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Ab s t r Ac t
Plasticizer Dibutyl phthalate (DBP), a potent reproductive toxicant, can cause damage to the granulosa cells, the key cells for the 
production of steroidogenic hormones. It may also affect other antioxidant enzymes for follicular development, affecting oocyte quality. 
The present study examined the DBP-induced oxidative stress and hormone synthesis from granulosa cells. Biochemical assays such 
as MTT (3- (-4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide ) for the study of cell viability, proliferation, and cytotoxicity, 
cupric reducing antioxidant capacity (CUPRAC) assay for the total antioxidant capacity, malondialdehyde (MDA) assay for the lipid 
peroxidation, and Enzyme-linked immunosorbent assay (ELISA) for estradiol synthesis were employed to evaluate the effect of DBP at a 
concentration of 0 (control), 1, 10, 25, 50, 100 µM for 5 days in cultured bovine granulosa cells. Our results revealed that DBP decreased 
cell viability, cell proliferation, induced oxidative cellular stress, and affected estradiol secretion in a non-dose-dependent manner. 
The lowest concentration of DBP (1 µM) had a significant decrease in cell viability and increased lipid peroxidation compared to those 
observed in the control groups. The total antioxidant enzyme (CUPRAC) activity was non significantly induced in all concentrations 
of DBP in treated granulosa cells. The estradiol synthesis was increased significantly as the DBP concentrations increased. This study 
suggested that DBP at a very low concentration affected the steroidogenic capacity, cell viability, and proliferation by altering the 
antioxidant enzyme activity and causing oxidative stress to the cell. 
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In t r o d u c t I o n

Di-butyl phthalate (DBP) is a widely used plasticizer 
recognized as an endocrine-disrupting chemical (EDC). 

Wild, farm, and domestic animals are exposed to this harmful 
chemical mainly through grazing, inhalation, or dermal 
contact, which may cause reproductive abnormalities 
(Rhind et al., 2002). DBP has endocrine-disrupting properties 
(Latini., 2005), and its elevated levels can cause reproductive 
damage in animals (Lovekamp-Swan and Davis., 2003). In 
mammalian cells, low molecular phthalates like DBP are 
degraded to monoesters, which are then transformed into 
oxidative metabolites by cytochrome p450 enzymes (phase 
1 antioxidant enzymes system). Phase 2 antioxidant enzyme 
systems can also convert these metabolites to glucuronide 
conjugates, which are then excreted in the urine and feces 
(ATSDR, 2001, Silva et  al., 2004). The ovarian follicles are 
made up of various somatic and germ cells (oocyte). These 
somatic cells secrete steroidogenic hormones, nutrients, and 
important growth factors to grow and ovulate, resulting in 
fertility and offspring production. As ovulation was reported 
to be inhibited and steroidogenic hormone synthesis was 
impaired due to toxic damage by plasticizer to the ovarian 
follicles (Jakub et  al.; 2010, Guo et  al.; 2010, Yaxian et  al.; 
2019). We hypothesized that DBP and its metabolites might 
reduce cell viability, steroidogenic and antioxidant potential, 
resulting in impaired reproduction and infertility. DBP's effect 
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on ovarian granulosa cells in culture is little established. As 
a result, the current in vitro investigation was carried out to 
assess the effects of DBP on oxidative stress and hormone 
production in cultured bovine granulosa cells.

