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Abstract

Advanced glycation end products (AGEs) are implicated in several central nervous system (CNS) pathologies including
Alzheimer and Parkinson’s diseases. In the face-off of AGE menace, we have attempted to investigate the zinc oxide nanoparticle
(ZnONP) role in inhibition of AGE formation. Synthesized ZnONPs were used to investigate the inhibitory effects on AGE
formation. The inhibitory effects of ZnONPs on AGE formation were determined by biophysical immunological and biochem-
ical techniques. The results showed that ZnONP is a potential anti-glycating agent inhibiting AGE formation as well as protecting
the protein structure from change. Therefore, our findings suggest ZnONPs may be used as a therapeutic in resolving the AGE

role in CNS-related complications.
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Introduction

The non-enzymatic glycation named Maillard reaction is an
unavoidable phenomenon even under physiological condition
resulting in advanced glycation end products (AGEs). It is
now well established that long-term exposure of macromole-
cules during metabolic dysfunction and/or other diseased con-
ditions (specifically neurodegenerative events) drastically in-
creases non-enzymatic glycation reaction and eventually leads
to AGE accumulation [1-4]. Increasing evidence suggests that
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excessive formation of oxidative stress and accumulation of
AGEs in the body result in oxidative and carbonyl stress, in-
flammation, and structural and functional changes of tissue
proteins, as a consequence of Alzheimer’s disease (AD) and
Parkinson’s disease (PD) [1, 5].

Previously, it was considered that only reducing sugars were
involved in glycation reaction, i.e., AGE formation, but later,
several other non-sugar compounds were also reported to be
indulged in glycation reactions [6, 7]. «-Dicarbonyl species
(methylglyoxal (MG), glyoxal (G), and 3-deoxyglucosone

Institute of Science, Banaras Hindu University, Varanasi, India
Faculty of Medicine, Jazan University, Jazan, Saudi Arabia
Department of Biosciences, Integral University, Lucknow, India

Facultad de Ciencias de la Salud, Universidad San Sebastian, Lientur
1457, 4030000 Concepcion, Chile

Departamento de Nutricion y Bioquimica, Facultad de Ciencias,
Pontificia Universidad Javeriana, Bogota D.C., Colombia

8 King Fahd Medical Research Center, King Abdulaziz University,
Jeddah, Saudi Arabia


http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-018-0935-x&domain=pdf
http://orcid.org/0000-0002-6644-1971
mailto:ashraf.gm@gmail.com
mailto:ashraf.gm@gmail.com
mailto:maansari@iau.edu.sa
mailto:ashraf.gm@gmail.com

Mol Neurobiol (2018) 55:7438-7452

7439

(3-DG)) endogenously originate from several pathways in-
cluding Maillard reaction, auto-oxidation of sugars, amino acid
metabolism, and lipid peroxidation [8]. These compounds are
highly reactive (20,000-fold as reactive as glucose) that
promptly glycate biomolecules resulting in rapid formation of
AGE even at extremely low concentration [9]. Moreover, a
direct link between free radicals generation and MG toxicity
is well known and commonly reported in neurodegenerative
diseases [10—12]. For example, elevated MG in AD are con-
sidered as one of the key factors in the glycation of biomole-
cules [13]. The long-lived proteins are highly susceptible to
glycation [14]. The human immunoglobulin G (IgG) is the
most abundant and extensively distributed (about 75-80%)
body’s total antibody content [15]. Long biological half-life
(2024 days) as well as lysine-rich content makes it a potential
target for glycation. Several studies have demonstrated the ex-
tent of glycation of IgG and its influence on the biological
functionality, after all affecting its overall immunocompetence
[16, 17].

Hence, developing pharmacological agents that suppress
the notorious AGE formation may be one of the optimistic
therapeutic advances for aversion of age-related diseases
[18]. In this respect, several compounds, including
aminoguanidine, aspirin, and steroidal molecules have been
discerned with promising results in reduction of AGEs in neu-
rological diseases [19-22]. Currently, phytochemical com-
pounds (phenols, flavonoids) from dietary plants [23, 24]
and herbal medicines [25, 26] have been introduced as AGE
inhibitors. Although many of these compounds carry promis-
ing anti-glycating property, their utilization was severely lim-
ited due to accompanying adverse effects. For example,
aminoguanidine was reported as a powerful AGE inhibitor
but later it was withdrawn due to adverse effect reported in
phase III clinical trials [27, 28]. Therefore, it is evident that
there is desperate call for exploration of novel, potent, and safe
anti-glycation agents.

Nanotechnology may provide new and powerful tools for
eradicating this menacing problem, due to owing the unique
properties of nanomaterials, such as nanosize, good biocom-
patibility, and versatile conjugation with biomolecules [29].
More significantly, nanoparticles can unprecedentedly interact
with biomolecules on both the surface and inside cells due to
their small size (about 100 to 10,000 times smaller than human
cells). Up to now, only a few studies about the inhibitory effect
of nanoparticles on protein glycation have been performed. It
has been reported that several nanoparticles such as gold, sil-
ver, and selenium nanoparticles have capability of attenuating
the non-enzymatic glycation of proteins as well as acted as
antioxidant [30, 31]. It is known that oxidative stress is one
of the factors responsible for causing certain diseases, e.g., in
initiation and progression of neurodegenerative diseases [23,
24, 32-35]. Zinc (Zn) is an essential micronutrient and an
efficient antioxidant, which has been suggested to have

therapeutic potential [36-39]. Moreover, recent study has dem-
onstrated that Zn(Il) exhibited the capability of inhibition of
AGE formation [36].

