrease in electropho-
retic mobility change was observed in 130 and 180 uM EA-
treated glycated LDL as compared with the glycated LDL
sample, which points towards the chances of less structure
modification and alteration of LDL molecule in the presence
of EA (Figure 7).

3.8. FBS and HbAlc in EA-Treated Diabetic Animals.
Alloxan dose injection (65 mg/kg b. wt.) to healthy Wistar
rats was found to enhance extremely elevated hyperglycae-
mia followed by slight reduction in their body weight. Fur-
thermore, the statistical significant increase in FBS
(271 £23mgdL™") and HbAlc (6.77 £0.12%) of diabetic
group II-IV rats as compared to the FBS (77 + 9mgdL™)
and HbAlc (4.7£0.2%) of group I healthy control rats.
However, the alloxan-induced diabetic groups III-IV treated
with a dose of EA (10 and 20 mg/kg b.wt.) showed signifi-
cant reduction in FBS of groups IIT and IV (181 +11 and
136+ 09mgdL™!) and HbAlc of groups III and IV
(5.7+£0.1% and 5.2+ 0.16%) after 25 days of treatment as

TaBLE 3: Effect of EA on FBS and HbAlc in diabetic rat model
in vivo.

Groups FBS (mg dL™h HbA1lc (%)
Group I control 77+9 4.7+0.2
Group II diabetic control 271423 6.77 £0.12
Group III diabetic + 10 mg EA 181+ 11 5.7+0.1
Group IV diabetic + 20 mg EA 136 + 09" 5.2+0.16"
% inhibition by 10 mg EA 28% 21%

% inhibition by 20 mg EA 37% 47%

Each value is the mean + SD for five rats in each group. The *P < 0.05 values
differ significantly with the diabetic group.

compared to the diabetic rat group II (Table 3). Inhibition
of catalytic activities of both a-glucosidase and a-amylase
could delay and prolong digestion of overall carbohydrates,
leading to the retardation of glucose adsorption and conse-
quently blunting in blood sugar level [58-60]. EA prevents
the interaction of the N-terminal amino acid valine of the
B-chain of human hemoglobin with sugar carbonyls to form
an initial Amadori product, thereby inhibiting the following
formation of vigorous HbAlc [21, 34]. Our findings suggest
and reveal the inhibition of nonenzymatic glycation as
evidenced by decrease in the HbAlc level of EA-treated
diabetic animals.

3.9. GSH, CD, and TBARS Estimation: The Preventive Role of
Ellagic Acid. There is an observable percent change in
reduced GSH level in plasma diabetic EA-treated rats.
Therefore, diabetic group II rat plasma GSH level
was21.43 + 6.8nmmL™" which was a significant decrease
compared to group I normal control rat plasma GSH level of
46.1 + 5.1 nm mL™'. Furthermore, group III (10mg EA) and
IV (20mg EA) rats with exposure to EA caused a significant
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increase in the reduced GSH level. Therefore, EA dosing in dia-
betic rats significantly increase by 32.23 + 3.10nM mL™! and
37.11+4.10nMmL™" the plasma GSH content (Table 2).
The preventive role of EA results increase (42 and 66%) in
the GSH content as compared to diabetic group II (Figure 3).
GSH is involved in direct scavenging of free radicals by virtue
of its thiol group.