MAt e r I A l s A n d Me t h o d s

All kits were procured from Himedia chemicals, Mumbai, 
India. The cell culture chemicals were procured from Sigma 
Chemicals, MO, USA. Estradiol ELISA kits were procured 
from Calbiotech, India. Biochemical assays included in this 
study were MTT (3- ( 4,5-dimethylthiazol-2-yl-2,5-diphenyl 
tetrazolium bromide ), MDA (Malondialdehyde), and CUPRAC 
(cupric reducing antioxidant capacity)  assay.
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The stock solution of Di-butyl phthalate (DBP 3.7 M) was 
prepared by diluting 1 µL of DBP liquid dissolved in 99 µL 
of acetone. The stock solution was immediately kept at 
−20°C until use. The control medium consisted of MEM-199 
supplemented with bovine serum albumin (0.3%) + insulin 
transferrin selenium (1%) + gentamicin (50 μg/ml) + sodium 
bicarbonate (10 mM) + HEPES, 20 mM (4-(2-hydroxyethyl)- 
1-piperazineethanesulfonic acid) + nonessential amino 
acids (1.1 mM) + androstenedione (10-6 M)  + insulin growth 
factor (IGF-І) (2 ng/mL). The effect of DBP was evaluated 
at a concentration of 0 (control), 1, 10, 25, 50, 100 µM. The 
concentration of DBP was adjusted by 0.26 µL of DBP with 
999.74 µL of control media, 2.6 µL of DBP with 997.4 µL 
of control media, 6.5 µL of DBP with 993.5 µL of control 
media, 13 µL of DBP with 987 µL of MEM media and 
26 µL of DBP with 974 µL of control media respectively to 
make the final concentration of DBP as 1,10,25,50,100 µM  
respectively.

Granulosa Cell Collection and Culture
Ovine ovaries (n = 242) were collected from the civil 
slaughterhouse, Bengaluru, aseptically in sterile 0.9% 
saline supplemented with 100 X antibiotic- antimycotic 
solutions (10,000 U/mL Penicillin, 10 mg/mL, Streptomycin 
and 25  µg/mL Amphotericin B). Isolation and culture of 
granulosa cells were carried out as outlined by Nandi et al. 
(2016). The viability of the granulosa cells after culture was 
determined by the trypan blue exclusion test (Nandi et al., 
2016). The cells (1X105  per ml) were cultured at 37°C in an 
atmosphere of 5% CO2 with 95% humidity in a CO2 incubator 
for 5 days. Every alternate day the growth was checked in 
a microscope, and media was renewed with fresh media 
along with the treatment on day 2. The cultured cells and 
media of day 5 were used for performing the biochemical 
assays and for the estimation of Estradiol-17β concentration,  
respectively.

Preparation of Granulosa Cell Lysis Supernatant
On day 5, the isolated granulosa cells of all treatments were 
homogenized separately using a sonicator (50 W for 1-min) 
in 1X (400 µL) of lysis buffer (pH 8) containing 10 mM Tris-HCl, 
20 mM EDTA, and 0.25% V/V Triton X-100. After that, the lysate 

was centrifuged for 20 minutes at 4°C at 10,000 X g, and the 
supernatant was transferred for biochemical analysis.

Granulosa Cell Viability and Proliferation (MTT assay)
The MTT metabolic activity test was done by MTT kit 
following the manufacturer’s instructions to assess the 
viability and proliferation of granulosa cells. The absorbance 
intensity was measured at 570 nm using an ELISA microplate 
reader. All studies were conducted in triplicate, and the 
relative cell viability (%) was calculated.

Total Antioxidant Activity (CUPRAC)
The freshly harvested cells (day-5) of the control and the 
treatment groups were used for the total antioxidant activity 
assessed by the CUPRAC kit. The absorbance was measured 
at 450 nm using an ELISA microplate reader. All studies 
were conducted in triplicate, and CUPRAC (total antioxidant 
activity) of each sample was calculated as Trolox Equivalents 
using the equation of the standard curve in μM.

MDA Assay (Lipid Peroxidation Test)
The cell lysate of freshly harvested cells (day-5) of control 
and treatment groups were used for lipid peroxidation 
and assessed by MDA kit. The absorbance was measured at 
532 nm using an ELISA microplate reader. All studies were 
conducted in triplicate, and the calibration was performed 
using 1,1,3,3-tetra methoxy propane as a standard. The levels 
of lipid peroxides were presented as μM MDA.