On the basis of available reports about the hazardous role
of AGEs in initiation/progression of diseases, we attempted to
investigate the role of ZnO nanoparticles (ZnONPs) in atten-
uating glycation reactions, i.e., AGE formation. In the present
study, anti-glycating activity of ZnONPs was verified in MG
and human IgG glycation reaction system by employing sev-
eral physico-chemical techniques. In view of that, these results
may offer an important theoretical source for the potential
application of ZnONPs as a novel anti-glycation agent.

Materials and Methods
Preparation of the Leaf Extract

ZnONPs were synthesized using aqueous leaf extract of Aloe
vera plants according to the protocol we have previously re-
ported [6]. Briefly, about 10 g of finely incised leaves was
boiled at 80 °C in a 250-ml beakers containing 100 ml distilled
water for about 20 min. After cooling, the extracts were cen-
trifuged at 12,000 rpm for 15 min and the supernatants were
filtered using a 0.45-pum PTFE filter and were stored at 4 °C
for the green synthesis of ZnONPs.

ZnONPs Synthesis

To synthesize the ZnONPs, an aqueous solution of zinc ace-
tate (1 mM) was used as the precursor. Twenty milliliters of an
Aloe vera extract was added to 80 ml of 1 mM zinc acetate
solution. The reaction mixture was constantly stirred at 60—
70 °C for 3 h and then centrifuged at 4500 rpm for 15 min. The
creamy colored pellet was collected and washed several times
by centrifugation and then dried at 90 °C in an oven for 24 h.
The dried ZnONPs were stored in an airtight container and
stored for future use.

UV-Vis Spectra Analysis

The formation of ZnONPs was confirmed by spectrophoto-
metric analysis. A preliminary characterization of the green
synthesized ZnONPs was carried out using UV—visible spec-
troscopy (Varian Inc., USA) in the range of 200 to 600 nm.

X-ray Diffraction Analysis

The crystal size and phase of the green synthesized ZnONPs
were analyzed using X-ray diffraction (XRD) as described
previously [37]. The XRD pattern of ZnONPs was recorded
by Bruker D8 diffractometer using CuK,, radiation (A=
1.54056 A) in the range of 20° < 26 < 80° at 40 keV. The
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particle size (D) of the sample was calculated using the
Scherrer’s relationship:

o 09 W

" BcosH

where ) is the wavelength of X-ray, B is the broadening of the
diffraction line measured half of its maximum intensity in
radians, and @ is the Bragg’s diffraction angle [37].

High-Resolution Transmission Electron Microscopy
and EDX Analysis of ZnONPs

The morphology and size of the nanoparticles were observed
using high-resolution transmission electron microscopy (HR-
TEM; Technai G2, FEI, Electron Optics, USA) as described in
our previous study [6]. The TEM measurements were per-
formed at an accelerating voltage of 200 kV. The elemental
analysis was examined using energy dispersive X-ray spec-
troscopy (EDX; JED-2300 Japan).

Glycation Reaction System

The glycation reaction system includes IgG, MG as a
glycating agent, and ZnONPs as an AGE inhibitor as de-
scribed earlier [7]. Briefly, mixture of IgG (1.5 uM) and MG
(50 uM) was prepared with or without various concentrations
of ZnONPs (25, 50, and 100 pg/ml) in 0.05 M phosphate
buffered saline (PBS, pH 7.4), and then incubated at 37 °C
for 6 days. Native IgG (without MG and ZnONPs) was used
as a control. After 6 days, the unbound MG and ZnONPs were
removed from solutions by dialyzing against sodium phos-
phate buffer at 4 °C for 48 h.

Determination of Free Amino Groups
by Fluorescamine

Mixture of IgG (1.5 uM) and MG (50 uM) was prepared with
or without various concentrations of ZnONPs (25, 50, and
100 pg/ml) in 0.05 M phosphate buffered saline (PBS,
pH 7.4), and then incubated at 37 °C for 6 days. Screening
of lysine side chain modifications was performed using
fluorescamine as explained before, with minor amendment
[38]. Amino groups form high fluorescent reaction products
in this process. First, MG-glycated IgG with or without
ZnONPs solution (5 pl; approx. 1 mg/ml), 100 ul of
100 mM Na2HPO4, 45 ul distilled water, and 50 p 1
fluorescamine reagent (1 mM fluorescamine in acetonitrile)
were mixed and incubated for 10 min in the dark in a 96-
well plate. The fluorescence of the sample was then measured
at excitation/emission wavelengths of 390/490 nm in a
FLUORO-STAR plate reader (BMG, Germany). N-c-acetyl-
lysine from 0 to 1.5 mM was used to determine the linearity of
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fluorescence within the expected lysine content of the protein
solution.

