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Abstract

Mono-2-ethyhexyl phthalate (MEHP), an environmental xenoestrogen, is widely used in the production of polyvinyl chloride
materials and can be easily accumulated in human body. MBP is the active monoester metabolite of di butyl phthalate that is
widely used as plasticizer in many products such as plastic toys, food packaging, personal care products, as well as an
additive in lubricants, eliminating foams, and lotions. The presented in-vitro cytotoxicity study focused on time-dependent
and combinatory exposure scenarios. We chose these phthalates because they are posed a considerable interest because of
their contribution to insulin resistance, type-2 diabetes and obesity. All experiments performed in INS-1 pancreatic beta cells
show moderate cytotoxicity with a time-dependent increase in effectiveness. INS-1 cells were treated with 0.001, 0.01, 0.1, 1,
or 10-μM MEHP and MBP for 24, 48, and 72 h. Our results showed that cell viability was decreased and total oxidant levels
were increased. Also, mRNA expression levels with asscociated beta cells were measured and for MBP dose groups, all mRNA
expression levels were decreased. In conclusion, these findings suggest that, MEHP and MBP are have a negative and
distruptor role on pancreatic beta cells and it will be linked with insulin resistance and type 2 diabetes.
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Introduction
The use of plastics is widespread in our modern world and
simultaneously exposure too many chemicals that may leak
from the plastics is also very common [1, 2]. The daily exposure
of various types of chemicals from plastics involves ingestion
by contaminated food, absorption through skin and inhalation
[3, 4].

Two important types of chemicals leaking from plastics are
phthalates and they are used as plasticizers in polyvinylchloride
products. The other one is bisphenol A (BPA) and it is used in
polycarbonate plastic. These chemicals are produced in several
millions of tons per year [5, 6] and they have also been detected
in blood and urine samples from the population as well [6]. There
have been an increasing concern about these environmentally
hazardous chemicals and their adverse health effects, based
on knowledge gained from animal studies [4, 7–10]. Therefore,
regulations have been put into force in the European Union
(EU) on product content as well as production of phthalates
and BPA, but they still exist in a lot of consumer products [11].
With regards to this, it is not surprising to find out numerous
studies trying to reveal the effects of exposure but distinctively
the most crucial is that exposure to BPA and phthalates has been
linked to several metabolic effects in both epidemiological and
experimental studies, including diabetes [12–17].

Despite the fact that diabetes is a common metabolic disorder
worldwide, the reason for its increasing incidence in 30 years is
still unknown [17]. The increase has been suggested in part to be
a result of unhealthy lifestyle changes related with industrializa-
tion and economic development, but it also concurrences with
an increase in exposure to chemicals [18] including endocrine
disruptors [13].

The significant economic and social costs associated with the
raising case rate of diabetes describe a public health problem not
only in local levels but also worldwide [19]. Even though several
environmental chemicals have been associated with type 2 dia-
betes (T2D), potential role in the development of the autoimmune
disease type 1 diabetes (T1D) has not received much attention.
However, these environmental chemicals are thought to act as
endocrine disruptors and may affect the immune system which
can further promote and to contribute autoimmunity [2].

Phthalates constitute a diverse group of industrial com-
pounds that share basic chemical similarities. Notably they
are used as plasticizers in the production of soft polyvinyl
chloride and other plastics in numerous consumer items,
such as plastic gloves, paint, toys, and several personal care
products [3, 11]. Similar to BPA, phthalates does not chemically
bound to the plastic, and may leak into the environment as
aforementioned. Considering this fact, it is not surprising to
come across with different phthalates in a wide range of food
items such as milk, meat, fish, seafood, and vegetables [20].
Thus, phthalate occurrence is mostly associated with imported
products, contamination in production, or cooking at home.
In addition to these, consumer products such as shampoos,
cosmetics, and skin creams contain various phthalates [6, 11].
As regards to take a precaution on this issue, EU legislation
on phthalates in materials in contact with food entered into
force in 2008 [21]. Although ingestion is suggested to be the
major exposure route, inhalation and skin contact with clothing,
toys, or other products containing phthalates can also result in
absorption through the skin [3, 11].

Another important point is that, infants and toddlers
mouthing of plastic objects have received particular attention
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recently. The infants are constantly in contact with plastic
products directly through the mouth or through licking on
fingers after contact with the products [11]. Due to the fact
that children are in their development phase, they are highly
vulnerable to exposure [22, 23]. Therefore, the use of phthalates
in toys for children under 3 years was prohibited in the EU in
1999 [11].

In addition to these, metabolism and elimination of phtha-
lates is also a very complex process. In general, phthalates
are diesters which are cleaved into their respective hydrolytic
monoesters which can be further modified by another oxidation
reactions. Both the hydrolytic monoesters and the oxidized
metabolites conjugate with glucuronic acid, and then they
are secreted through the urine. Hence, biological half-life and
the metabolite concentrations in urine diverse between the
phthalates and their metabolites in view differences in phthalate
structure and chain length. For instance, although ∼70% of di-n-
butyl phthalate (DnBP) is excreted as the primary metabolite
mono-n-butyl phthalate (MnBP), only 7% of di (2-ethylhexyl)
phthalate (DEHP) is excreted as the primary metabolite mono
(2-ethylhexyl) phthalate (MEHP; [23]). Individual phthalates are
used in different products, thus exposure way and burden differs
between the several phthalates, as well as between age and
gender groups [6]. The highest phthalate exposure through inges-
tion is seen for DnBP, diisobutyl phthalate (DiBP), benzyl butyl
phthalate (BBzP), and DEHP [11]. The concentrations of phthalate
metabolites in serum vary between different metabolites as well
as individuals [24–27], consequently reflecting differences in
exposure within the population. Some phthalate metabolites,
like mono butyl phthalate (MBP), and MEHP, may be detected in
almost all subjects [26, 27]. Furthermore, phthalates have also
been detected in urine [24] and breast milk [10].