Estradiol-17β Estimation by ELISA
The conditioned spent medium from all treatment groups of 
DBP (0,1,10,25,50, and 100 μM) of day 5 was collected after 
treatment. The estradiol 17β hormone concentrations were 
evaluated using the ELISA kit following the instructions as 
per the kit protocol. All samples were repeated in triplicate. 
The data were presented in pg/ml.

Statistical Analysis
All data were analyzed statistically using Graph Pad prism 
(8.0) software, and data were expressed as Mean ± SE 
from six separate experiments. The difference in means 
was determined using Tukey’s multiple comparison test. A 
probability of p < 0.05 was considered statistically significant.

Table 1: Effect of different concentrations of DBP on granulosa cell viability, antioxidant enzyme activity, lipid peroxidation, and estradiol 
synthesis

Treatments DBP (µM) MTT(% viability) MDA(µM) CUPRAC activity (µM) Estradiol(pg/mL)

Control(0) 68.24±3.41a 13.76±0.48a 19.51±4.78 a 20.99±0.58 a

1 31.37±0.34c 18.92±0.54 b 21.07±4.23 a 32.92±1.35 a

10 42.59±0.40b 22.54±1.66c 22.70±6.04 a 57.04±7.41 b

25 40.59±7.5b 19.49±0.51 b 21.68±4.70 a 99.67±6.06c

50 41.67±5.28b 21.49±1.21c 24.05±6.26 a 154.8±15.81 d

100 44.55±0.57b 19.14±0.16 b 25.54±7.28 a 268.1±74.28e

Values with different superscript letters differ significantly (P < 0.05) within the column.
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re s u lts A n d dI s c u s s I o n

Cell viability (MTT assay) and Lipid Peroxidation 
(MDA Assay)
Cell viability was significantly reduced at 1-µM concentration 
of DBP compared to that observed in the control group 
(Table  1). However, we observed significantly increased 
viability when the granulosa cell was exposed to 10 µM 
compared to that observed in the 1-µM group. As the 
DBP level was increased from 10 to 100 µM, no significant 
change in cell viability was observed between the treatment 
groups. A significant increase in lipid peroxidation  was 
observed in the 1-µM level of DBP-treated granulosa cells 
compared to that observed in the control group (Table 1). 
The MDA concentrations observed in 10 and 50 µM of DPB 
(non-significant between them) treated granulosa cells 
were significantly higher than other DBP levels tested. The 
levels of MDA at 1,25 and 100 µM concentration of DBP were 
statistically similar, and at 10 and 50 µM DBP, the values were 
statistically higher compared to 0,1,25 and 100 µM DBP. 

The expression of MDA was the biomarker of lipid 
peroxidation, which damages cell membrane (Ahmed et al., 
2011) and reactive oxygen species (ROS), which reflected 
cellular stress in causing radical-mediated cellular stress. 
At the lowest concentration of 1  μM of DBP, cell viability 
and cell proliferation were decreased because this lower 
dose could activate cellular stress and result in activating 
other antioxidant systems for cell survivability. Studies on 
pharmacokinetics suggested that DBP was metabolized 
to form monobutyl phthalate (MBP)   and phthalic acid 
in mammalian cells. MBP can then be excreted free or 
conjugated into a glucuronidated form or oxidized into 
mono-3-oxon-butyl phthalate, mono-3-hydroxy-n-butyl 
phthalate, and mono-3-carboxypropryl phthalate (Fennell 
et  al.,2004) but these unreleased excessive metabolites 
also acted as free radicals in the cell, were highly reactive 
(unstable) and could cause lipid peroxidation (Ahmad 
et  al.,2011). Lipid peroxidation directly harmed the cell 
membrane, which was composed of long-chain unsaturated 
fatty acids and membrane proteins and resulted in causing 
oxidative damage to long-chain unsaturated fatty acids and 
thus produced malondialdehyde (MDA), as a byproduct. This 
level of MDA was often used as an index of measurement of 
free radical activity (Lin et al., 2006). 