To estimate lipid peroxidation level, trace amounts of
CD were also detected from the lipid content of all four
groups. CD content of group II rats was significantly higher
(17.7+1.2nMmL™") than that of control group I
(10.42 +0.16 nM mL™"). However, the level of CD in groups
II and IV was increased significantly. Compared with dia-
betic control group II rats (17.7 + 1.2nM mL™), group III
which was treated with EA, ie., 10 mg EA-treated animal
plasma CD level, was decreased (32%) moderately (15.1+
1.40 nM mL™) while significant decrease (59%) in concen-
tration of CD (13.36 + 0.51 nM mL™") was found in group
IV with 20mg EA-treated diabetic rat plasma (Figure 3
and Table 2). The generation of MG-induced hydroxyl rad-
icals was measured as MDA by thiobarbituric acid-reactive
substance (TBARS). Diabetic rat group II plasma level of
TBARS (1.8 £0.06 nM mL™!) was much higher than group
I normal control rats (0.3 +0.03nM mL™"). The significant
percent decrease of TBARS in plasma of EA-treated group
I (10mg) (1.22+0.2nMmL™") and group IV (20 mg)
(0.66 £ 0.4nM mL™") (Figure 3 and Table 2). The Emblica
officinalis and its active constituent, EA, exert antidiabetic
activity significantly increasing plasma total GSH and
decreasing TBARS in diabetic rats [60]. Therefore, our

results also suggested that EA might be involved in enhanc-
ing the activity or expression of glutathione peroxidase
(GPx) which helps to increase the level of reduced GSH
and decrease TBARS in EA-treated diabetic rats. Previously,
it was suggested by one study that investigated the antioxi-
dant effect of EA that it counteracted the effect in diabetic
animal model and also exhibited a significant increase in
the antioxidants such as the enzyme GPX level [21].

3.10. Reduction in AGE-CML. In vitro EA-treated MG-LDL
level of CML was significantly decreased in 130 and
180 uM EA-treated samples which were 0.211+0.023 and
0.145+0.035ngmL™!, respectively, as compared to MG-
LDL (0.249 + 0.039 ngmL™"). Native LDL sample CML level
was 0.039 +0.015ngmL™" (Figure 8(a)). The glycation of
LDL can cause accumulation of carbonyl content (MG,
GO, and 3-DG) which can further react to proteins, and
the end results of chronic glycation can ultimately cause for-
mation of heterogeneous AGEs and their precursors such as
CML. However, in diabetic and EA-treated animal model,
CML detection was done in separated animal sera from
groups I-IV. The levels of CML significantly decreased in the
EA-treated diabetic animals of group III and group IV were
0.283 +0.043 and 0.142 + 0.031 ng mL"! sera as compared to
the diabetic animal group II (0.344 + 0.043 ngmL™"). Group
I CML level was 0.099 + 0.025 ng mL ™! sera (Figure 8(b)). Gly-
cation of protein with reactive carbonyls (MG, GO, and 3-DG)
leads to formation of intermediate reactive carbonyls (MG,
GO, and 3-DG) and AGEs. These reactive carbonyls can fur-
ther glycate the proteins with the same intensity and induce
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FiGuRrk 9: Histopathology study of diabetic and EA-treated rats. (a) Normal control rats showing kidney with normal histological structures
and (b) diabetic control showed narrowing of glomeruli, and GBM thickening damaged histological structures, while EA-treated diabetic
rats (c) observed vascular congestion, glycogen deposition, narrowing in the bowman space, and reduced thickening of GBM as

compared to the diabetic group II rats.

carbonyl stress and AGEs. Our results of CML inhibition by EA
are correlated with the study in which EA inhibited the accu-
mulation of CML in the diabetic kidney [61]. The antiglycation
studies of EA suggested that EA could protect the proteins to
some extent against the formation of AGEs induced by glyca-
tion as evident by the progressive decrease in AGEs with
increasing EA concentration [51, 62].

