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Abstract

Background

Dibutyl phthalate (DBP) is widely used as a plasticizer in a variety of products, including food
packaging, personal-care products, and medical devices. Epidemiological studies have
associated circulating levels of DBP with metabolic diseases, including increased risk for type
2 diabetes (T2D). However, the molecular link between DBP exposure and increased risk for
T2D is still unknown. Herein, this study aims to investigate the effects of DBP on insulin
sensitivity in skeletal muscle cells.

Aim
To study the effects of DBP on insulin sensitivity, cell viability, and GLUT4 membrane
translocation in skeletal muscle cells.

Methods/Materials

Mouse myoblast cell line C2C12 was used as the skeletal muscle cell model in this study.
C2C12 cells were treated with different concentrations of DBP (0.1 nM, 1 nM, 10 nM, 100 nM,
and 1 pM), and 0.1% DMSO treated C2C12 cells were used as the control. Insulin sensitivity
of C2C12 cells was measured by insulin-stimulated uptake of fluorescently labeled D-glucose
analog, 2-(N-[7-nitrobenz-2-oxa-1, 3-diazol-4-yl] amino)-2-deoxyglucose (2-NBDG), using
flow cytometry. The cytotoxic effect of DBP on C2C12 cells was evaluated by the cell viability
assay. Glucose transporter type 4 (GLUT4) distribution in C2C12 cells treated with 10nM or
100 nM DBP was measured by immunofluorescence staining.

Results

Insulin-stimulated 2-NBDG uptake in C2C12 cells treated with DBP (10 nM, 100 nM, and 1
uM) significantly decreased. The cell viability assay showed no significant difference in cell
viability among DBP exposure (0.1 nM, 1 nM, 10 nM, 100 nM, and 1 uM) group and the control.
Immunofluorescence staining results showed that membrane translocation of GLUT4 was
decreased in C2C12 cells treated with 10 nM and 100 nM DBP.

Conclusions

DBP exposure (10 nM, 100 nM, and 1 pM) impairs insulin sensitivity in C2C12 cells, and it is
not caused by the cytotoxicity of DBP. DBP (10 nM and 100 nM) treated cells might exhibit a
decreased level of GLUT4 translocated on the plasma membrane in response to insulin.
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Popular science summary

This chemical leads to skeletal muscle insulin resistance, and it is hard to

avoid

Insulin resistance is when cells in your muscles, brain, fat, and liver respond poorly to insulin
and cannot take up glucose for energy. The ability of skeletal muscle cells to take up glucose
when stimulated with insulin is crucial for glucose homeostasis. Failure to do so will lead to an
abnormally high glucose level in the blood, which promotes the development of many diseases,
including obesity, hypercholesterolemia, and type 2 diabetes. Risk factors, such as sedentary
lifestyle, high fat or carbohydrate diet, smoking, and insomnia, have been identified. Recently,
increasing attention has been drawn to a group of chemical compounds in many consumer
products: phthalates.

Phthalates and plastics often appear hand in hand. Due to their ability to increase the flexibility
of plastics, phthalates are commonly used as plasticizers in food packaging, children’s toys,
home furnishing, and personal care products. However, phthalates have been increasingly
receiving negative publicity due to their detrimental impact on public health. Epidemiology
studies have associated phthalates with infertility and metabolic disorders. In the present study,
we investigated the effects of exposure to dibutyl phthalate (DBP) on cultured mouse skeletal
muscle cells and found that DBP was harmful to the insulin sensitivity of skeletal muscles.

We tested the effects of different concentrations of DBP, ranging from 0.1 nM to 1 uM, on
cultured mouse skeletal muscle cells. We found that when stimulated by insulin, cells treated
with 10 nM, 100 nM, and 1 uM DBP did not uptake as much glucose as they normally do. We
further performed the cell viability test to see whether this impaired insulin sensitivity could be
caused by the cytotoxicity of DBP. The results showed that exposing to DBP did not affect cell
viability. To better understand how DBP impairs skeletal muscle insulin sensitivity, we
analyzed a protein called glucose transporter type 4 (GLUT4). GLUT4 rests within the cells in
the basal condition and will insert into the cell plasma membrane and transport glucose into
skeletal muscle cells in response to insulin stimulation. We found that less GLUT4 was
expressed on the cell plasma membrane in cells exposed to 10 nM and 100 nM DBP, suggesting
DBP might interfere with insulin-stimulated GLUT4 membrane translocation.

Studies on environmental pollutants have shown that the daily exposure level of DBP is around
213 nM, which according to our study, might induce insulin resistance in skeletal muscles in
the human body. However, when DBP enters our body, it can be decomposed into metabolites,
such as mono-(3-carboxypropyl) phthalate (MCPP). Whether it will enhance or weaken DBP’s
effects on skeletal muscle cells is still unknown. Therefore, more research needs to be done on
how DBP affects living animals. Additionally, we hope this study will ring the alarm on the use
of phthalates in consumer products and encourage more effort to put into eliminating phthalates
from our environment.



Introduction

Phthalates

Phthalates are phthalic acid esters widely used in the polymer industry since the 1930s (Gao &
Wen, 2016). The ability to impart elasticity and durability of plastics makes them an ideal
additive to numerous plastic materials, including polyvinyl chloride (PVC). Thus, it is not
surprising that phthalates are commonly applied in plastic-based consumer products, including
packaging materials, children’s toys, medical devices, clothing, and personal care products,
such as cosmetics. In addition, the majority of phthalates have a low melting point (below -
25°C) and high boiling point (range from 230°C to 486°C), which contributes to their
widespread application as heat transfer fluids and carriers (Abdel daiem et al., 2012). The
worldwide production of phthalates grew from 1.8 to 4.3 million tons between 1970 and 2006,
and increased to more than 8 million tons in 2011 (Habert et al., 2010; Peijnenburg & Struijs,
2006; Schreiber et al., n.d.). To date, approximately 6-8 million tons of phthalates are consumed
annually (Net et al., 2015).

