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Abstract: We synthesized the gold nanoparticles (AuNPs) using wedelolactone (WDL) and
characterized them using UV-visible spectroscopy, fourier transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), scanning electron microscopic (SEM), transmission electron microscopic
(TEM), energy dispersive X-ray diffraction, and atomic force microscopic (AFM) studies. The electronic
spectrum exhibited an absorption peak at 535 nm. The FT-IR results proved that WDL was stabilized on
the surface of AuNPs by acting as a capping or reducing agent. The crystalline structure was affirmed
by XRD pattern and the spherical shape of WDL-AuNPs was evidenced by SEM, TEM, and AFM.
The synthesized WDL-AuNPS were evaluated for anti-diabetic activity in pancreatic RIN-5F cell
lines. In vitro results showed that WDL-AuNPs did not only improve the insulin secretion affected by
di-(2-ethylhexyl) phthalate (DEHP), but also the cell viability in RIN5F cells. WDL-AuNPs treatment
modulates the pro-apoptotic proteins and anti-apoptotic proteins expression to prevent the cells
undergoing apoptosis in DEHP-exposed RIN-5F cells. The exposure of DEHP causes an increase in
ROS production and lipid peroxidation levels. The free radical scavenging and antioxidant properties
of WDL-AuNPs increase the deleterious effect caused by DEHP. On the other side, WDL-AuNPs
increase mRNA expressions of insulin-signaling proteins in RIN-5F cells. This study concludes that
WDL-AuNPs can be successfully used to regulate the expression of Bcl-2 family proteins, reduce lipid
peroxidation, and to improve the secretion of antioxidants and insulin through the GLUT2 pathway
in RIN-5F cell lines.
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1. Introduction

Nanotechnology deals with materials having the size of 1 to 100 nm at least in any one of
the dimensions. Nowadays, a variety of green nanoparticles (NPs) with defined physico-chemical,
biological, medical, and environmental sciences. Researchers show utmost interest in nano-materials
because of the interesting morphological and physicochemical characteristics and promising biomedical
applications of these kind of materials [1,2]. The gold nanoparticles (AuNPs) have received great
attention in imaging, drug delivery, thermotherapy, and also in bio-sensing [3]. As far as the
biosynthesis of AuNPs is considered, the factors, including capping and reducing agents and solvent,
are very influencing.

The utilization of raw plant extracts, phytochemicals, and certain microorganisms is a greener
and alternative approach to chemical synthesis of NPs [4]. AuNPs of different colors (orange brown,
purple, and red), sizes (1 to 100 nm), shapes, and chemical compositions have been reported. In general,
AuNPs demonstrate an absorption of peaks between 500 to 550 nm [5]. Several studies depicted that
green synthesized AuNPs found a liberal range of potential applications due to their physico-chemical
properties along with their catalytic activity, which is different in many ways compared to its bulk
form. It can also act as an eco-friendly material because of its reported anti-tuberculosis, anti-fungal,
anti-cancer, antibacterial, and antidiabetic activities [6,7].

The plasticizer di(2-ethylhexyl) phthalate (DEHP) used in numerous products starting from food
packaging materials, household products, building materials, infusion tubes, toys, baby care, cosmetics,
printing inks, pharmaceuticals, blood bags, and pliable-to-rigid plastics, such as polyvinyl chloride,
is an endocrine disruptor. [8]. DEHP loosely bound to plastic materials can easily enter into water, air,
and soil. It has been proved that DEHP acts as a diabetogenic agent by increasing free radicals and
decreasing insulin levels ultimately resulting in loss of pancreatic cells mass [9].

Phytochemicals are bioactive non-nutrient plant-derived compounds that have been associated
with as the treatment of heart disease, arthritis, stroke, diabetes, cancer and have antioxidant properties.
Wedelolactone (WDL; 7-methoxy-5, 11,12-trihydroxy-coumestan; C16H10O7; Mol wt: 314.2; Figure 1) is
a medicinal plant-derived coumarin isolated from Wedelia calendulacea and Eclipta prostrata and known
for of its therapeutic values in the cure of liver diseases, viral infections, human bronchial epithelial cell
injury, and snake bites. It has many pharmacological properties such as anti-inflammatory, anti-cancer,
and antioxidant activities [10,11]. Further it inhibits osteoblastogenesis through the NF-κB/c-fos/NFATc1
pathway [12], and reduces lipid levels through AMPK activation [13]. In addition, WDL can suppress
the growth of melanoma cells and regulate the cell cycle, via Akt and AMPK pathways [14]. In a
recent report, the antidiabetic potential of WDL in a zebrafish model through protecting the pancreatic
islets from cytokine-caused apoptosis has been established [15]. However, so far, there was no study
conducted and reported with WDL-AuNPs in this regard. Thus, the present study deals with the
antidiabetic effect of AuNPs synthesized using WDL on RIN-5F pancreatic cell lines exposed to
DEHP toxicity.
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2. Materials and Methods

2.1. Materials and Cell Line

Chloroauric acid was acquired from Aldrich (Mumbai, India) and wedelolactone was obtained
from Hong Kong Guokang Bio-Technology Co., Ltd., Baoji, Shan’xi province, China. Ten percent
fetal bovine serum (FBS), RPMI-1640, dimethyl sulfoxide (DMSO), phosphate buffer saline
(PBS), penicillin, streptomycin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
DCFH-DA, acridine orange/ethidium bromide, 1,2-diphenyl-1-picrylhydazyl, nutrient agar, and
Mueller Hinton agar were acquired from Himedia, Mumbai, India. The rest of the chemicals and
reagents were procured from Fisher Inorganic and Aromatic Limited, Chennai, India S.D Fine Chemical,
Mumbai, India.

The RIN-5F cell lines procured from National Center for Cell Science (Pune, India). RIN-5F cell lines
were cultured in RPMI 1640 medium enriched with FBS 10%, penicillin (100 U/mL), and streptomycin
(100 µg/mL). Cells were grown in an incubator with humidified air containing 95% air and 5% CO2 at
37 ◦C.

2.2. Green Synthesis and Characterization of WDL-AuNPs

WDL (1 mg/mL) and auric chloride (1 mM) was taken in different ratios initially. Among the ratios,
2:8 showed a colour change from turbid white to wine red colour, which indicates an appropriate
characteristic outcome for the synthesis of AuCl3. The WDL-AuNPs were subjected to UV–Vis
spectroscopy (Elico SL 196, Hyderabad, India), fluorescence spectrometry (PerkinElmer LS-45, Waltham,
MA, USA), X-ray diffraction (XRD) (XRD-6000, Shimadzu, Tokyo, Japan), and dynamic light scattering
(Horiba, Kyoto, Japan) analysis. They were further characterized by Fourier transform infrared
(FT-IR) spectroscopy, scanning electron microscopy (Hitachi, Japan), transmission electron microscopy
(JEOL-JSM 1200EX, Tokyo, Japan), and atomic force microscopy (AFM-Solver Next, NT-MDT, Moscow,
Russia).