Determination of Free Arginine Side Chains
by 9,10-Phenanthrenequinone

Mixture of IgG (1.5 uM) and MG (50 uM) was prepared with
or without various concentrations of ZnONPs (25, 50, and
100 pg/ml) in 0.05 M phosphate buffered saline (PBS,
pH 7.4), and then incubated at 37 °C for 6 days. Analysis of
free arginine was performed as earlier described [39]. Briefly,
samples (50 pl) were mixed with 150 ul of 9,10-
phenanthrenequinone reagent (150 pM in ethanol) and 25 pl
of 2 N NaOH. Protein samples without 9,10-
phenanthrenequinone were used to correct the results for
AGE fluorescence. Samples were incubated at 60 °C for 3 h,
after which 40 pl was transferred to a 384-well plate and
mixed with 40 pl of 1.2 N HCI. Then, samples were kept in
dark at room temperature for 1 h for the development of fluo-
rescence in the reaction product and then a TECAN Safire
spectrometer (USA) was used to measure the fluorescence at
excitation/emission wavelengths of 312/395 nm. N-«x-acetyl-
arginine from 0 to 0.4 mM was used to test the linearity of
fluorescence within the expected arginine content of the pro-
tein solution.

Estimation of Protein-Bound Carbonyl Contents

Mixture of IgG (1.5 uM) and MG (50 uM) was prepared with or
without various concentrations of ZnONPs (25, 50, and 100 pg/
ml) in 0.05 M phosphate buffered saline (PBS, pH 7.4), and then
incubated at 37 °C for 6 days. Determination of carbonyl con-
tents of native and MG-glycated IgG with or without ZnONP
samples was carried out as described earlier [40]. Briefly, 15 uM
native and MG-glycated IgG with or without ZnONP samples
was added in 10 mM DNPH solution (2,4-dinitrophenyl hy-
drazine; in 2 N HCI). Samples were then vortexed for 1 h at
room temperature (RT) and precipitated with 0.5 ml of 20%
(v/v) TCA, followed by centrifugation at 11,000g for 3 min at
4 °C. To remove extra DNPH reagent, pellet was washed with
1 ml of ethanol-ethyl acetic acid mixture (1:1; v/v). Next,
samples were incubated at RT for 10 min and then centrifuged
at 11,000xg for 5 min at 4 °C. The supernatant was discarded
and the pellet was washed twice with ethanol-ethyl acetic acid
mixture. The protein pellet was then suspended in 1 ml of 6 M
guanidium hydrochloride dissolved in 20 mM potassium
phosphate buffer, pH 2.3 (attuned with trifluoroacetic acid),
after which samples were incubated at 37 °C for 15-30 min to
make sure complete solubility of proteins. All samples were
subsequently centrifuged to get rid of any insoluble material.
Carbonyl content was estimated in the supernatant based on
the absorbance at 370 nm against 6 M guanidium hydrochlo-
rides (as blank) using the molar extinction coefficient of
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22,000 M ' em . Protein carbonyl content was expressed as
nanomolar per milligram of protein.

Determination of Free Sulfhydryl Groups

Mixture of IgG (1.5 uM) and MG (50 uM) was prepared with
or without various concentrations of ZnONPs (25, 50, and
100 pg/ml) in 0.05 M phosphate buffered saline (PBS,
pH 7.4), and then incubated at 37 °C for 6 days. Ellman’s
method was used to estimate the free sulfhydryl groups in
native and glycated IgG with or without ZnONP samples
[41]. The DTNB (5, 5'-dithio-bis[2-nitrobenzoic acid]) stock
and the dilution buffer were prepared as follows: DTNB so-
Iution—50 mM sodium acetate (NaAc), 2 mM DTNB in dis-
tilled water; Tris solution—1 M Tris/pH 8.0. DTNB stock was
diluted in order to prepare the working solution by adding Tris
(100 ul) and water (840 pl) in DTNB (50 pl) stock solution.
Then, protein (10 pl) samples were added in DTNB (990 pl).
It was comprehensively mixed and incubated at 37 °C for
5 min. Absorbance was taken at 412 nm. The free sulthydryl
group content was determined using an extinction coefficient
of 13,600 M ' cm ™.

Estimation of Carboxymethyl Lysine Content by ELISA

Mixture of IgG (1.5 uM) and MG (50 uM) was prepared with
or without various concentrations of ZnONPs (25, 50, and
100 pg/ml) in 0.05 M phosphate buffered saline (PBS,
pH 7.4), and then incubated at 37 °C for 6 days.
Carboxymethyl lysine (CML) content was measured by
ELISA as described earlier, with minor modification [34].
Briefly, absorbance was measured at 405 nm using a Model
550 Bio Rad microplate reader. Product formation was then
measured with a 405-nm filter in an ELX800 multiwell plate
reader (BioTek Instruments, USA).