Cupric Reducing Antioxidant Power (CUPRAC Assay)
There was no significant difference in the total antioxidant 
capacity as measured by  CUPRAC activity; however, there 
was an increasing numerical trend from 1 to 100 µM DBP. 
(Table 1). Our results indicated that DBP exposure increased 
radicals in the granulosa cells that induced oxidative stress 
and caused cell membrane damage by inducing the lipid 
peroxidation in the cultured granulosa cells. Erkekoglu et al.  

( 2011) reported that phthalate caused higher induction of 
ROS level, higher expression, and activity of antioxidant 
enzymes (e.g., superoxide dismutase and nitric oxide 
synthase). Elevated levels of ROS regulated the expression 
and activity of antioxidant enzymes by activating different 
signaling pathways in different biological systems, such 
as extracellular signal-regulated kinases (ERKs) and p38 
mitogen-activated protein kinases (MAPKs), (Knock and Ward; 
2011) and tyrosine kinase (El-Deeb et al.; 2010).

Estradiol-17β production
There was no significant difference in estradiol production 
between control and 1-µM DBP-treated groups (Table  1). 
However, further increment of DBP to 10 to 100 µM level 
caused a significant increase in estradiol production 
from the granulosa cells compared to those observed in 
a lower concentration of DBP-treated groups. DBP is an 
environmental endocrine disruptor with comparatively 
strong estrogenic and mitogenic properties (Hu et al., 2013). 
Roszak et al. (2017) found that DBP induced the proliferation 
of estrogen receptor-positive human breast cancer MCF-7/
BUS cells. DBP has structural and estrogenic similarities with 
estrogen (Parveen et  al., 2008). Our study indicated that 
DBP had strong estrogenic properties. It was also reported 
that DBP might bind to steroid receptors (ERβ1) and give a 
receptor-mediated additive effect (Catherine et al.,1997).

Natural hormones responded to their targets at low 
concentrations and might exert their effect at the nano and 
picomolar range. So it was often predicted that endocrine-
disrupting chemicals such as DBP often exerted its effect 
at a deficient concentration, resulting in a non-monotonic 
dose-response and failed to provide similar results predicted 
for higher doses (Welshons et  al., 2003  and  Vandenberg 
et  al., 2012). Non-monotonic dose-response curves are 
usually U-shaped, indicating that maximum responses of the 
measured endpoint were observed at low and high doses 
or an inverted U-shaped graph, which indicated maximal 
responses are observed at intermediate doses (Vandenberg 
et al., 2012). Welshons et al. (2003) found in their study that 
a 10-fold increase in hormone concentration and a 9-fold 
increase in receptor occupancy at the lower dose of EDC 
exposure, whereas a 10-fold rise in hormone concentration 
and more petite than 1.1-fold increase in receptor occupancy 
at high doses of EDC exposure. This study gave an idea 
to understand that even moderate changes in EDC 
concentration in the low-dose range produced substantial 
changes in receptor occupancy and therefore generated 
significant changes in biological effects. 

DBP might induce its toxicity in two ways: disturbing 
the normal oxidative systems via lipid peroxidation of 
the cell membrane or, therefore, leading to granulosa 
cell apoptosis or disturbing normal synthesis of steroid 
hormone-like estradiol. Finally, the short-term exposure of 
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DBP may interact with transcription factor pathways such as 
Peroxisome proliferator-activated receptors (PPARs) and Aryl 
hydrocarbon receptor (AHR) to cause these gene expression 
changes, which need to be studied further in detail at the 
cellular and gene level. 

co n c lu s I o n

This study found that the exposure of DBP induced oxidative 
stress and caused cellular stress by decreasing cell viability 
and thereby modulating the steroidogenesis hormone 
production in granulosa cells. This study demonstrated 
ovarian toxicity in the very low dose exposures to DBP in 
ovine granulosa cells. 
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