In the scope of animal studies as mentioned above, exposure
of rodents to phthalates has been associated with adverse effects
in liver and kidney beyond the reproductive system, indeed
the induced effects differ between the phthalates [3]. In epi-
demiological studies, several diseases like obesity, diabetes, and
asthma have been associated with increased levels of phtha-
late metabolites [28, 29]. Phthalate metabolites may intensify
the peroxisome proliferator-activated receptor family of nuclear
receptors (PPAR’s), which play an important role in the regulation
of insulin sensitivity and inflammation [30], thus PPAR’s are often
suggested as a mechanism for phthalate-induced effects.

Given these points, the aim of this study is to investigate
the role of two ubiquitous environmental contaminants; MEHP
and MBP, on pancreatic β-cells in vitro, a cell type that has a
central role in the development of diabetes [31] and identify the
related molecular pathways. So, the relationship between these
endocrine disruptor metabolites and pancreatic β-cells will be
showed and accordingly, a new approach can be introduced to
the use rates of phthalates.

Materials and Methods
Chemicals

MEHP and MBP (CAS No.117-81-7) was obtained from Sigmae
Aldrich (Germany: purity > 99.4%) and dissolved in dimethyl sul-
foxide (DMSO). Culture plates were obtained from BD Biosciences
Labware, Franklin Lakes, NJ, USA. RPMI 1640 culture medium and
fetal bovine serum (FBS) were obtained from Gibco. HEPES, glu-
tamine, sodium pyruvate, penicillin and streptomycin were pur-
chased from Invitrogen. The antibodies against FOXO-1, PDX-1,
SIRT-, INS-1, INS-2, p53, BCL-2, and BCL-XL were purchased from

Santa Cruz Biotechnology (Santa Cruz, CA, USA). Glucose, HEPES,
β-mercaptoethanol and the protease inhibitor were obtained
from Sigma. The catalog number of rat insulin secretion kit was
62INSPEB and obtained from Cisbio. Each analysis was repeated
three times.

Dose levels, cell culture and treatment

Daily human exposure to DEHP in general population is esti-
mated to be in the range from 5.8 to 19 μg kg−1 per day whereas
exposure through medical settings may exceed up to 167.9 mg/-
day [32]. MEHP is high in the plasma of infant (15.1 μg ml−1 which
is equal to 54.25 μM) and in maternal and umbilical cord blood
samples (11.87 and 9.94 μg ml−1) [33].

Silva et al. [34] reported that a median concentration of total
monobutyl phthalate in serum of 14.4 μg l−1 of which ∼25–30%
is free monobutyl phthalate and the remainder is monobutyl
phthalate glucuronide. Also, Silva et al. [35] reported that a
median concentration of total monobutyl phthalate in human
amniotic fluid of 5.8 μg l−1, a 95th percentile of 15.9 μg l−1, and
a maximum value of 263.9 μg l−1 (n = 54 with detection in 50 of
the samples). Calafat et al. [36] reported a mean concentration
of total monobutyl phthalate in human breast milk of 1.3 ± 1.5
(n = 3 with detection in 2 of the samples) μg/l. Silva et al. [37]
reported a median concentration of total monobutyl phthalate
in human saliva of 5.0 μg l−1 and a 95th percentile of 57.9 μg l−1

(n = 39 with detection in 33 of the samples).
According to this literature, we have selected five doses for

two phthalates and in experiment, we adjusted the doses like
low dose, median dose, and high dose in themselves. Generally,
these all concentrations were low because endocrine-disrupting
chemicals (EDCs) simulate hormones and these chemicals can
have adverse effects at low doses.

The INS-1 cell line (ATCC, HB-8065) was cultured in MEM
containing 10% fetal bovine serum, in 5% CO2 at 37◦C. The cells
were passaged after being in culture for two or three days, and
the logarithmic phase cells were used for experiments. In each
experiment, the INS-1 cells were treated with 0.001, 0.01, 0.1, 1,
or 10-μM MEHP and MBP (diluted with cell culture medium with
a final concentration of DMSO < 0.1% (v/v)).

Cell viability assay

Cellular viability was evaluated with a MTT (Sigma) colorimetric
assay. INS-1 cells were plated in a 96-well microtiter plate at a
density of 2 × 105 cells per well in a final volume of 100-μl MEM
medium containing 10% fetal bovine serum for 24 h. Then the
cells were treated with 0.001, 0.01, 0.1, 1, or 10 μM MEHP and MBP
for 24, 48, and 72 h. After treatment, the cells were incubated with
100-ml MTT solution (0.5 mg ml−1) for 2 h at 37◦C. The formazan
crystals formed were dissolved in DMSO at 37◦C for 1 h in the
dark, and the absorbance was read at 595 nm in a microplate
reader (BIO-RAD Model 3550).