2.3. Viability Assay

The RIN-5F cells were seeded in tissue culture dishes and employed in the antidiabetic assay in
the exponential growth phase. The cells were treated with 625 µM DEHP dissolved in RPMI-1640
and sterile-filtered before use. Cells were grouped into seven experimental groups. Group 1: Normal
RIN-5F cells, Group 2: RIN-5F cells exposed with 625 µM DEHP for 24 h, Groups 3, 4, 5, and 6:
Treated with 10, 20, 40, and 80 µg/mL of WDL-AuNPs for 24 h, respectively, Group 7: Treated with
WDL-AuNPS alone (80 µg/mL for 24 h). Afterward, cells were tested for cytotoxicity, apoptosis, protein
expression by western blot, and gene expression by RT-PCR.

Ninety-six-well plates were used to culture RIN-5F at a range (5 × 103 cells/well)/exposed with
625 µM DEHP with different concentrations of WDL-AuNPs. Then, 10 µL of MTT working mixture
was added to the RPMI medium, and incubated at 37 ◦C for 4 h. The formed purple colour formazan
was dissolved in 100 µL DMSO and the absorbance was read at 570 nm with a micro-plate reader.

2.4. Glucose Stimulated Insulin Secretion

To assess insulin assay, RIN-5F cells (1 × 105) were added to 6-well plates and incubated with
625 µM DEHP with WDL-AuNPs for 24 h. The cells were exposed to 5 mmol/L glucose for 30 min and
stimulated with 25 mmol/L for 30 min. The released insulin content was analyzed using ELISA kit
from Millipore, Billerica, MA, USA).

2.5. Biochemical Estimations

The PBS suspension of the RIN-5F cell line harvested by trypsinization was used for biochemical
studies. The levels of lipid peroxide were determined by the thiobarbituric reactive species assay,
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which determines the amount of thiobarbituric acid (TBA) reactive malondialdehyde (MDA) [16].
The intensity of the pink colour obtained by the reaction of 2-TBA with lipid peroxidation end products
was measured. Lipid peroxidation was also measured by ferrous oxidation–xylenol orange [17].
Superoxide dismutase (SOD) activity was tested by nicotinamide adenine dinucleotide phenazine
methosulfate–nitroblue tetrazolium formazan inhibition assay [18]. The catalase activity was studied
by dichromate colorimetric assay [19]. The glutathione peroxidase (GPx) activity was studied by the
reaction of a certain quantity of enzyme prepared with H2O2 and GSH for a particular duration [20].

2.6. Staining for Apoptosis

RIN-5F cultured in 6-well plates was incubated with DEHP. The cells were removed after 24 h and
washed with PBS buffer and treated with WDL-AuNPs for 24 h. The treated cells were again washed
with PBS and stained with DAPI (1 mg/mL) for 30 min at 37 ◦C. Then they were observed under
fluorescence microscopy. Hoechst 33342-stained cells were visualized using a fluorescent microscope
fitted with 377–355 nm filter. For apoptosis, acridine orange/ethidium bromide (AO/EB) was added
and kept for incubation at 37 ◦C with 5% CO2 for 30 min. The stained cover slip was washed with
1× PBS for removing extra dye. Cells were captured under/by fluorescent microscope (510–590 nm).
The intracellular reactive oxygen species (ROS) level was determined [21].

2.7. Protein Analysis by Western Blot

The cells (RIN-5F) were washed with PBS and detached from culture plates with rapid treatment of
trypsin/EDTA. An ice cold RIPA buffer was used to homogenate the samples, then the homogenate was
centrifuged for 15 min at 12,000 rpm to remove debris. A total volume of 20 µL (50 µg of protein/well)
protein samples were loaded and separated by 10% SDS polyacrylamide gel electrophoresis, then the
separated proteins were transferred to PVDF membrane (Millipore, Billerica, MA, USA). The protein
containing membranes were blocked with blocking buffer (5% BSA) to minimize non-specific binding
sites, then the membranes were incubated with GAPDH (rabbit polyclonal; 1:5000) dilution in 5% BSA
in TBST, anti-rabbit Bcl-2, Bax, caspase-3, and caspase-9 (monoclonal; 1:1000), overnight in a gel rocker
at 4 ◦C. Following this, the membranes were incubated with their corresponding secondary antibodies
for 1 h at room temperature. The membranes were washed thrice with TBST for 5 min and then the
protein bands were visualized by an enhanced chemiluminescence (ECL) method.

2.8. RNA Isolation and Reverse Transcription PCR

The total RNA was isolated from WDL-AuNP-treated RIN-5F cells by using RNeasy mini kit
reagent (QIAGEN). The isolated RNA was quantified by Nanodrop. A total of 2 µg of RNA was
used to analyze RT-PCR. Two-step RT-PCR kit was used to convert cDNA from mRNA template by
Oligo(dT), deoxyribonucleotide triphosphate (dNTPs), and reverse transcriptase. All the components
were mixed with reverse-transcriptase buffer along with DNA primer for an hour at 37 ◦C. Once
the cDNA conversion was over, the standard PCR was run by gene-specific oligonucleotide primers
for IR (224 bp) forward 5′-GCC ATC CCG AAA GCG AAG ATC-3′ reverse 5′-TCT GGG TCC TGA
TTG CAT-3′(Pubmed accession number: NM_017071), IRS-1(336 bp) forward 5-GCC AAT CTT CAT
CCA GTT GCT-3′ reverse 5′-CAT CGT GAA GAA GGC ATA GGG-3′, GLUT-2 (238 bp) forward
5′-CTC GGG CCT TAG GTG TTC TTC CTT-3′ reverse 5′-TGG TTC CCT TCT GGT CTG TTC CTG-3′

(Pubmed accession number: NM_012879) and β-actin (96 bp) forward 5′-AAG TCC CTC ACC
CTC CCA AAA-3′, reverse 5′-AAG CAA TGG TGT CAC CTT CCC-3′ (Pubmed Accession number:
V01217;J00691) followed by the initial PCR activation at 95 ◦C for 5 min. Gel electrophoresis was
carried out to measure expression of genes by densitometric scanning. The band intensity of each gene
was normalized against β-actin by densitometer (Bio-Rad Lab Inc., Hercules, CA, USA).
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2.9. Animals

Male Wistar rats weighing 180 to 220 g were used. The clearance for conducting animal experiments
was issued by the Animal Ethics Committee of Adhiparasakthi College of Arts and Science (APCAS),
Tamil Nadu, India (Approval number: IAEC/APCAS/02/2017/06). Animals were maintained in
polypropylene cages with paddy husk used as bedding, and at a room temperature of 25 ± 2 ◦C with
relative humidity (45 ± 5%) under a 12 h light–dark cycle.