UV-Visible Absorption Spectroscopy

Mixture of IgG (1.5 uM) and MG (50 uM) was prepared with
or without various concentrations of ZnONPs (25, 50, and
100 pg/ml) in 0.05 M phosphate buffered saline (PBS,
pH 7.4), and then incubated at 37 °C for 6 days. UV—visible
absorption spectral profiles of all samples were recorded by a
Cary Win UV-Vis spectrophotometer (Varian Inc., USA) in
the range of 240—400 nm using quartz cuvette of 1 cm path
length. Hyperchromicity at 280 nm was calculated by the
following equation [6]:

ODglycated IgG-ODnative IgG
ODglycated IgG

x 100 (2)

% hyperchromicity =

Fluorescence Spectroscopy

Mixture of IgG (1.5 uM) and MG (50 uM) was prepared with
or without various concentrations of ZnONPs (25, 50, and
100 pg/ml) in 0.05 M phosphate buffered saline (PBS,
pH 7.4), and then incubated at 37 °C for 6 days. Fluorescence
spectra of all samples were obtained on a Jasco FP-6500 spec-
trofluorometer (Japan). Tryptophan fluorescence was screened
on 295-nm excitation wavelengths and emission spectra were
recorded in the range of 290400 nm. Decrease in the fluores-
cence intensity (FI) was calculated using the following equa-
tion:

FInative IgG—FIglycated IgG
FInative IgG

% decrease in FI = x 100 (3)

The unreacted tryptophan (Try) residue percentage was
calculated by considering the MG-glycated sample as a posi-
tive control, by using the following formula:

Fluorescene of test grou
% untreated Try = group

* Fluorescene of control group

x 100 (4)

AGE-specific fluorescence was recorded in the emission
range of 400—600 nm by exciting the samples at 370 nm [6].
Samples were put in a quartz cuvette with a 1-cm path length.
Increase in fluorescence intensity was calculated using the
following equation:

Flglycated [gG—FInative 1gG
Flglycated IgG

% increase in FI = x 100 (3)

The percent inhibition of AGE formation was calculated by
considering the MG-glycated sample as a positive control, by
using the following formula:

Fluorescene of test group
Fluorescene of control group

%AGEs = |1- x 100 (6)

High-Performance Liquid Chromatography

Mixture of IgG (1.5 uM) and MG (50 uM) was prepared with
or without various concentrations of ZnONPs (25, 50, and
100 pg/ml) in 0.05 M phosphate buffered saline (PBS,
pH 7.4), and then incubated at 37 °C for 6 days. High-
performance liquid chromatography (HPLC) was employed
to CML from acid-hydrolyzed native and glycated IgG with
or without ZnONP samples. The retention time of standard
CML was used as reference for comparison. Briefly, hydro-
lyzed samples (HCL for 24 h at 110 °C) were filtrated through
a 0.42-uM Millex filter. Ion-exchange HPLC column (2622
SC, 4.6 x 60 mm; Hitachi) was used to detect CML from the
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filtered samples as explained earlier [42]. The accuracy and
reproducibility of the HPLC method were established by re-
peated testing.

Circular Dichroism

Mixture of IgG (1.5 uM) and MG (50 uM) was prepared with
or without various concentrations of ZnONPs (25, 50, and
100 pg/ml) in 0.05 M phosphate buffered saline (PBS,
pH 7.4), and then incubated at 37 °C for 6 days. A Jasco
spectropolarimeter (J-815, Japan) attached to a Jasco Peltier-
type temperature controller (PTC-424S/15) was used to record
far-UV circular dichroism (CD) profiles of samples. The in-
strument was calibrated with D-10-camphorsulphonic acid
and measurements were taken at 25 °C using a temperature-
controlled cell holder attached to a Neslab’s RTE water bath
with a temperature accuracy of 0.1 °C. Solutions of control
and glycated samples with or without ZnONPs (20 uM) were
put in a 1-mm path length cuvette and spectral profiles were
monitored in the range of 200-250 nm. A scan speed of
100 nm/min and response time of 1 s were selected to record
the CD spectra. Three sets of each sample were studied under
identical conditions to validate the reproducibility of the re-
sults [14].

Statistical Analysis

Data were examined by analysis of variance, followed by
Dunnet’s post hoc test for comparisons and Tukey’s post hoc
test for multiple comparisons. Data are presented as mean +
SD. A statistically significant difference was defined at
p<0.05.

Results and Discussion

As depicted in Fig.1, the UV—Vis spectrum of green synthe-
sized ZnONPs in an aqueous suspension shows a characteris-
tic single peak of ZnONPs at 370 nm (Fig. 1b), whereas no
absorption peaks of plant extract were observed (Fig. 1a). Ali
et al. [43] have reported the absorption peak of ZnONPs in the
range of 372375, due to surface plasmon resonance.

The crystal structure of green synthesized ZnONPs was
characterized by XRD (Fig. 2). The XRD data suggested the
presence of 11 distinct Bragg reflection peaks at 26, viz.,
31.07°, 34.42°, 35.80°, 47.36°, 56.12°, 62.32°, 65.64°,
68.10°, 69.12°, 72.52°, and 76.57° which correspond to the
crystal planes (002, 004, 100-103, 110, 112, 200-202) (Fig.
2) that are in good agreement with hexagonal phase of ZnO
(JCPDS CARD NO: 076-0704). The ZnONPs have an aver-
age particle size of about 42.8 nm, under our experimental
conditions as calculated by using the Scherrer equation.
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Further, the size and shape of green synthesized ZnONPs
were confirmed by electron microscopy (Fig. 3a, b). Figure 3a
shows that ZnONPs adopt different structures including hex-
agonal, spherical, and oval nanoparticles. The histogram of
particle size distribution of the ZnONPs as shown in Fig. 3b
revealed a normal distribution centered at 40—55 nm. The size
range determined by TEM is in accordance with the data ob-
tained in XRD. The elemental analysis of ZnONPs was done
by EDX and it has been found that EDX spectrum has three
emission peaks of metallic zinc (72.94%) and a single peak of
oxygen (27.06%) that proves that the synthesized ZnONPs
were free from impurities (Fig. 3c).