Insulin secretion assay

After the 5-day culture in 24-well plates (400.000 cells/well in
500-μl medium), insulin release was measured in the confluent
INS-1 cells. In brief, after the pre-incubation of cells in KRBH
buffer (KRBB, 129 mM of NaCl, 4.8 mM of KCl, 1.2 mM of MgSO4,
1.2 mM of KH2PO4, 2.5 mM of CaCl2, 5 mM of NaHCO3, 0.1% BSA,
and 10 mM of HEPES, pH 7.4) for 2 h, the KRBH buffer was replaced
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by the same buffer supplemented with either 5.5 and 16.7 mM
of glucose. Then the cells were incubated for another hour at
37◦C. The supernatants were collected and analyzed for insulin
concentrations.

Measurement of total antioxidant/oxidant status

Total oxidant status (TOS), total antioxidant status (TAS), and
oxidative stress index were analyzed by using The Rel Assay
kits (#RL0024, #RL0017, Rel Assay, Gaziantep, Turkey) according
to manufacturer instructions. The method used for measure-
ment of TOS is based on the principle that oxidants that are
present in the sample can oxidize the ferrous ions to ferric ions
which make a colored complex with a chromogen in an acidic
medium. TAS analysis is based on the principle that antioxidants
in the sample reduce dark blue-green colored 2.20-azino-bis (3-
ethylbenzotiazoline-6-sulphonic acid; ABST) radical to colorless
reduced ABTS form. The absorbance was measured at 530 and
660 nm.

Quantitative real-time polymerase chain reaction
analysis

mRNA and miRNA expressions were examined using real-time
PCR. Total RNA was extracted from islets using Trizol reagent. The
yield of RNA was expressed in mg. cDNA was synthesized from
2 mg of total RNA using M-MuLV Reverse Transcriptase according
to the manufacturer’s protocol. Real time-PCR was carried out
in a CFX96 TouchTM realtime PCR detection system (Bio Rad,
USA). Reaction was performed using MESA Green PCR master
mix. From Raw Ct Value to fold change result of each mRNA
represented by Clustergram data analyses were done with web-
based RT2 PCR Data Analysis Software (SA Biosciences, Qiagen).
A common method of visualizing gene expression data is to
display it as a heatmap. The heatmap may also be combined with
clustering methods which group genes and/or samples together
based on the similarity of their gene expression pattern. This
can be useful for identifying genes that are commonly regulated,
or biological signatures associated with a particular condition.
In heat maps, the data are displayed in a grid where each row
represents a gene and each column represents a sample. The
color and intensity of the boxes is used to represent changes of
gene expression. In our heat maps, red represents up-regulated
genes and green represents downregulated genes. The color
scale changing from red to green indicated the decrease in gene
expressions. The heat maps were drawn with using TBtools
program.

Statistical analysis

All values are expressed as means ± standard deviation (SD).
Statistical analyses were performed by using a SPSS 18 program
for Windows. Data were analyzed using one-way ANOVA. After
for differences between treatments, Tukey’s post-hoc test was
done. P < 0.05 was considered statistically significant.

Results
Effects of MEHP and MBP on INS-1 cell viability

As Fig. 1 shows, INS-1 cell viability declined after exposed to
MEHP and MBP during 24, 48, and 72 h. For all MEHP concentra-
tions, it was clearly seen that there was a significant decrease in

cell viability compared with control and DMSO groups. Similar
to MEHP results, for all MBP concentrations, the cell viability was
decreased compared with the control and DMSO groups.

Measurement of total antioxidant/oxidant status

The results of TOS and TAS analysis after 24, 48, and 72 h
exposure MEHP and MBP exposure to INS-1 cells were presented
in Fig. 2.

When we examined the results for 24, 48, and 72 h exposure,
it was realized that, for MEHP concentrations in Fig. 2A, 0.1, 1,
and 10-μM MEHP doses showed a decrease for TAS. Likewise,
For TAS levels, 1 and 10-μM MBP doses also showed a decrease
statistically significant after 24, 48, and 72 h cultivation which
can be seen in Fig. 2B.

For MEHP concentrations in Fig. 2C, 0.1, 1, and 10-μM MEHP
doses showed an increase for TOS for all in three times. For TOS
levels, 0.1, 1, and 10-μM MBP doses showed an increase for TOS
in Fig. 2D.

Insulin secretion assay results

Results of insulin secretion measurement in a medium contain-
ing 5.5-mmol l−1 glucose at the end of MEHP application in INS-1
cells were presented in Fig. 3A. After MEHP treatment for 24, 48,
and 72 h, insulin release of INS-1 cells decreased in 0.1, 1, and 10-
μM doses of MEHP compared with control. Also, in 10-μM dose
group of MEHP showed a decrease in insulin release compared
with 1-μM dose group of MEHP dose group.

Results of insulin secretion measurement in a medium con-
taining 16.7-mmol l−1 glucose at the end of MEHP application in
INS-1 cells were presented in Fig. 3B. 0.1, 1, and 10-μM doses of
MEHPP had a decreased insulin release compared with 0.01, and
0.001-μM dose groups of MEHPP for 48 and 72 h treatments.