2.9.1. DEHP induction

For successful induction of experimental diabetes, freshly prepared solution of DEHP (100 mg/kg,
vehicle-olive oil) was oral administered for 45 days.

2.9.2. Experimental protocol

WDL-AuNPs were dissolved in water and different doses of WDL-AuNPs were orally administered
with the help of an intragastric tube in the morning for 45 days. A total of 36 rats were categorized into
six groups, consisting of a minimum of 6 rats in each group as shown below.

Group I: Control rats
Group II: WDL-AuNPs (40 mg/kg b.w) alone
Group III: DEHP-induced diabetic control
Group IV: DEHP + WDL-AuNPs (10 mg/kg b.w)
Group V: DEHP + WDL-AuNPs (20 mg/kg b.w)
Group VI: DEHP + WDL-AuNPs (40 mg/kg b.w).
At the end of the experimental period, the animals were subjected to an overnight fasting and

sacrificed by cervical decapitation. Blood samples were collected in tubes containing potassium oxalate
and sodium fluoride (3:1) mixture for plasma. The liver tissue was immediately dissected, washed in
ice-cold saline to remove the blood, and stored at −80◦C for further use.

2.9.3. Biochemical Assay

Blood glucose level was determined using Accu-Chek Glucometer (Roche diagnostic, Maharashtra,
India). The biochemical parameters were measured using Rat ELISA kits based on indirect sandwich
enzyme immunoassay, adopting the protocol instructed by the manufacturer (Millipore, St. Charles,
MO, USA). Glycogen was assayed by the methods [22] of Morales, Jabbay, and Tenenzi (1975).

2.10. Statistical Analysis

One-way ANOVA was used for statistical analysis at p < 0.05.

3. Results and Discussion

Natural products from plant origin have the scope to be utilized as natural medicines [23].
Phytocompounds have been a key source for the tremendous growth and development of new drugs,
as many of them have entered into clinical trials against various diseases and disorders. Medicinal
plants have emerged as the best treatment strategy in the last decades, as an alternative approach to the
classical (either physical or chemical) methods. Herein we describe the synthesis of AuNPs using WDL,
probably the first ever report. This experiment was designed in view of the integrated approach to
find a possible natural protective counteraction against DEHP-induced apoptosis in RIN-5F cell lines.

In the UV-Vis spectra (Figure 2a) of the WDL-AuNPs samples, a strong absorbance was noted
between 534 to 540 nm. This band was not present in the spectrum of WDL, confirming the reduction of
gold ions to metallic gold and the formation of gold nanoparticles. All the AuNP samples were stable
up to a period of one month. The change in peak intensities can be correlated with color change—from
mild yellow to red wine. Further studies were carried out with an 8:2 ratio of synthesized AuNPs.
Our results conform to the reports of Hwang et al. [24], showing the chlorogenic acid oxidation in
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NPs which has favored the gold ions reduction. The samples were also incubated for different time
intervals to analyze their stability. Figure 2b presents the data of photoluminescence of WDL-AuNPs.
The emission spectra were characterized by a sharp peak at 680 nm that attributed to quantum
confinement of electrons from AuNPs.
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Figure 2. (a) Surface plasmon resonance of wedelolactone-gold nanoparticles (WDL-AuNPs)
synthesized by WDL upon reduction of AuCl4 observed by UV–Vis spectroscopy. (b) Emission
spectra of AuNPs. (c,d) DLS and Zeta potential analysis of synthesized WDL-AuNPs. Mean size
distribution of WDL-AuNPs was found to be 102.7 nm. WDL-AuNPs slightly increased the negative
surface charge from –10.1 mV. (e) FT-IR absorption spectra of pure WDL and WDL-functionalized
AuNPs. (f) XRD patterns of the WDL-functionalized AuNPs. The XRD pattern was obtained according
to four planar angles ranging from 20 to 80 at 20 peak values of 38.43◦, 45.66◦, 65.80◦, and 78.76◦,
respectively, of 111, 200, 220, and 311 planes for gold.

The colloidal stability of NPs was examined using zeta potential analysis. The average particle
size was found to be about 102.7 nm with a good zeta potential of −10.1 mV for the WDL-AuNPs
(Figure 2c,d). This confirms the stability of the colloids [25]. This stipulates that the obtained AuNPs
had a good a repulsive electrostatic force, which provides the mono dispersity of the particles.

The FT-IR spectra used to identify the various functional groups that take part in the bioreduction
and stabilization of AuNPs are shown in Figure 2e. The individual participants in the formation of
nanostructures with WDL are depicted. The peak appearing in the spectrum of WDL at 3402.78 cm−1

is due to the of O−H stretch of carboxylic acids. The peaks at 2926.45 and 1717.3 cm−1 are attributed to
C−H and C–O (ketone) stretching vibrations that belong to ketones. The peak at 1314.25 cm−1 can be
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attributed to C–C stretching vibration. In the IR spectrum of the WDL-AuNPs, the peak due to O–H
stretching shifted to 3429.78 cm−1. Similarly, the other peaks observed at 2926.45, 1192.76, 1525.42,
and 1440.46 cm−1 in the IR spectrum of WDL completely disappeared in the WDL-AuNPs samples.
Short peaks that appeared at 617.67 to 872.631 cm−1 in the spectrum of WDL experienced a small
shift in the IR spectra of WDL-AuNPs. All these results show that these groups were involved in the
capping and stabilization of AuNPs. The crystallinity of the biosynthesized AuNPs was inspected
by XRD analysis [26]. The typical XRD pattern of WDL-AuNPs is exhibited in Figure 2f, illustrating
the crystalline nature of synthesized NPs. In the XRD pattern, five diffraction peaks at 2θ values of
38.43◦, 45.66◦, 65.80◦, and 78.76◦, corresponding to (111), (200), (220), and (311) crystal planes of the
face-centered cubic crystal system, respectively, are seen. These results are in parallel with reported
values for similar Au nanostructures [27]. EDX spectrum strongly supports the presence of gold ions.
The peaks produced from the analysis match well with the elemental composition of the sample.
Similar diffraction patterns have been previously reported for AuNPs synthesized using curcumin
as a reducing and capping agent [28]. Thus, it is evident that WDL acts as a strong reducing agent
by altering free radicals to form WDL-AuNPS. Thus, NPs produced using WDL can be used as an
alternative for commercial products to treat the harmful responses arising from reactive oxygen species
(ROS) [29].