3.11. AGE-IgG Immune-Complex (IC) Detection. The glyca-
tion of LDL increases LDL-AGEs with antigenic epitopes
to induce autoantibody production that will lead to the accu-
mulation AGE-IgG immune complexes [10, 39]. The accel-
erated AGE-IgG-IC accumulation creates oxidative stress
in the kidney of diabetic rat which may induce kidney lesion
[22, 39, 63, 64]. The characteristic changes were observed in
the glomerulus such as thickening of mesangial cells and
glomerular basement membrane (GBM) of kidney tissue in
diabetic group II rats (Figure 9(b)). Interestingly, 20 mg
EA-treated group IV rat kidney revealed partial glomerular
damage and less morphological changes (Figure 9(c)) as
the control group I rat kidney section (Figure 9(a)). Further-

more, immunochemistry study results revealed a strong
staining for immunoreactivity-mediated deposition of
AGE-IgG immune complex (IC) in the renal tubules and
the glomeruli of group II diabetic rat kidney section
(Figure 10(b)). The immunochemistry of group IV with
20mg EA-treated rat kidney tissue exhibits weak fluores-
cence intensity, which concluded less number of AGE-IgG-
IC deposition in GBM. Our results suggested that EA can
improves renal structure and function (Figure 10(c)) com-
paratively similar as the group I control (Figure 10(a)).
However, the GBM thickening of kidney in experimental
models imply not only deposited but also soluble immune
complexes which can also damage glomeruli of the kidney
[65, 66]. Therefore, the immunofluorescence experiment
reveals a preventive role of EA against glomerular damage
mediated by the structural irregularities in the kidneys under
diabetic condition providing supportive evidence of the
nephroprotective activity of EA. These observations from our
study suggest a clinical use of bioactive natural compounds
for the prevention of metabolic dysfunction by improving the
free radical defense system and its antiglycative effect.



100 pum

100 um

BioMed Research International

100 pum

FiGure 10: Immunochemical study reveals AGE-IgG deposition in diabetic and EA-treated animal kidney tissues. (a) Normal control rat
showing no immunoreactivity. (b) Diabetic control rat kidney tissue shows intense staining and immunoreactivity (AGE-IgG) in the
glomerulus. (c) EA-treated diabetic rat kidney showed less intense staining and immunoreactivity of glomerulus same as the normal

control group L

4. Conclusion

The dietary intervention and the use of functional foods have
been shown to have an important role in the management of
diabetes and its complications. However, many studies on
functional foods are centered on antioxidant, hypoglycaemic,
and anti-inflammatory effects but not focused on the antigly-
cating activity. The results of the present study are to provide a
scope for controlling diabetic pathological conditions through
food sources that are rich in EA.

In this study, we evaluate the low concentration of EA as
an antiglycating compound to scavenge and inhibit glycating
agents such as MG and glycation products in the glycation
model in vitro as well as in vivo animal model. Therefore,
the phenolic EA have been found to be the most promising
agents for antiglycation process which correlate with their
antioxidant potential which decreases the plasma GSH,
MDA, and CD concentration in diabetic animals. Accumu-
lated ROS is responsible for oxidation of polyunsaturated
fatty acids that result in MDA formation. The formation of
MDA is used as an indirect biomarker of oxidative stress
in tissues. Our results suggested that ellagic acid may exert

its protective effect against alloxan-induced diabetes by
decreasing lipid peroxidation and by inhibition of early,
intermediate products and AGE formation from glycation.
The accumulation of glycated LDL-AGEs may cause auto-
immune response and that may lead to accumulation of
LDL-AGE-specific IgG. Furthermore, these AGE-IgG-
immune complexes may be deposited in the renal tissues.
The antiglycative potential of EA helps in inhibition of
AGE-LDL immune complex deposition in GBM of rat kid-
ney investigated by histopathological and immunostaining
methods correlated with the decrease rate of progression of
diabetes. In conclusion, fruits like berries and pomegranate
and other vegetables might be a source of EA and a potential
natural resource of novel dietary phytonutrients. The effect
of pure supplement of EA provides scavenging and inhibi-
tory activities against dicarbonyl compounds, MDA, and
AGE inhibition activity, which could be helpful in inhibition
of glycation and diabetes treatment. Based on these
beneficial effects of EA in alloxan-induced diabetic rats, we
concluded that EA can be used in preventive or complemen-
tary medicine for the treatment and management of diabetes
and its associated complications.
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