Results of insulin secretion measurement in a medium con-
taining 5.5-mmol l−1 glucose at the end of MBP application in
INS-1 cells were presented in Fig. 3C. 0.1, 1, and 10-μM doses
of MBP after 24, 48, and 72 h showed a decrease in insulin
secretion of INS-1 cells compared with the control and DMSO
group. Also, after 72 h, in 0.001 and 0.01-μM dose groups, there
was a decreased insulin secretion beside the control and DMSO
groups.

Results of insulin secretion measurement in a medium con-
taining 16.7 mmol l−1 glucose at the end of MBP application in
INS-1 cells were presented in Fig. 3D. After 24 h, 0.001, 0.01, 0.1,
1, and 10-μM dose groups showed a decrease compared with the
control group. After 48 and 72 h, in 0.01, 0.1, 1, and 10-μM dose
groups, insulin secretion was decreased statistically.

qPCR analysis results

mRNA expression levels after 24 h with associated beta cells and
insulin were analyzed and the results were shown in Table 1
(MEHP) and Table 2 (MBP). All analyses were repeated three times.
The results showed 2-fold decrease in INS-1 and INS-2 expression
levels in the highest dose group, which was 10 μM for MEHP
and MBP. Also, the heat maps of mRNA expression levels after
exposure at the end of 24 h were shown in Fig. 4 (MEHP) and
Fig. 5 (MBP). For 10-μM dose group of MEHP, FOXO-1, PDX-1, SIRT-,
INS-1, INS-2, BCL-2, and BCL-XL levels were decreased compared
with control and DMSO groups. Only p53 levels were increased
for all groups. For 0.001-μM dose group of MEHP, all mRNA levels
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Figure 1: Cell viability (%) levels after MEHP (A) and MBP (B) exposure on INS-1 beta cells. a Different from control group (P < 0.05), b different from DMSO group (P < 0.05),
c different from 0.001 μM of MEHP dose group (P < 0.05), d different from 0.01 μM of MEHP dose group (P < 0.05), e different from 0.1 μM of MEHP dose group (P < 0.05)

(A). a Different from control group (P < 0.05), b different from DMSO group (P < 0.05), c different from 0.001 μM of MBP dose group (P < 0.05), d different from 0.01 μM of

MBP dose group (P < 0.05), e different from 0.1 μM of MBP dose group (P < 0.05) (B).

Figure 2: Total antioxidant levels after exposure MEHP (A) and MBP (B) and total oxidant levels after exposure MEHP (C) and MBP (D) on INS-1 beta cells. a Different

from control group (P < 0.05), b different from DMSO group (P < 0.05), c different from 0.001 μM of MEHP dose group (P < 0.05), d different from 0.01 μM of MEHP dose

group (P < 0.05), e different from 0.1 μM of MEHP dose group (P < 0.05), f different from 1 μM of MEHP dose group (P < 0.05) (A). a Different from control group (P < 0.05),
b different from DMSO group (P < 0.05), c different from 0.001 μM of MBP dose group (P < 0.05), d different from 0.01 μM of MBP dose group (P < 0.05), e different from

0.1 μM of MBP dose group (P < 0.05), f different from 1 μM of MBP dose group (P < 0.05), g different from 10 μM of MBP dose group (P < 0.05) (B). a Different from control

group (P < 0.05), b different from DMSO group (P < 0.05), c different from 0.001 μM of MEHP dose group (P < 0.05), d different from 0.01 μM of MEHP dose group (P < 0.05),
e different from 0.1 μM of MEHP dose group (P < 0.05) (C). a Different from control group (P < 0.05), b different from DMSO group (P < 0.05), c different from 0.001 μM of

MBP dose group (P < 0.05), d different from 0.01 μM of MBP dose group (P < 0.05), e different from 0.1 μM of MBP dose group (P < 0.05), f different from 1 μM of MBP dose

group (P < 0.05), g different from 1 μM of MBP dose group (P < 0.05) (D).

were decreased but only INS-1 levels were different statistically.
The other groups, 0.01, 0.1, and 1-μM MEHP dose groups had
decreased levels for all mRNAs different significantly. For MBP
dose groups, FOXO-1, PDX-1, SIRT-, INS-1, INS-2, BCL-2, and BCL-
XL mRNA expression levels were decreased in 10 and 1-μM MBP

dose groups and these were statistically different from the other
groups. For p53 mRNA levels, 0.01, 0.1, 1, and 10-μM dose groups
of MBP showed a decrease compared with the control group.

mRNA expression levels after 48 h with associated beta cells
and insulin were analyzed and the results were shown in Tables 3
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Figure 3: Results of insulin secretion measurement in a medium containing 5.5 mmol l−1 glucose at the end of MEHP (A) and MBP (C) application and results of insulin

secretion measurement in a medium containing 16.7 mmol l−1 glucose at the end of MEHP (B) and MBP (D) application in INS-1 cells. a Different from control group