The SEM and TEM analysis were performed to study the surface morphology and size of the
WDL-AuNPs, along with the EDX analysis. From the histograms illustrated in Figure 3c,d, it can be
noted that WDL-AuNPs were at a size of 50 nm during the synthesis, with different particle morphology,
such as spherical, oval, and triangular. Biomolecules aid the formation of different shaped NPs because
of the uncontrolled reduction sites present in them. The AuNPs exhibited an average size of 40 nm
according to SEM (Figure 3a). The presence of metallic Au ions in the synthesized sample was further
confirmed by the EDX analysis. The EDX spectral (Figure 3b) studies showed strong peaks of metallic
gold in the range of 3 to 4 KeV.
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Figure 3. (a) Scanning electron microscope (SEM) and (b) Energy-dispersive X-ray (EDX) profile of
WDL-AuNPs. (c) Transmission electron microscope (TEM) micrograph of the 1 mM AuCl4− ions with
WDL showing synthesized AuNPs. Purified NPs from WDL were examined by electron microscopy.
The range of observed diameters of the synthesized AuNPs was about 20 to 50 nm. (d) Selected area
diffraction (SAED) pattern.
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To find out the surface morphology and topology of biosynthesized AuNPs, we analyzed them
using an atomic force microscope. The results indicate that the AuNPs were spherical and some
particles varied in shape and size. The size distribution of the AuNPs varied from 30 to 105 ± 5 nm in
size, and the average grain size was detected to be 66.10 ± 5 nm (Figure 4A–D). Further, we also carried
out analysis with 3D image of AuNPs to find out the distribution of different sizes of biosynthesized
AuNPs. The results clearly indicate that the size of AuNPs range from 65 to 77 ± 5 nm (Figure 4C,D).
During the synthesis, bigger particles were also observed due to agglomeration.
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Diabetes mellitus is represented by a comparatively low or complete deficiency of insulin secretion
by β-cells. In due course, over-secretion of insulin may arise leading to pancreatic β-cell failure [30].
Pancreatic β-cells play a crucial role in the alimentation of the glucose equilibrium; therefore, we used
RIN-5F cells (a rat islet cell line) to examine the levels of insulin. The direct exposure of DEHP to
insulin-secreting pancreatic β-cells causes intracellular ROS-mediated apoptosis, and induces the ER
stress ultimately affecting insulin secretion from pancreatic β-cells [9]. The cytotoxicity assay revealed
that exposure to DEHP (625 mmol/L) for 24 h significantly reduced RIN-5F cell viability, compared
to the normal cell line group. The treatment with WDL-AuNPs (10, 20, 40, and 80 µm/L) for 24 h
showed an improvement in cell viability (Figure 5). The present study also explores the cytotoxic
effects of DEHP on the insulinoma RIN-5F cells and the molecular mechanisms behind the process.
WDL-AuNPs treatment to DEHP-exposed cells induced the secretion of insulin in a dependent way
and restricted the deleterious responses caused by DEHP. The significant effects were observed at 10,
20, 40, and 80 µm both in low and high glucose media environment (Figure 6).
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RIN-5F cells, (2) DEHP (625 µM), (3) DEHP + WDL-AuNPs (10 µg/mL), (4) DEHP + WDL-AuNPs
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(80µg/mL). Values were mentioned as mean± SD for all the three experiments in every group. The values
which do not share a common letter (a–f) are predominantly significant in difference over the groups (p
< 0.05).
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Figure 6. Effect of WDL-AuNPs on insulin secretion in RIN-5F cells. (1) Normal RIN-5F cells, (2)
di(2-ethylhexyl) phthalate (DEHP) (625 µM), (3) DEHP + WDL-AuNPs (10 µg/mL), (4) DEHP +

WDL-AuNPs (20 µg/mL), (5) DEHP + WDL-AuNPs (40 µg/mL), (6) DEHP + WDL-AuNPs (80 µg/mL),
(7) WDL-AuNPs (80 µg/mL). Value is mentioned as mean ± S.D. for all the three experiments in every
group. a–e denotes that the values which do not share a common letter are predominantly significant in
difference over the groups (p < 0.05).
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Oxidative stress can be regarded as one of the causative agents for diabetes mellitus, insulin
resistance, and cardiovascular disorders [31]. DEHP has the potential to decompose the intracellular
antioxidants and alter the sequential events involved in the lipid peroxidation process, which
show strong relation with oxidative stress. People with high insulin resistance indices along with
altered metabolism are highly sensitive to DEHP exposure [32]. Evidences from various studies
confirmed that DEHP cause pancreatic dysfunction through the induction of oxidative stress (MDA);
alterations in the enzymatic and non-enzymatic antioxidant defense (SOD, catalase, and glutathione
peroxidase) accompanied by elevated ROS production and DNA damages in the pancreatic tissue [33–
35]. Our results showed high levels of lipid peroxidation and significant decrease in enzymatic
antioxidant levels in the DEHP-exposed RIN-5F cell line. DEHP-induced WDL-AuNP-treated cells
progressively decreased the levels of TBARS and restored enzymatic antioxidant enzymes (Table 1).

Table 1. Effect of WDL-AuNPs on thiobarbituric acid reactive substances (TBARS) and antioxidant
levels in the DEHP treated RIN-5F cell lines.

Enzymes Normal Cells DEHP
(625 µM)

DEHP +
WDL-AuNPS

(40 µg/mL)

DEHP +
WDL-AuNPS

(80 µg/mL)

WDL-AuNPS
(80 µg/mL)

TBARS (nmol/mg protein) 1.50 ± 0.10 a 5.52 ± 0.44 b 3.36 ± 0.26 c 2.10 ± 0.17 d 1.72 ± 0.15 ad

SOD (U ∗/mg of protein) 65.01 ± 4.05 a 23.8 ± 1.9 b 45.89 ± 4.45 c 59.10 ± 5.13 a 62.01 ± 3.85 a

CAT (U ∗∗/mg of protein) 1.5 ± 0.10 a 0.18 ± 0.01 b 0.72 ± 0.06 c 0.98 ± 0.08 d 1.4 ± 0.12 a

GPx (U# /mg of protein) 4.2 ± 0.35 a 1.87 ± 0.15 b 3.12 ± 0.25 c 3.5 ± 0.28 c 3.8 ± 0.29 a

Value is given as mean ± S.D. for triplicates in each group. Values not sharing a common superscript differ
significantly (a–d) at p < 0.05 (DMRT). U * = the concentration of enzyme needed for inhibiting the chromogen
released by 50% in 1 m under standard condition. U ** = µmole of hydrogen peroxide degraded/min. U# =
µmole of GSH used/min. SOD: Super oxide dismutase activity; CAT: Catalase activity; GSH-px: Glutathione
peroxidase activity.

Apoptotic cells showcase the condensation of the nucleus that can be experimentally studied
by DAPI staining; a fluorescent staining that distinguishes the nuclear damage or chromatin
condensation [36]. Being an environmental toxicant, DEHP exposure has increased the apoptotic
factors, such as nucleolus and chromatin condensation, in RIN-5F cells. Figure 7a shows the reduced
nuclear fragmentation and percentage of apoptotic cells in WDL RIN-5F cells. In addition, treatment
with WDL-AuNPs for 24 h reduces the apoptotic features and modulates the nuclear fragmentation,
and thereby reduces the percentage of apoptotic cells.