Until today, it is well established that blood proteins includ-
ing IgG are glycated in AD patients by a variety of reducing
sugars and metabolites, manifesting into AGE formation lead-
ing to the distortion of both structure and function of proteins
[44]. Observing the generation of AGEs and oxidative stress
in numbers of diseases, it is necessary to scrutinize the new
molecules/compounds that could be used for the inhibition or
slowing down of AGE formation. Therefore, unearthing and
exploitation of nanosized molecules having clinical signifi-
cance may be utilized to improve health care.

It is well known that lysine and arginine residues are
highly prone to be glycated. Fluorescamine and 9,10-
phenanthrenequinone assay was employed to investigate
the free amino groups of lysine and arginine residues re-
spectively, in native and MG-glycated IgG. The result
showed that 62.35% of lysine residue reacted in MG-
glycated IgG compared to control. A gradual decline of
lysine residue reactivity was recorded in MG-glycated
IgG with increasing concentrations of ZnONPs. In addi-
tion, arginine residues also reacted in the similar fashion,
i.e., arginine residue reactivity decreases with increasing
concentrations of ZnONPs (Table 1). Both arginine and
lysine residues showed almost identical reactivity in the
presence and absence of Aloe vera leaf extract. The above
results demonstrate ZnONPs are capable of preventing the
initial interaction between amino acid residues and MG,
i.e., inhibit the glycation reaction at the initial stage in a
concentration-dependent manner. As arginine and lysine
residues occur very commonly in the antigen-binding sites
of IgG, so, glycation certainly compromises the structure
and function of antibodies. The findings show that ZnONPs
may prevent dysfunctionalities of IgG by inhibiting the
glycation reaction.

It has been reported that glycation reaction is accompanied
with the generation of oxidative stress in neurodegenerative
diseases resulting in enhanced oxidation of biomolecules
[45-47]. Protein carbonyl content is considered as biomarker
of protein oxidation [40]. In the present study, carbonyl con-
tent in MG-glycated IgG mixture in the presence or absence of
Aloe vera leaf extract was very high (28.45+1.23 nM/mg
protein) compared to control (5.17 4+ 1.3 nM/mg protein).
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Fig. 1 UV-visible absorption
spectrum of ZnONPs synthesized

from Aloe vera leaf extract 12
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High level of carbonyl content was observed due to oxidative
modification of arginine, lysine, proline, histidine, and other
amino acid residues consequential of MG-mediated glycation
reaction [48]. The decrease in carbonyl content level in the
reaction samples containing increasing concentration of
ZnONPs (25, 50, and 100 png/ml) was recorded (Table 1).
The decreasing carbonyl content in the presence of ZnONPs
is indicative of diminishing oxidation of IgG protein as a con-
sequence of inhibitory effect of ZnONPs on glycation reaction.
Previous study has proved that the presence of carbonyl con-
tents in vivo and in vitro results from oxidative stress and
predicts irreversible oxidative modifications in proteins during
the glycation process [49]. In furtherance, oxidative modifica-
tion induced by glycation in IgG was investigated by the eval-
uation of free sulthydryl group content in protein samples by
Ellman’s method. The average free sulthydryl group content of
three independent assays of native IgG was 1.24 +0.05 nM/ml
of protein. A significant decrease in free sulthydryl group
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Fig. 2 X-ray diffraction patterns of ZnONPs synthesized from Aloe vera
leaf extract
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content in MG-glycated IgG mixture with or without Aloe vera
leaf extract was observed (0.36 +0.06 nM/ml) [27]. Whereas,
gradual increment of free sulthydryl group content was ob-
served with increasing concentration of ZnONPs (Table 1).
Glycation appeared to be able to affect the protein redox equi-
librium towards oxidation, but ZnONPs show opposing effect
on the oxidation of protein in a concentration-dependent man-
ner. Previous studies have showed a number of AGEs and their
structures in vivo and in vitro and CML and pentosidine have
been reported as prominent AGEs formed during glycation
[28, 50]. The CML content in native and MG-glycated IgG
protein was estimated by ELISA. Significantly high levels of
CML content were detected in MG-glycated IgG mixture with
or without Aloe vera leaf extract (1.32+0.51 and 1.27+
0.39 nM/ml IgG, respectively). In native IgG, no CML was
observed; however, the MG—IgG mixture showed 1.06 £0.41,
0.85+0.19, and 0.47+0.26 nM/ml IgG CML content upon
incubation with increasing concentrations of 25, 50, and
100 pg/ml mM ZnONPs, respectively (Table 1). Above results
indicate ZnONPs have significant strength of halting the initial
stage of glycation reaction consequently decreasing the forma-
tion of CML (AGEs).