(P ≤ 0.05), b different from DMSO group (P ≤ 0.05), c different from 0.001 μM of MEHP dose group (P ≤ 0.05), d different from 0.01 μM of MEHP dose group (P ≤ 0.05), e

different from 0.1 μM of MEHP dose group (P ≤ 0.05), f different from 1 μM of MEHP dose group (P ≤ 0.05), g different from 1 μM of MEHP dose group (P ≤ 0.05) (A). a

Different from control group (P < 0.05), b different from DMSO group (P < 0.05), c different from 0.001 μM of MEHP dose group (P < 0.05), d different from 0.01 μM of MEHP

dose group (P < 0.05), e different from 0.1 μM of MEHP dose group (P < 0.05), f different from 1 μM of MEHP dose group (P < 0.05), g different from 1 μM of MEHP dose

group (P < 0.05) (B). Results of insulin secretion measurement in a medium containing 5.5 mmol l−1 glucose at the end of MBP application in INS-1 cells. a Different

from control group (P < 0.05), b different from DMSO group (P < 0.05), c different from 0.001 μM of MBP dose group (P < 0.05), d different from 0.01 μM of MBP dose group

(P < 0.05), e different from 0.1 μM of MBP dose group (P < 0.05), f different from 1 μM of MBP dose group (P < 0.05), g different from 1 μM of MBP dose group (P < 0.05) (C).

Results of insulin secretion measurement in a medium containing 16.7 mmol l−1 glucose at the end of MBP application in INS-1 cells. a Different from control group

(P < 0.05), b different from DMSO group (P < 0.05), c different from 0.001 μM of MBP dose group (P < 0.05), d different from 0.01 μM of MBP dose group (P < 0.05), e different

from 0.1 μM of MBP dose group (P < 0.05), f different from 1 μM of MBP dose group (P < 0.05), g different from 1 μM of MBP dose group (P < 0.05) (D).

Table 1: mRNA expression levels of genes after MEHP exposure at the end of 24 h

Control DMSO 0.001 μM 0.01 μM 0.1 μM 1 μM 10 μM

FOXO-1 +0.10 +0.01 –0.16 –0.29 −0.43 –1.21 –1.25a,b,c,d

PDX-1 +0.21 +0.19 –0.17 –0.32 −0.98 –1.19 –1.52a,b,c,d,e

SIRT-1 +0.11 +0.12 –0.54 –0.77 −1.14a,b,c,f,g –1.65a,b,c,g –1.90a,b,c,d,e

INS-1 +0.50 +0.48 –0.20a,b –0.70 −1.10 –1.50 –2.10a,b,c,d,e

INS-2 +0.49 +0.47 –0.10 –0.48 −1.52 –1.73a,b,c –2.01
P53 +0.10 +0.18 +0.56 +0.76 +0.98 +0.99 +1.56a,b,c

BCL-2 +0.43 +0.39 –0.16 –0.17 −0.32 –1.32 –1.33a,b,c,d,e

BCL-XL +0.21 +0.24 –0.26 –0.38 −0.59 –0.94a,b,c,d,g –1.55

aDifferent from control group (P < 0.05).
bDifferent from DMSO group (P < 0.05).
cDifferent from 0.001 μM of MEHP dose group (P < 0.05).
dDifferent from 0.01 μM of MEHP dose group (P < 0.05).
eDifferent from 0.1 μM of MEHP dose group (P < 0.05).
fDifferent from 1 μM of MEHP dose group (P < 0.05).
gDifferent from 1 μM of MEHP dose group (P < 0.05). [(+) increase of mRNA levels, (−) decrease of mRNA levels].

(MEHP) and 4 (MBP). In addition, the heat maps of mRNA expres-
sion levels after exposure at the end of 48 h were shown in Figs 6
(MEHP) and 7 (MBP). Like results of after 24 h, not only MEHP but
also MBP dose groups, except p53 gene, showed the decreased
mRNA levels compared the control and DMSO group.

mRNA expression levels after 72 h with associated beta cell
and insulin were analyzed and the results were shown in Tables 5
(MEHP) and 6 (MBP). The heat maps of mRNA expression levels
after exposure at the end of 72 h were shown in Figs 8 (MEHP)

and 9 (MBP). For all dose groups, there was a decrease for mRNA
expression levels except p53.

Discussion
To begin with as it is well known that MBP and MEHP are the
primary metabolites of dibutyl phthalate (DBP) and DEHP, respec-
tively [6]. The two phthalate metabolites were selected due to
the fact that they have been shown as the major metabolites due
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Table 2: mRNA expression levels of genes after MBP exposure at the end of 24 h

Control DMSO 0.001 μM 0.01 μM 0.1 μM 1 μM 10 μM

FOXO-1 +0.11 +0.05 –0.12a,b,e,f,g –0.19 −0.33 –0.87 –0.99a,b,c,d,e

PDX-1 +0.12 +0.17 –0.35 –0.54 −0.78 –1.99a,b,c,d,e –2.50
SIRT-1 +0.11 +0.12 –0.34 –0.67 −0.54a,b,c,d,f,g –0.80 –1.01
INS-1 +0.29 +0.28 –1.22 –1.56 −1.78 –2.59 –3.20a,b,c,d,e,f

INS-2 +0.21 +0.32 –1.01 –1.38a,b,g −1.52 –1.63 –2.20
P53 +0.18 +0.17 +0.26 +0.56a,b,f,g +0.99 +1.57 +1.98
BCL-2 +0.23 +0.39 –0.69 –0.68 −0.92 –1.52 –2.34a,b,c,d,e,f

BCL-XL +0.21 +0.25 –0.79a,b,f,g –0.89 −0.99 –1.50 –2.75

aDifferent from control group (P < 0.05).
bDifferent from DMSO group (P < 0.05).
cDifferent from 0.001 μM of MBP dose group (P < 0.05).
dDifferent from 0.01 μM of MBP dose group (P < 0.05).
eDifferent from 0.1 μM of MBP dose group (P < 0.05).
fDifferent from 1 μM of MBP dose group (P < 0.05).
gDifferent from 10 μM of MBP dose group (P < 0.05). [(+) increase of mRNA levels, (−) decrease of mRNA levels].