WDL-AuNPs treatment showed significant reduction of nuclear fragmentation in DEHP-induced
apoptotic RIN-5F cells (Figure 7b). Intracellular ROS levels were estimated by DCFH, a ROS sensitive
fluorometric test, to certify the roles of ROS generation in the DEHP-induced RIN-5F cell apoptosis.
The DCFH is a non-polar and non-fluorescent compound that can enter cells. Sun et al. confirmed
the detrimental effect of DEHP and MEHP in altering the mitochondrial membrane potential and the
releasing of lysosomal enzymes, thereby enhancing the formation of ROS [9]. The observations reveal
that DEHP exposure could elevate ROS production, which increases the green fluorescence under the
microscope (Figure 7c), whereas the DEHP-exposed RIN-5F cells treated with WDL-AuNPs showed
significant decrease in ROS levels.

The staining results were studied using fluorescence microscopy, and AO/EB staining differentiates
between live, apoptotic, and necrotic features of the cells. Figure 7d reveals that the normal RIN-5F
cell line contained normal nuclear chromatin and appeared green, whereas DEHP-exposed cells
showed condensed nuclei and apoptotic bodies’ exhibited orange-to-red nuclear staining. DEHP with
WDL-AuNP-treated cells showed reduced apoptotic changes (Figure 7d).

The mitochondrial-dependent apoptosis pathway is triggered by the production of cyto-c in the
mitochondria (maintains equilibrium between anti-apoptotic Bcl-2 family proteins and pro-apoptotic
proteins). Thus, it promotes cell survival by interrupting Bcl-2: Bax ratio (Bax induces cell apoptosis) [37].
The well-known pro-apoptotic factors include Bax and Bad controlled by Bcl2 and cl2110, the
DEHP-induced apoptotic pathway, BCL2, led to cause a defect in the pancreatic cell [38]. Bax-associated
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protein molecules drive the permeabilization of the outer mitochondrial membrane, which leads to
the production of cyto-C, followed by binding of dATP and APAF-1, to form a multimeric complex
that recruits pro-casp-9, activates the caspases cascade proteins, and executes cell apoptosis [39].
In our study, the apoptotic signaling cascades, such as cyto-c, Casp-3, -9, and Bax, were significantly
increased in DEHP-exposed pancreatic β-cell lines. Consequently, Bcl-2 expression was suppressed in
the DEHP-exposed RIN-5F cell line when compared to control cell lines (Figure 8). WDL-AuNP-treated
RIN-5F modulates DEHP-induced apoptotic cell signaling cascades. Peng and Zhang recently showed
that WDL elevates the proapoptotic factors Bad and Bax and APAF-1 triggered the casp-3 and casp-9
to get expressed, which further inhibits the anti-apoptotic agents Bcl2 and Bcl-XL [14].
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DEHP-induced pancreatic cells cause dysfunction in pancreatic β-cells and also impede the
metabolism of carbohydrates, thus decreasing levels of glucose uptake [40]. DEHP-mediated deduction
in the insulin receptor is conceded with the reduced IRS-1. It has been proven that ROS could
degrade IRS-1 [41]. Acetylation of IRS is tolerant of tyrosine phosphorylation and simplifies the
insulin-stimulated signal transduction proteins by activating P13K, phosphorylation, and activation
of AKT. This results in the translocation of AKT to the intracellular membranes, thereby preventing
apoptosis in neuronal cells, and imparts cell survival [41]. The plasma membrane-bound GLUT2
protein level decreased drastically in the DEHP-treatment. In DEHP-induced condition, there was
decreased insulin. As a result, significant decrease in insulin-signaling molecules, such as IR, IRS-1, Akt,
and GLUT2 in the pancreas [42]. In our study, the insulin-signaling pathway proteins, such as IR, IRS-1
and GLUT2, were relatively low in the DEHP-induced RIN-5F cell line, indicating the establishment of
apoptosis as a result of DEHP. Further, treatment with the WDL-AuNPs cell line showed up-regulated
expression of IR, IRS-1, and GLUT2 in the RIN-5F cell line (Figure 9). Thus, it could be suggested that
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WDL-AuNPs recovered insulin sensitivity by activating insulin signal molecules in pancreatic cells,
and promoting high glucose uptake to treat diabetes.
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Figure 8. Effect of WDL-AuNPs on the protein expression of Bcl-2 and Bax in RIN-5F cell lines. The graph
indicates the quantification results normalized to GAPDH levels. (1) Normal RIN-5F cells, (2) DEHP
(625 µM), (3) DEHP + WDL-AuNPs (40 µg/mL), (4) DEHP + WDL-AuNPs (80 µg/mL), (5) WDL-AuNPs
(80 µg/mL). Values are mentioned as means ± SD of three independent tests. * Compared with control
cells group (p < 0.05); #, ## Compared with the DEHP cells group (p < 0.05).
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Figure 9. WDL-AuNPs prevented the activation insulin-signaling proteins on DEHP-induced RIN-5F
cells in mRNA expression. (1) Normal RIN-5F cells, (2) DEHP (625 µM), (3) DEHP + WDL-AuNPs
(40 µg/mL), (4) DEHP + WDL-AuNPs (80 µg/mL), and (5) WDL-AuNPs (80 µg/mL). The expressions
of insulin receptor (IR), insulin receptor substrate-1 (IRS-1), and glucose transporter-2 (GLUT2) were
analyzed by RT-PCR. Values are mentioned as means ± SD of three independent tests. * Compared
with control cells group (p < 0.05); #, ## Compared with the DEHP cells group (p < 0.05).
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Insulin mediates the entry of glucose from the blood into tissues as an immediate source of
energy, with excess glucose stored as glycogen or fat in target tissues, such as liver, adipose tissue, and
skeletal muscle [43]. The circulating ratio of insulin was significantly diminished in the DEHP-induced
diabetic rats. Most of the reports represent that DEHP administration decreases the serum insulin
levels in rat [44]. Treatment of WDL-AuNPs moderately improved the insulin level. The 40 mg
dose of WDL-AuNPs showed a near normal level of insulin, which might be through disturbing the
DEHP-induced adverse effect on the beta cells of pancreas.

Increased amount of fasting blood glucose was observed in the DEHP-induced diabetic rats.
It was obvious that the DEHP exposure impaired β-cell function and caused insulin resistance-induced
hyperglycemia in rats [41,45]. As a result, there was elevated fasting blood glucose levels in DEHP
treated rats. WDL-AuNPs administration dose-dependently reduced the fasting blood glucose level
by nullifying the adverse effect of DEHP on pancreas and improving the insulin sensitivity in the
target tissues through its anti-oxidant and free radicals scavenging activities [46]. Administration of
WDL-AuNPs (40 mg/kg bw) was effective against the DEHP-induced hyperglycemia when compared
to other doses WDL-AuNPs (10, 20 mg/kg bw) (Table 2). It might be due to increased insulin sensitivity
in target tissues. DEHP exposure decreased the glycogen content in the liver. Previous studies also
stated that DEHP impairs insulin-signaling and reduces the glycogen level in liver and adipose tissue
by imparting insulin resistance and excess glycogenolysis [47,48]. On the contrary, WDL-AuNPs
treatment showed the dose-dependent increase in glycogen level in liver of DEHP administered
diabetic rats through improving the insulin level and, thereby, the glycogen storage in the liver [46].