The maximum absorbance of native IgG was recorded at
280 nm on a UV-visible spectrophotometer (Fig. 4). After
glycation with MG, a significant augmentation in absorbance
(hyperchromicity) was recorded at 280 nm. Around 77.12%
of increase of hyperchromicity was observed in the MG-
glycated IgG mixture with or without Aloe vera leaf extract
compared to native IgG at 280 nm; moreover, a remarkable
increase in the absorbance between 300 and 400 nm was also
observed. Whereas, when the MG-IgG mixture was incubat-
ed with increasing concentration (25, 50, and 100 pg/ml) of
ZnONPs, the hyperchromicity was recorded as 62.37, 38.18,
and 27.93%, respectively, compared to control as well as a
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Fig. 3 HR-TEM image (a) particle size distribution histogram (b) and EDX (¢) spectrum of the synthesized ZnONPs

drastic decrease in absorbance between 300 and 400 nm was
also observed. No significant difference in absorbance at 200—
400 nm was observed in Aloe vera leaf extract (data not
shown). The hyperchromicity in glycated IgG is due to expo-
sure of aromatic amino acids resulting from unfolding or frag-
mentation of protein helix or formation of new chromophoric
groups upon MG-mediated glycation. Earlier study substanti-
ates our finding that hyperchromicity of protein is a conse-
quence of glycation [51], as well as augmentation in absor-
bance from 300 to 400 nm is indicative of AGE generation
[49, 51]. Additionally, an increase in absorbance between 300
and 400 nm has been found to be the reason behind proteins-
AGEs/DNA-AGE formation [51].

To investigate the role of ZnONPs in AGE inhibition, fluo-
rescent spectroscopic analysis of native and MG-glycated IgG
mixtures with or without varying concentrations of ZnONPs
was carried out. The samples were excited at A ex 370 nm, and
the maximum emission spectral profiles were recorded at A
em =438 nm. MG-glycated IgG mixtures with or without
Aloe vera leaf extract demonstrated more or less the same
significantly high emission fluorescence intensity (87.82%)
at A max 438 nm compared to native IgG. The MG-glycated
IgG mixtures showed 83.67, 72.72, and 61.98% fluorescence
intensity compared to native IgG, when the mixtures were
incubated with increasing concentration (25, 50, and
100 pg/ml) of ZnONPs (Fig. 5). Furthermore, 25.52, 55.40,

Table 1 Characterization of various parameters in the presence/absence of ZnONPs during glycation reaction

Sample Lysine reacted (%) Arginine reacted (%) Carbonyl nM/mg  Free sulthydryl group content CML nM/ml
protein (nM/ml protein) protein

Native IgG (control) - - 517+1.3 1.24 £0.05 0

1eG + MG 62.35 56.63 28.45+1.23 0.36 +0.06 1.32+0.51

1gG + MG + Aloe vera Leaf extract  60.75 51.23 26.15+£1.18 0.29 +0.08 1.27+0.39

IgG + MG + AgNP 0.09 mM 48.44 45.72 23.05+1.11 0.52 +.0.07 1.06+0.41

IgG + MG + AgNP 0.18 mM 39.67 37.11 19.50 +1.13 0.73 £ 0.09 0.85+0.19

I1gG + MG + AgNP 0.27 mM 21.69 20.75 9.60 + 1.05 0.93+0.12 0.47+0.26

@ Springer



Mol Neurobiol (2018) 55:7438-7452

7445

Fig. 4 UV absorbance spectra of 18 p
IgG and MG with different

concentrations of ZnONPs 1.6

incubated at 37 °C for 6 days. UV

absorbance was screened at 1.4

280 nm

1.2
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o
© -
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5-1gG+MG+Aloe vera leaf extract
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1-Control (Native IgG)
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and 68.01% inhibition of AGE formation was observed at 25,
50, and 100 pg/ml ZnONPs respectively, compared to MG—
IgG mixture with or without Aloe vera leaf extract (Fig. 4).
Our outcomes are steady with previous studies as a number of
AGEs exhibit a characteristic fluorescence at about 370/
438 nm and fluorescence intensity is employed to examine
the formation of AGEs under various treatments [52, 53].
The results clearly indicate that ZnONPs inhibited the AGE
formation on a concentration-dependent manner.

Formation and inhibition of AGEs in glycation system in
the presence or absence of ZnONPs were again investigated
by HPLC. The acid-hydrolyzed samples were subjected to
HPLC. The HPLC profile of standard CML was taken as
reference to verify formation of CML in native and MG-

300 320 340 360 380 400
Wavelength (nm)

glycated IgG with or without ZnONP samples. Standard
CML exhibited a well-defined and clear peck at the retention
of 24.80 min (Fig. 6a). The chromatogram of native IgG
(Fig. 6b) showed no remarkable peak analogous to standard
CML. The chromatogram of MG-glycated IgG sample exhib-
ited a corresponding prominent peak with a retention time of
25.55 min (Fig. 6¢). The peak observed in MG-glycated 1gG
sample is almost analogous to the standard CML, but MG-
glycated IgG sample in the presence of ZnONPs showed
peaks more or less at the same retention time to that of stan-
dard CML, but peak height gradually decreased with increas-
ing concentration of ZnONPs (Fig. 6d—f). The above findings
substantiate to each other that ZnONPs have tremendous in-
hibitory effect on AGE formation in a concentration-

Fig. 5 Fluorescence emission 6
intensity profiles of IgG and MG
with different concentrations of
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emission wavelengths of 370 and
438 nm, respectively 5
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Fig. 6 HPLC chromatogram of IgG with MG mixtures with or without
ZnONPs after 6 days of incubation. HPLC profiles of a standard CML, b
native IgG, ¢ IgG-MG mixtures without ZnONPs, d IgG-MG with

dependent manner. Hence, our study reports go parallel with
previous findings that showed various nanoparticles (seleni-
um, gold, and silver) were AGE inhibitor [54-56].