Figure 4: The heat map of mRNA expression levels of genes after MEHP exposure at the end of 24 h. While red color indicates increase in gene expression, green

color indicates decrease. Colors changing from red to green indicate decreased gene expression. According to this, expression of p53 was increased for all dose groups

compared with the control group.

Figure 5: The heat map of mRNA expression levels of genes after MBP exposure at the end of 24 h. While red color indicates increase in gene expression, green color

indicates decrease. Colors changing from red to green indicate decreased gene expression. According to this, expression of p53 was increased but expression of INS-1

and INS-2 was decreased statistically significant compared with the control group in 10 μM dose group.
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Table 3: mRNA expression levels of genes after MEHP exposure at the end of 48 h

Control DMSO 0.001 μM 0.01 μM 0.1 μM 1 μM 10 μM

FOXO-1 +0.10 +0.01 –0.11 –0.21 −0.63 –1.03 −1.25a,b.c.d

PDX-1 +0.21 +0.22 –0.17 –0.22 −0.58 –0.79 −1.62a,b,c,d,e

SIRT-1 +0.12 +0.14 –0.43 –0.67 −1.10a,b,c,f,g –1.21a,b,c,g −1.80a,b,c,d,e

INS-1 +0.50 +0.51 –0.20a,b –0.87 −1.15 –1.40 −1.10a,b,c,d,e

INS-2 +0.39 +0.45 –0.15 –0.42 −1.13 –1.33a,b,c −1,55
P53 +0.10 +0.17 +0.66 +0.65 +0.70 +1.33 +2.56a,b,c

BCL-2 +0.53 +0.59 –0.36 –0.44 −0.78 –1.36 −1.89a,b,c,d,e

BCL-XL +0.31 +0.34 –0.21 –0.55 −0.57 –0.84a,b,c,d,g −1.87

aDifferent from control group (P < 0.05).
bDifferent from DMSO group (P < 0.05).
cDifferent from 0.001 μM of MEHP dose group (P < 0.05).
dDifferent from 0.01 μM of MEHP dose group (P < 0.05).
eDifferent from 0.1 μM of MEHP dose group (P < 0.05).
fDifferent from 1 μM of MEHP dose group (P < 0.05).
gDifferent from 10 μM of MEHP dose group (P < 0.05). [(+) increase of mRNA levels, (−) decrease of mRNA levels].

Table 4: mRNA expression levels of genes after MBP exposure at the end of 48 h

Control DMSO 0.001 μM 0.01 μM 0.1 μM 1 μM 10 μM

FOXO-1 +0.10 +0.01 –0.26 –0.29 −0.55 –1.11 −1.25a,b,c,d

PDX-1 +0.11 +0.10 –0.20 –0.31 −0.39 –0.67 −0.52.a,b,c,d,e

SIRT-1 +0.11 +0.11 –0.68 –0.55 −1.04a,b,c,f,g –1.88a,b,c,g −2.01a,b,c,d,e

INS-1 +0.42 +0.24 –0.24a,b –0.52 −1.22 –1.18 −1.10a,b,c.d,e

INS-2 +0.22 +0.27 –0.43 –0.44 −1.34 –1.31a,b,c −1.89
P53 +0.09 +0.11 +0.16 +0.27 +0.65 +0.76 +1.44a,b,c

BCL-2 +0.43 +0.39 –0.16 –0.17 −0.32 –1.32 −1.33a,b,c,d,e

BCL-XL +0.21 +0.24 –0.26 –0.38 −0.59 –0.94a,b,c,d,g −1.55

aDifferent from control group (P < 0.05).
bDifferent from DMSO group (P < 0.05).
cDifferent from 0.001 μM of MBP dose group (P < 0.05).
dDifferent from 0.01 μM of MBP dose group (P < 0.05).
eDifferent from 0.1 μM of MBP dose group (P < 0.05).
fDifferent from 1 μM of MBP dose group (P < 0.05).
gDifferent from 10 μM of MBP dose group (P < 0.05). [(+) increase of mRNA levels (−) decrease of mRNA levels].

Figure 6: The heat map of mRNA expression levels of genes after MEHP exposure at the end of 48 h. While red color indicates increase in gene expression, green color

indicates decrease. Colors changing from red to green indicate decreased gene expression. According to this, expression of p53, which is showed by red, was increased

and expressions of other genes, which are showed by green, were decreased.

to oral exposure (ingestion of food and beverages), which is the
major environmental exposure route [6, 11].