Table 2. Effect of WDL-AuNPs on glucose, insulin, and liver glycogen in normal and diabetic rats.

Group Glucose
(mg/dL)

Insulin
(µU/mL)

Glycogen
(mg/100g Tissues)

Control 102.01 ± 9.25 ad 11.61 ± 1.09 a 51.94 ± 4.30 a

WDL-AuNPs (40 mg/kg bw) 94.81 ± 8.41 a 10.98 ± 0.91 a 53.01 ± 3.51 a

DEHP 190.44 ± 15.65 b 5.16 ± 0.85 b 24.34 ± 2.01 b

DEHP + WDL-AuNPs (10 mg/kg bw) 170.63 ± 13.54 c 6.44 ± 0.45 c 35.11 ± 2.89 c

DEHP + WDL-AuNPs (20 mg/kg bw) 165.84 ± 12.54 c 7.09 ± 0.78 cd 39.18 ± 3.14 d

DEHP + WDL-AuNPs (40 mg/kg bw) 120.91 ± 11.69 d 8.11 ± 0.69 d 43.79 ± 4.29 d

Values are given as means ± S.D. for six rats in each group. Values not sharing a common superscript differ
significantly (a–d) at p ≤ 0.05 Duncan’s Multiple Range Test (DMRT).

4. Conclusions

In conclusion, AuNPs were synthesized by bottom-up processes through a suitable,
eco-friendly, simple, and non-toxic approach by using WDL as a reducing and stabilizing agent.
Characterization studies showed that the WDL-AuNPs have morphological parameters suitable
for medicinal applications. The WDL-AuNPs protect RIN-5F cells from DEHP-exposed toxicity by
increasing cell viability and insulin secretion. The AuNPs also prevent the cells from oxidative damage
and normalize the regulation of Bcl-2 family proteins through an unregulated insulin-signaling pathway.
Taken together, this finding suggested that WDL-AuNPs may potentially enhance the therapeutic
target for β-cell survival and anti-diabetic activity.

Author Contributions: V.R., conceptualization, methodology, and writing—original draft preparation; V.R. and
E.D., funding acquisition and supervision; M.A.V.A. and K.V., data curation, software; A.B., validation; K.M.G.,
V.S.K., and C.C.S., formal analysis; V.S. and S.V., methodology; A.G., T.A.A., and B.X., writing—review and editing.
All authors read and approved the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research work has been conducted with the financial support of National Post-Doctoral Fellowship
(SERB-NPDF) funded at the Science and Engineering Research Board by the Department of Science and Technology,
New Delhi (Reference No: PDF/2017/000684).



Antioxidants 2020, 9, 8 14 of 16

Acknowledgments: We grateful to the Vellore Institute of Technology (VIT), Vellore, India and Department of
Science and Technology-Promotion of University Research and Scientific Excellence (DST-PURSE), S.V. University,
Tirupati, India for material characterization to carry out this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Salata, O.V. Applications of nanoparticles in biology and medicine. J. Nanobiotechnol. 2004, 2, 3. [CrossRef]
[PubMed]

2. Ramos, A.P.; Cruz, M.A.; Tovani, C.B.; Ciancaglini, P. Biomedical applications of nanotechnology. Biophys. Rev.
2017, 9, 79–89. [CrossRef] [PubMed]

3. Bao, G.; Mitragotri, S.; Tong, S. Multifunctional nanoparticles for drug delivery and molecular imaging.
Annu. Rev. Biomed. Eng. 2013, 15, 253–282. [CrossRef] [PubMed]

4. Alegria, E.; Ribeiro, A.; Mendes, M.; Ferraria, A.; do Rego, A.; Pombeiro, A. Effect of phenolic compounds on
the synthesis of gold nanoparticles and its catalytic activity in the reduction of nitro compounds. Nanomaterials
2018, 8, 320. [CrossRef]

5. Santhoshkumar, J.; Rajeshkumar, S.; Kumar, S.V. Phyto-assisted synthesis, characterization and applications
of gold nanoparticles—A review. Biochem. Biophys. Rep. 2017, 11, 46–57. [CrossRef]

6. Yeh, Y.C.; Creran, B.; Rotello, V.M. Gold nanoparticles: Preparation, properties, and applications in
bionanotechnology. Nanoscale 2012, 4, 1871–1880. [CrossRef]

7. Baptista, P.V.; McCusker, M.P.; Carvalho, A.; Ferreira, D.A.; Mohan, N.M.; Martins, M.; Fernandes, A.R.
Nano-strategies to fight multidrug resistant bacteria—“A Battle of the Titans”. Front. Microbiol. 2018, 9.
[CrossRef]

8. Erythropel, H.C.; Maric, M.; Nicell, J.A.; Leask, R.L.; Yargeau, V. Leaching of the plasticizer di (2-ethylhexyl)
phthalate (DEHP) from plastic containers and the question of human exposure. Appl. Microbiol. Biotechnol.
2014, 98, 9967–9981. [CrossRef]

9. Sun, X.; Lin, Y.; Huang, Q.; Shi, J.; Qiu, L.; Kang, M.; Chen, Y.; Fang, C.; Ye, T.; Dong, S. Di (2-ethylhexyl)
phthalate-induced apoptosis in rat INS-1 cells is dependent on activation of endoplasmic reticulum stress
and suppression of antioxidant protection. J. Cell. Mol. Med. 2015, 19, 581–594. [CrossRef]

10. Manvar, D.; Mishra, M.; Kumar, S.; Pandey, V.N. Identification and evaluation of antihepatitis C virus
phytochemicals from Eclipta Alba. J. Ethnopharmacol. 2012, 144, 545–554. [CrossRef]

11. Shen, P.; Yang, X.; Jiang, J.; Wang, X.; Liang, T.; He, L. Wedelolactone from Eclipta Alba inhibits
lipopolysaccharide-enhanced cell proliferation of human renal mesangial cells via NF-κB signaling pathway.
Am. J. Transl. Res. 2017, 9, 2132.