The intrinsic fluorescence of tryptophan residues in human
IgG was exploited to obtain information on damage or change
in the microenvironment of these residues resulting from
glycation. Native and MG-glycated IgG with or without
ZnONP samples were excited at 285 nm and emission

000 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600
Retention time (min)

000 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600
Retention time (min)

ZnONPs (25 pg/ml), e HSA-MG with ZnONPs (50 pg/ml), and f [gG—
MG with ZnONPs (100 pg/ml)

intensity was recorded at 335 nm (Fig. 7). Compared to native
IgG, a noticeable decrease in emission intensity of MG-
glycated IgG with or without Aloe vera leaf extract was ob-
served (79.61%). Whereas, MG-glycated I1gG mixture with
increasing concentration of ZnONP gradual decrease in emis-
sion intensity was observed (66.33, 39.20, and 21.13%).
Decrease of the tryptophan fluorescence in MG-glycated IgG
is attributed to the damage of tryptophan and/or modification
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Fig. 7 Fluorescence emission profile of native IgG and MG with different concentrations of ZnONPs. Fluorescence intensities were recorded at

excitation and emission wavelengths of 295 and 335 nm, respectively
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of tryptophan microenvironment upon MG-mediated glycation
(30, sanam). Moreover, 39.57, 67.0, and 74.13% tryptophan
residues did not react or were not damaged by MG in the
presence of increasing concentration of ZnONPs. Damage of
tryptophan affects the whole structure of the protein [57, 58].
Increase in fluorescence intensity in the presence of ZnONPs
indicates that ZnONPs resist the damage of IgG and protect the
structure of IgG.

Far-UV CD spectroscopy is specifically employed to ex-
amine the secondary structure and conformational changes in
proteins [59, 60]. The samples were subjected to ellipticity [6]
investigations in far-UV region (190-250 nm). Native IgG
displayed typical CD spectrum of a (3-sheeted protein with
negative minima at 217 nm, positive maxima at 200 nm, and
zero ellipticity at 208 nm (Fig. 8) [61]. CD spectra of MG-
glycated IgG demonstrated increased ellipticity at 217 nm and
decreased ellipticity at 200 nm, compared to native IgG. The
findings indicate that MG-mediated glycation has caused sub-
stantial loss of 3 structure and increase in «-helix structure of
IgG. Previous studies have reported a loss of secondary struc-
ture due to unfolding of IgG [2] which confirms our findings.
When the MG-IgG mixture was incubated with increasing
concentration of ZnONPs, an opposite trend in ellipticity
change was observed at 217 and 200 nm. CD and fluorescence
study clearly showed that ZnONPs oppose the change in sec-
ondary structure of IgG in a concentration-dependent manner.
Overall, this study shows that ZnONPs act as a very potent
anti-glycating agent inhibiting the formation of AGEs as well
as ZnONPs resist the structural change in protein and maintain
secondary structure of protein. Previous studies have reported
the anti-glycating and anti-oxidative activities of nanoparticles

that comprehensively reduce glycation reactions consequently
affecting the AGE formation [6, 62]. Likewise, our recent
studies have shown that silver nanoparticles are very potent
anti-glycating agents and protect protein from denaturation as
well [6, 63].

Accumulating evidences suggest AGEs play a significant
role in the pathogenesis of neurodegenerative disorders in-
cluding Parkinson’s and Alzheimer’s disease, as well as dia-
betic neuropathy, a diabetes-associated complication [1, 5,
64]. Indeed, in vivo inhibition of AGE generation is accom-
panied with decrease in the severity of disease and its progres-
sion [65, 66]. Similarly, the evidence provided in the study,
i.e., ZnONP-mediated inhibition of glycation as well as pre-
vention of structural modification of proteins, may be
exploited against AGE and AGE-mediated damage in neuro-
degenerative disorders. In addition, recently, therapeutic po-
tential of ZnONP is presented in several studies in various
peripheral disease experimental models including ex vivo
[67] and in vivo [68] with promising outcome. Therefore,
therapeutic potential of ZnONP may be utilized in the delay
of disease progression and/or reversal of disease pathogenesis
in AGE-related neurodegenerative disorders; however, further
elucidation is required to ascertain its efficacy in the preven-
tion of AGE generation in in vivo model.