The main objective of this study was to investigate whether
phthalate metabolites could influence cellular functions of

pancreatic β-cells that may be linked to an accelerated
development of diabetes type 1 and type 2.

According to that, three different exposure scenarios were
used to study the effects of the chemicals alone with nondiabetic
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Figure 7: The heat map of mRNA expression levels of genes after MBP exposure at the end of 48 h. While red color indicates increase in gene expression, green color

indicates decrease. Colors changing from red to green indicate decreased gene expression. According to this, in 10-μM dose group, maximum decrease of gene expression

was showed in SIRT-1 and INS-2.

Table 5: mRNA expression levels of genes after MEHP exposure at the end of 72 h

Control DMSO 0.001 μM 0.01 μM 0.1 μM 1 μM 10 μM

FOXO-1 +010 +0.11 –0.19 –0.71 −1.24 –1.49 –2.15a,b,c,d

PDX-1 +0.11 +0.15 –0.27 –0.67 −1.12 –1.99 –2.52a,b,c,d,e

SIRT-1 +0.14 +0.13 –0.59 –0.98 −1.65a,b,c,f,g –2.10a,b,c,g –2.87a,b,c,d,e

INS-1 +0.40 +0.38 –0.28a,b –0.90 −1.55 –1.98 –2.54a,b,c,d,e

INS-2 +0.48 +0.45 –0.15 –0.66 −1.66 –1.84a,b,c –2.05
P53 +0.12 +0.15 +0.87 +0.97 +1.04 +1.92 +2.56a,b,c

BCL-2 +0.39 +0.37 –0.16 –0.17 −0.32 –1.32 –1.33a,b.c,d,e

BCL-XL +0.23 +0.28 –0.37 –0.45 −0.88 –1.67a,b,c.d,g –2.22

aDifferent from control group (P < 0.05).
bDifferent from DMSO group (P < 0.05).
cDifferent from 0.001 μM of MEHP dose group (P < 0.05).
dDifferent from 0.01 μM of MEHP dose group (P < 0.05).
eDifferent from 0.1 μM of MEHP dose group (P < 0.05).
fDifferent from 1 μM of MEHP dose group (P < 0.05).
gDifferent from 10 μM of MEHP dose group (P < 0.05). [(+) increase of mRNA levels (−) decrease of mRNA levels].

Table 6: mRNA expression levels of genes after MBP exposure at the end of 72 h

Control DMSO 0.001 μM 0.01 μM 0.1 μM 1 μM 10 μM

FOXO-1 +0.15 +0.11 –0.24 –0.51 –0.89 –1.56 –1.99a,b,c,d

PDX-1 +0.20 +0.18 –0.25 –0.46 –0.56 –0.89 –1.45a,b,c,d,e

SIRT-1 +0.11 +0.13 –0.66 –0.78 –1.08a,b,c,f,g –1.45a,b,c,g –2.10a,b,c,d,e

INS-1 +0.49 +0.47 –0.19a,b –0.45 –0.98 –1.12 –2.56a,b,c,d,e

INS-2 +0.47 +0.45 –0.21 –0.76 –1.67 –2.23a,b,c –2.98
P53 +0.14 +0.17 +0.87 +0.99 +1.98 +2.46 +3.56a,b,c

BCL-2 +0.33 +0.35 –0.46 –0.67 –1.232 –1.87 –2.45a,c,d,e

BCL-XL +0.20 +0.26 –0.34 –0.42 –1.33 –1.94a,b,c,d,g –2.61

aDifferent from control group (P < 0.05).
bDifferent from DMSO group (P < 0.05).
cDifferent from 0.001 μM of MBP dose group (P < 0.05).
dDifferent from 0.01 μM of MBP dose group (P < 0.05).
eDifferent from 0.1 μM of MBP dose group (P < 0.05).
fDifferent from 1 μM of MBP dose group (P < 0.05).
gDifferent from 10 μM of MBP dose group (P < 0.05). [(+) increase of mRNA levels. (−) decrease of mRNA levels].

model. This model system reflects a normal non-diabetic situa-
tion, and is used to study if the chemicals can affect the β-cells
viability, independently of other factors characterizing T1D and
T2D. After 24, 48, and 72-h exposure to environmental chemicals

(MBP and MEHP) the β-cell viability was measured by the methyl
thiazylol tetraolium (MTT) assay.

Also, oxidative stress is involved as a toxigenic mechanism
of MEHP. A lot of studies have confirmed that MEHP induces
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Figure 8: The heat map of mRNA expression levels of genes after MEHP exposure at the end of 72 h. While red color indicates increase in gene expression, green color

indicates decrease. Colors changing from red to green indicate decreased gene expression. According to this, from 0.001 μM to 10 μM dose groups, gene expression levels

were decreased expect p53. However, the expression of p53 was increased.

Figure 9: The heat map of mRNA expression levels of genes after MBP exposure at the end of 72 h. While red color indicates increase in gene expression, green color

indicates decrease. Colors changing from red to green indicate decreased gene expression. Accordingly, as the dose increased, there was a decrease in the expression of

the genes but for the expression of p53, which is showed by red, there was an increase.

reproductive toxicity by inducing ROS production and disrupting
the activity of antioxidant enzymes [38, 39]. In hepatocytes, MBP
has also been reported to induce apoptosis via the activation of
the ERK/NF-jB signaling pathway, in which intracellular Ca2+ and
ROS act as key mediators [40]. Compatible with these studies, our
study revealed that ROS generation was significantly increased in
INS-1 cells exposed to 0.1, 1 or 10-μM MEHP.