12. Liu, Y.Q.; Han, X.F.; Bo, J.X.; Ma, H.P. Wedelolactone enhances osteoblastogenesis but inhibits
osteoclastogenesis through Sema3A/NRP1/PlexinA1 pathway. Front. Pharmacol. 2016, 7, 375. [CrossRef]

13. Zhao, Y.; Peng, L.; Yang, L.C.; Xu, X.D.; Li, W.J.; Luo, X.M.; Jin, X. Wedelolactone regulates lipid metabolism
and improves hepatic steatosis partly by AMPK activation and up-regulation of expression of PPARα/LPL
and LDLR. PLoS ONE 2015, 10, e0132720. [CrossRef]

14. Peng, Y.G.; Zhang, L. Wedelolactone suppresses cell proliferation and migration through AKT and AMPK
signaling in melanoma. J. Dermatol. Treat. 2019, 30, 389–395. [CrossRef]

15. Delgadillo-Silva, L.F.; Tsakmaki, A.; Akhtar, N.; Franklin, Z.J.; Konantz, J.; Bewick, G.A.; Ninov, N. Modelling
pancreatic β-cell inflammation in zebrafish identifies the natural product wedelolactone for human islet
protection. Dis. Models Mech. 2019, 12, dmm036004. [CrossRef]

16. Fraga, C.G.; Leibovitz, B.E.; Tappel, A.L. Lipid peroxidation measured as thiobarbituric acid-reactive
substances in tissue slices: Characterization and comparison with homogenates and microsomes. Free Radic.
Biol. Med. 1988, 4, 155–161. [CrossRef]

17. Jiang, Z.Y.; Hunt, J.V.; Wolff, S.P. Ferrous ion oxidation in the presence of xylenol orange for detection of
Lipid hydroperoxide in low density lipoprotein. Anal. Biochem. 1992, 202, 384–389. [CrossRef]

18. Kakkar, P.; Das, B.; Viswanathan, P. A modified spectrophotometric assay of superoxide dismutase. Indian J.
Biochem. Biophys. 1984, 21, 130–132.

19. Sinha, A.K. Colorimetric assay of catalase. Anal. Biochem. 1972, 47, 389–394. [CrossRef]

http://dx.doi.org/10.1186/1477-3155-2-3
http://www.ncbi.nlm.nih.gov/pubmed/15119954
http://dx.doi.org/10.1007/s12551-016-0246-2
http://www.ncbi.nlm.nih.gov/pubmed/28510082
http://dx.doi.org/10.1146/annurev-bioeng-071812-152409
http://www.ncbi.nlm.nih.gov/pubmed/23642243
http://dx.doi.org/10.3390/nano8050320
http://dx.doi.org/10.1016/j.bbrep.2017.06.004
http://dx.doi.org/10.1039/C1NR11188D
http://dx.doi.org/10.3389/fmicb.2018.01441
http://dx.doi.org/10.1007/s00253-014-6183-8
http://dx.doi.org/10.1111/jcmm.12409
http://dx.doi.org/10.1016/j.jep.2012.09.036
http://dx.doi.org/10.3389/fphar.2016.00375
http://dx.doi.org/10.1371/journal.pone.0132720
http://dx.doi.org/10.1080/09546634.2018.1527996
http://dx.doi.org/10.1242/dmm.036004
http://dx.doi.org/10.1016/0891-5849(88)90023-8
http://dx.doi.org/10.1016/0003-2697(92)90122-N
http://dx.doi.org/10.1016/0003-2697(72)90132-7


Antioxidants 2020, 9, 8 15 of 16

20. Rotruck, J.T.; Pope, A.L.; Ganther, H.E.; Swanson, A.; Hafeman, D.G.; Hoekstra, W. Selenium: Biochemical
role as a component of glutathione peroxidase. Science 1973, 179, 588–590. [CrossRef]

21. Vinayagam, R.; Xu, B. 7,8-Dihydroxycoumarin (daphnetin) protects INS-1 pancreatic β-cells against
streptozotocin-induced apoptosis. Phytomedicine 2017, 24, 119–126. [CrossRef]

22. Morales, M.A.; Jabbay, A.J.; Tenenzi, H.F. Mutation affecting accumulation of glycogen. Fungal Genet. Rep.
1975, 20, 24–25. [CrossRef]

23. Pan, S.Y.; Zhou, S.F.; Gao, S.H.; Yu, Z.L.; Zhang, S.F.; Tang, M.K.; Sun, J.N.; Ma, D.L.; Han, Y.F.; Fong, W.F.
New perspectives on how to discover drugs from herbal medicines: CAM’s outstanding contribution to
modern therapeutics. Evid. Based Complementary Altern. Med. 2013, 2013. [CrossRef]

24. Hwang, S.J.; Jun, S.H.; Park, Y.; Cha, S.H.; Yoon, M.; Cho, S.; Lee, H.J.; Park, Y. Green synthesis of gold
nanoparticles using chlorogenic acid and their enhanced performance for inflammation. Nanomed. Nanotechnol.
Biol. Med. 2015, 11, 1677–1688. [CrossRef]

25. Gulka, C.P.; Wong, A.C.; Wright, D.W. Spontaneous self-assembly and disassembly of colloidal gold
nanoparticles induced by tetrakis (hydroxymethyl) phosphonium chloride. Chem. Commun. 2016, 52,
1266–1269. [CrossRef]

26. Lee, J.; Kim, H.Y.; Zhou, H.; Hwang, S.; Koh, K.; Han, D.W.; Lee, J. Green synthesis of phytochemical-stabilized
Au nanoparticles under ambient conditions and their biocompatibility and antioxidative activity. J. Mater.
Chem. 2011, 21, 13316–13326. [CrossRef]

27. Karuppiah, C.; Palanisamy, S.; Chen, S.M.; Emmanuel, R.; Muthupandi, K.; Prakash, P. Green synthesis of
gold nanoparticles and its application for the trace level determination of painter’s colic. RSC Adv. 2015, 5,
16284–16291. [CrossRef]

28. Sindhu, K.; Rajaram, A.; Sreeram, K.; Rajaram, R. Curcumin conjugated gold nanoparticle synthesis and its
biocompatibility. RSC Adv. 2014, 4, 1808–1818. [CrossRef]

29. Li, X.; Wang, T.; Liu, J.; Liu, Y.; Zhang, J.; Lin, J.; Zhao, Z.; Chen, D. Effect and mechanism of wedelolactone
as antioxidant-coumestan on OH-treated mesenchymal stem cells. Arab. J. Chem. 2017. [CrossRef]

30. Prentki, M.; Nolan, C.J. Islet β cell failure in type 2 diabetes. J. Clin. Investig. 2006, 116, 1802–1812. [CrossRef]
31. Tangvarasittichai, S. Oxidative stress, insulin resistance, dyslipidemia and type 2 diabetes mellitus. World J.