Interaction of nanoparticles with proteins is the basis of
nanoparticle bio-reactivity. Our knowledge about the biocom-
patibility and risks of exposure to nanomaterials is limited. In
a biological medium, NPs may interact with biomolecules
such as proteins, nucleic acids, lipids, and even biological
metabolites due to their nanosize and large surface-to-mass
ratio [69, 70]. Binding of proteins at the nano—bio interface

Fig. 8 CD profiles of [gG-MG 2%
with and without various

concentrations of ZnONPs 20
incubated at 37 °C for 6 days. All

samples were appropriately 15

diluted with deionized water
before recording the CD profiles.
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significant difference in CD
profiles
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is aided by several forces such as hydrogen bonds, solvation
forces, and Van der Waals interactions. The overall NP-PC
formation is a multifactorial process and depends not only on
the characteristics of the nanoparticles but also on the chemi-
cal properties of individual proteins and their structural flexi-
bility also plays an important role in regulating such surface-
driven modifications to their secondary structures [71, 72].
There are conflicting reports on the structural change of pro-
tein interaction with nanoparticles. Many studies have shown
that when bovine serum albumin (BSA) protein interacted
with carbon C60 fullerene and ZnO nanoparticles, no major
conformational change was recorded [73—75]. Furthermore,
the structure and thermodynamic stability of cytochrome ¢
was not significantly affected by its interaction with ZnO
nanoparticles [76]. However, Turci et al. showed that
RNAse and lysozyme retained their native structures on silica
NP while albumin and lactoperoxidase underwent an irrevers-
ible conformational change [77]. In addition, gold NPs were
shown to influence conformational changes in the structure of
BSA in a dose-dependent manner [78]. The reports show that
different proteins and nanoparticles affect the protein structure
differently. Further in vivo as well as in vitro studies are es-
sentially required to understand the effects of nanoparticle—
protein interaction on biokinetics, absorption, tissue distribu-
tion, bioavailability, and potential toxicity. Also, it is impor-
tant to mention that Maillard reaction might be influenced by
several factors such as temperature, pH, concentration and
type of reducing sugar, concentration and types of amino
acids, chemical compounds, or inhibitors, and water content
[79-81]. Several in vitro studies of various reducing sugars
and amino acid glycation systems have showed that the
glycation reaction (Maillard reaction) is pH dependent, where
it was observed that at low pH or acidic conditions, no
glycation reaction was observed, while at increased pH or
alkaline conditions, glycation reaction (Maillard reaction)
was found to be increased [82—-84].

Nanomedicine has recently emerged as a better option for
the treatment of various CNS diseases. However, the utter
multiplicity of the physicochemical parameters of nanoparti-
cles such as size, shape, structure, and elemental constituents
makes the investigation of their toxic effects complex and
challenging [85-87]. Nanoparticle-mediated ROS responses
have been reported to orchestrate a series of pathological
events such as genotoxicity, age-related inflammation, and
fibrosis. Other NPs such as titanium dioxide (TiO2), zinc ox-
ide (Zn0O), cerium oxide (CeO2), and silver NP have been
shown to deposit on the cellular surface or inside the subcel-
lular organelles and induce oxidative stress signaling cascades
that eventually result in oxidative stress to the cell [88]. The
majority of in vivo toxicity studies on ZnO nanoparticles have
investigated acute toxicity and subacute toxicity after a single
or repeated dosing, respectively, via inhalation, ingestion, in-
jection, or dermal penetration [89-91].

@ Springer

To date, there are previous reports on the cytotoxic and
genotoxic effect of ZnO nanoparticles in vitro and in vivo
system [92]. However, these nanotoxicology-based studies
reported numerous conflicting results due to slight differences
in the physicochemical features of nanoparticles used under
studies [93]. Several studies have demonstrated that the dif-
ferences were generated by the size and surface charge of
nanoparticles [94-96]. For instance, the selenium NPs did
not show cytotoxic effect on BV-2, BRL-3A, and HepG2
cells. In addition, these three kinds of cells have been
employed to evaluate cytotoxicity of nanoparticles in other
studies [97-99]. There were no significant changes in mor-
phology or cell quantity in microglial BV-2 and BRL-3A cells
treated with Se NPs. Although toxic effects of zinc oxide
nanoparticles (ZnONPs) have been previously studied, there
are still controversies in terms of dose, size, shape, and affect-
ing cells. Therefore, findings suggest that toxicity depends on
physicochemical features of nanoparticles, so cautious manip-
ulation of this information will aid in the creation of biocom-
patible and clinically feasible nanoparticles and will therefore
contribute to the advancement of the field of nanomedicine.

Apparently, precise and clear mechanism of ZnONP action
is still unclear. However, there are few explanations about the
mechanisms of nanoparticle inhibitory activity. Specifically,
free amino group of amino acids, as well as N-terminal amino
acids, is the key sites to be attacked by glycating agents. It is
considered that anti-glycating agents competitively bind to
these sites. Additionally, observations suggest that diminution/
prevention of AGE formation may be a consequence of cover-
ing of amino groups or sequestration of reacting group of
glycating species by ZnONPs [100]. Further investigations are
required and guaranteed [101].

Conclusions

Glycation reaction starts a vicious cycle following free radi-
cals, carbonyls species, and AGE production, playing a critical
role in the initiation/propagation of several diseases specifical-
ly in neurodegenerative conditions. Considering the menacing
role of AGEs, several anti-glycating agents have been discov-
ered but the exploration of more effective agents is the need of
the hour to resolve this grave clinical issue. It has been found
that zinc oxide is a fairly good antioxidant and may play a vital
role in AGE inhibition. In this study, biosynthesized ZnONPs
have displayed strong capability of antioxidant and anti-
glycating agent as well as defended protein from damage by
methylglyoxal. Therefore, it may be exploited as therapeutics
in the prevention or reversal of underlying pathology of CNS
diseases. On the other hand, a methodical and mechanistic
approach is necessary before consequential role of nanoparti-
cles can be applied in medical field.
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