To investigate the effect of MEHP and MBP on insulin secre-
tion, insulin secretion by INS-1 cells were examined, of which is
a rat islet cell line. MEHP and MBP decreased insulin secretion in
a dose-dependent manner and significant effects were observed
at 0.1, 1, or 10-μM doses. Also, INS-1 and INS-2 mRNA expression
levels were decreased in all MEHP and MBP dose levels. This
accordingly showed that the insulin secretion results were com-
patible with INS-1 and INS-2 mRNA expression levels.

Most importantly controlling expression of pancreatic β-cell
function (insulin gene transcription) is Pdx1 through transcrip-
tion factor which is FOXO1. Phosphorylation of FOXO1 promotes
FOXO1 cytoplasmic retention and ubiquitination, which serves
as a central mechanism for controlling FOXO1 stability and

prevents its transcriptional activity [41, 42]. Moreover, FOXO1
has different effects on beta cell. First of all, FOXO1 recovers
β-cell mass and inhibits diabetes in Insulin receptor substrate 2
(Irs2) knockout mice [43] and overexpression of nuclear FOXO1 in
β-cells prevents β-cell hyperplasia in insulin-resistant mice [44].
In addition to that, FOXO1 activates gene expression in response
to oxidative stress to preserve insulin secretion and promote cell
survival [45]. This in turn, provides a molecular link by which
FOXO1 integrates cell surface receptor signaling into gene tran-
scriptional profiling. Furthermore, the effects of SIRT1 on FOXO
function are complex and range depending on the FOXO target
genes. Several reports showed that SIRT1 promoted transcription
of FOXO target genes involved in stress resistance and decreased
transcription of genes involved in apoptosis [46, 47]. In the same
manner similar results were achieved in INS cells. In the present
study, it was also found decreased FOXO1 levels in MEHP and
MBP exposures. This can mean that Pdx1 is downregulated in the
in-vitro MEHP-exposed groups in conjunction with its predicted
negative modulator. It has been shown that FOXO1 and Pdx1
exhibit mutually exclusive patterns of nuclear localization in
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β-cells, and constitutive nuclear expression of a mutant FOXO1
is associated with lack of Pdx1 expression. In addition, FOXO1
acts as a repressor of Foxa2-dependent expression of Pdx1 gene
[43, 48]. Accordingly, Pdx1 plays an important role in pancreas
development, β cell differentiation, and maintenance of mature
b-cell function [49]. Hence, FOXO1 negatively regulates Pdx1
gene transcription. Besides Pdx1 down regulation has also been
reported to impair mitochondrial function, resulting in impaired
insulin secretion [50].

As a matter of fact the bcl-2 family is very important in the
regulation of apoptosis and is contained of both pro-apoptotic
and anti-apoptotic members but in our study like the others,
bcl-2 and bcl-x levels were decreased for MEHP and MBP dose
levels. In current study, cell cycle regulators p53 levels were also
investigated [51]. The mRNA levels of p53 were decreased in high
dose MEHP and MBP after 24, 48, and 72 h treatments. DNA
damage resulting from cell cycle arrest activates p53 leads to
induction of DNA repair. If repair fails, p53 induces apoptosis via
Bax gene [52].

To the best of our knowledge, no other in-vivo or in-vitro
studies have investigated whether phthalate metabolites affect
β-cell function. One recent study has however investigated the
acute effect of MEHP, but only in order to get a first indication of
the relevance of their model system [53]. They reported limited
effect of acute exposure, but only three concentrations were
included [53]. However, in rats exposed to DEHP in utero, the glu-
cose homeostasis was disrupted, suggesting that this phthalate
may induce a β- cell dysfunction [15]. Interestingly, DEHP reduced
the pancreatic insulin content, and the authors suggested that
defects in insulin action early in life could be compensated by
higher insulin sensitivity in offspring. Then, β-cell failure may
occur with age and decreased pancreatic insulin content and
reduced β-cell mass were occurred because the production of
new β-cells in adulthood is low [15]. On the other hand, MEHP
has also been reported to alter glucose tolerance in rats, due to
abnormal glucose content in liver and skeletal muscle [15]. These
results suggest that MEHP, which is a metabolite of DEHP might
be involved in altered glucose metabolism, and may impact on
T2D development through other pathways than a direct effect
on the insulin secretion from pancreatic β-cells.

In summary, it is concluded that oxidative stress is a toxigenic
mechanism of MEHP and MBP toxicity on INS-1 cells. As a result,
phthalate metabolites caused changes in gene expression at the
molecular level by increasing oxidative stress in pancreatic beta
cells, resulting in a decrease in insulin synthesis. The doses we
have selected and used here are higher than current biomonitor-
ing levels so this is a hazard characterization and mechanistic
study. Many studies suggest that mitochondrial dysfunction is
vital in the pathogenesis of IR [54, 55]. Therefore, it is assumed
that MEHP and MBP-mediated beta cell dysfunctions are an
important factor in insulin resistance or type 2 diabetes.
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