Diabetes 2015, 6, 456. [CrossRef]
32. Kim, J.H.; Park, H.Y.; Bae, S.; Lim, Y.H.; Hong, Y.C. Diethylhexyl phthalates is associated with insulin

resistance via oxidative stress in the elderly: A panel study. PLoS ONE 2013, 8, e71392. [CrossRef]
33. She, Y.; Jiang, L.; Zheng, L.; Zuo, H.; Chen, M.; Sun, X.; Li, Q.; Geng, C.; Yang, G.; Jiang, L.; et al. The role of

oxidative stress in DNA damage in pancreatic β cells induced by di-(2-ethylhexyl) phthalate. Chem. Biol.
Interact. 2017, 265, 8–15. [CrossRef]

34. Wang, J.; Li, J.; Rafiq Zahid, K.; Wang, K.; Qian, Y.; Ma, P.; Ding, S.; Yang, X.; Wang, X. Adverse effect of
DEHP exposure on the serum insulin level of Balb/c mice. Mol. Cell. Toxicol. 2016, 12, 83–91. [CrossRef]

35. Kasahara, E.; Sato, E.F.; Miyoshi, M.; Konaka, R.; Hiramoto, K.; Sasaki, J.; Tokuda, M.; Nakano, Y.; Inoue, M.
Role of oxidative stress in germ cell apoptosis induced by di(2-ethylhexyl)phthalate. Biochem. J. 2002, 365,
849–856. [CrossRef]

36. Atale, N.; Gupta, S.; Yadav, U.C.; Rani, V. Cell-death assessment by fluorescent and nonfluorescent cytosolic
and nuclear staining techniques. J. Microsc. 2014, 255, 7–19. [CrossRef]

37. Elmore, S. A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef]
38. Mickelson Weldingh, N.; Jørgensen-Kaur, L.; Becher, R.; Holme, J.; Bodin, J.; Nygaard, U.; Kocbach Bølling, A.

Bisphenol A Is More Potent than Phthalate Metabolites in Reducing Pancreatic β-Cell Function. BioMed Res.
Int. 2017, 2017, 1–11. [CrossRef]

39. Cain, K.; Bratton, S.B.; Cohen, G.M. The Apaf-1 apoptosome: A large caspase-activating complex. Biochimie
2002, 84, 203–214. [CrossRef]

40. Fu, Y.; Dong, J.; Wang, J.; You, M.; Wei, L.; Fu, H.; Wang, Y.; Chen, J. Developmental Exposure to
Di-(2-ethylhexyl) Phthalate Induces Cerebellar Granule Cell Apoptosis via the PI3K/AKT Signaling Pathway.
Exp. Neurobiol. 2018, 27, 472. [CrossRef]

41. Kloting, N.; Hesselbarth, N.; Gericke, M.; Kunath, A.; Biemann, R.; Chakaroun, R.; Kosacka, J.; Kovacs, P.;
Kern, M.; Stumvoll, M.; et al. Di-(2-Ethylhexyl)-Phthalate (DEHP) Causes Impaired Adipocyte Function and
Alters Serum Metabolites. PloS ONE 2015, 10, e0143190. [CrossRef]

http://dx.doi.org/10.1126/science.179.4073.588
http://dx.doi.org/10.1016/j.phymed.2016.11.023
http://dx.doi.org/10.4148/1941-4765.1830
http://dx.doi.org/10.1155/2013/627375
http://dx.doi.org/10.1016/j.nano.2015.05.002
http://dx.doi.org/10.1039/C5CC08211K
http://dx.doi.org/10.1039/c1jm11592h
http://dx.doi.org/10.1039/C4RA14988B
http://dx.doi.org/10.1039/C3RA45345F
http://dx.doi.org/10.1016/j.arabjc.2017.03.008
http://dx.doi.org/10.1172/JCI29103
http://dx.doi.org/10.4239/wjd.v6.i3.456
http://dx.doi.org/10.1371/journal.pone.0071392
http://dx.doi.org/10.1016/j.cbi.2017.01.015
http://dx.doi.org/10.1007/s13273-016-0011-4
http://dx.doi.org/10.1042/bj20020254
http://dx.doi.org/10.1111/jmi.12133
http://dx.doi.org/10.1080/01926230701320337
http://dx.doi.org/10.1155/2017/4614379
http://dx.doi.org/10.1016/S0300-9084(02)01376-7
http://dx.doi.org/10.5607/en.2018.27.6.472
http://dx.doi.org/10.1371/journal.pone.0143190


Antioxidants 2020, 9, 8 16 of 16

42. Rajesh, P.; Balasubramanian, K. Gestational exposure to di(2-ethylhexyl) phthalate (DEHP) impairs pancreatic
β-cell function in F1 rat offspring. Toxicol. Lett. 2015, 232, 46–57. [CrossRef]

43. Newsholme, E.A.; Dimitriadis, G. Integration of biochemical and physiologiceffects of insulin on glucose
metabolism. Exp. Clin. Endocrinol. Diabetes 2001, 109, S122–S134. [CrossRef]

44. Gayathri, N.S.; Dhanya, C.R.; Indu, A.R.; Kurup, P.A. Changes in somehormones by low doses of di (2-ethyl
hexyl) phthalate (DEHP), a commonly used plasticizer in PVC blood storage bags & medical tubing. Indian J.
Med. Res. 2004, 119, 139–144.

45. Rajesh, P.; Balasubramanian, K. Phthalate exposure in utero causes epigenetic changes and impairs insulin
signalling. J. Endocrinol. 2014, 223, 47–66. [CrossRef]

46. Shahab, U.; Faisal, M.; Alatar, A.A.; Ahmad, S. Impact of wedelolactone in the anti-glycation and anti-diabetic
activity in experimental diabetic animals. IUBMB Life 2018, 70, 547–552. [CrossRef]

47. Mushtaq, M.; Srivastava, S.P.; Seth, P.K. EVect of di-2-ethylhexyl phthalate (DEHP) on glycogen metabolism
in rat liver. Toxicology 1980, 16, 153–161. [CrossRef]

48. Rajesh, P.; Sathish, S.; Srinivasan, C.; Selvaraj, J.; Balasubramanian, K. Phthalate is associated with insulin
resistance in adipose tissue of male rat: Role of antioxidant vitamins. J. Cell. Biochem. 2013, 114, 558–569.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.toxlet.2014.09.025
http://dx.doi.org/10.1055/s-2001-18575
http://dx.doi.org/10.1530/JOE-14-0111
http://dx.doi.org/10.1002/iub.1744
http://dx.doi.org/10.1016/0300-483X(80)90045-1
http://dx.doi.org/10.1002/jcb.24399
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials and Cell Line 
	Green Synthesis and Characterization of WDL-AuNPs 
	Viability Assay 
	Glucose Stimulated Insulin Secretion 
	Biochemical Estimations 
	Staining for Apoptosis 
	Protein Analysis by Western Blot 
	RNA Isolation and Reverse Transcription PCR 
	Animals 
	DEHP induction 
	Experimental protocol 
	Biochemical Assay 

	Statistical Analysis 

	Results and Discussion 
	Conclusions 
	References