Although phthalates are of great economic and commercial interest, there is mounting concern
about the association of phthalates with several adverse health problems, such as disruption of
reproductive and immune systems (Berger et al., 2018; Watkins et al., 2017). Phthalates are
classified as Endocrine Disruptor Chemicals (EDCs), a group of substances that impair the
human endocrine system (Katsikantami et al., 2016). EDCs can interfere with endogenous
hormone signaling pathways, inducing alterations in the reproductive system, hormone-
dependent cancers, and metabolic disorders, such as obesity and T2D (Swedenborg et al., 2009).
The alarmingly adverse impact of phthalates on public health has attracted considerable
attention and consequently led to restrictions on the usage of phthalates in certain products. As
a result, some types of phthalates, such as di-2-ethylhexylphthalate (DEHP) and dibutyl
phthalate (DBP), are limited or forbidden in some consumer products (Planell6 et al., 2011;
EU/2005/84/EC, 2005).

Since phthalates are not chemically bound to plastics, they can gradually leach and migrate into
the air, food, water, and other materials (Bertelsen et al., 2013; Heudorf et al., 2007), leading
to contamination of the environment. Furthermore, the degradation of phthalates is very slow
under natural conditions (Gao & Wen, 2016). Therefore, phthalates can persist in the
environment and accumulate along the food chain. Indeed, phthalates have been detected in the
air, food, and water, thereby exposing animals and humans. Phthalates can also enter the human
body via several routes, i.e., inhalation, ingestion, and dermal contact. Based on exposure
assessment by modeling ambient exposure data, the primary source of human exposure is
through food and water intake, but low-molecular-weight phthalates, such as diethyl phthalate
(DEP) and DBP, may also be dermally absorbed (Calafat & McKee, 2006). Humans can also
get exposed to phthalates from medical devices during medical procedures (e.g., hemodialysis)
and pharmaceuticals where phthalates are used as excipients (Kelley et al., 2012). In addition,
it has been reported that phthalate metabolites can be detected in human urine, blood, breast
milk, and sweat samples (Genuis et al., 2012; Lottrup et al., 2006).

Insulin resistance of skeletal muscle in T2D

Insulin resistance refers to an impaired ability of tissues, such as skeletal muscles, adipose
tissues, and the liver, to take up glucose under insulin stimulation. Skeletal muscle is the
primary site of insulin-stimulated glucose uptake, accounting for approximately 60% of glucose
disposal in the postprandial phase (DeFronzo et al., 1981). Since skeletal muscles play an
essential role in insulin-mediated glucose disposal, insulin resistance in skeletal muscle is
considered a critical component of whole-body insulin resistance in diseases, including T2D



(Turcotte & Fisher, 2008). Both lean and obese T2D patients have markedly decreased insulin
sensitivity in skeletal muscles (Butterfield & Whichelow, 1965). Moreover, insulin resistance
in skeletal muscle is viewed as one of the initiating factors of T2D, which develops decades
before insufficient insulin secretion and hyperglycemia (Defronzo & Tripathy, 2009; Lauro et
al., 1998).

In skeletal muscle cells, insulin promotes the influx of glucose by triggering a cascade of
phosphorylation and dephosphorylation reactions (Sylow et al., 2021) (Fig. 1). When insulin
binds to insulin receptors (IRs) at the cell surface plasma membrane, it activates the
phosphorylation of tyrosine residues on IRs (Karlsson & Zierath, 2007). Subsequently,
phosphorylated IRs recruit insulin receptor substrate (IRS) proteins. In skeletal muscle cells,
IRS-1 has been demonstrated to regulate GLUT4 translocation (Huang et al., 2005), and
phosphorylated IRS-1 leads to phosphatidylinositol 3-kinase (PI3K) activation. Activated PI3K
phosphorylates phosphatidylinositol 4, 5-bisphosphate (PIP) to generate phosphatidylinositol
3, 4, 5-triphosphate (PIP3), which activates protein kinase B (Akt), facilitating the translocation
of GLUT4 to the plasma membrane. While cycling between intracellular space and the plasma
membrane, most GLUT4 resides in GLUT4 storage vesicles (GSVs) in the basal state (Jaldin-
Fincati et al., 2018; Knudsen et al., 2019). Activation of the insulin signaling in skeletal muscle
stimulates GLUT4 to move from the intracellular pool to the cell membrane. In diseases
characterized by insulin resistance, such as T2D, glucose transport activity is severely impaired.
Muscle biopsies from diabetic rats and non-insulin-dependent diabetes mellitus (NIDDM)
patients show a normal level of GLUT4 mRNA and protein, thus demonstrating that insulin
resistance in skeletal muscle is not caused by GLUT4 depletion but rather impaired GLUT4
function or translocation (Eriksson et al., 1992; Garvey et al., 1992, p. 4; Kahn et al., 1991).
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Fig. 1. Insulin-mediated glucose uptake in skeletal muscle cells. Insulin binds to insulin receptors (IRs) on the
surface of skeletal muscle cells, triggering the phosphorylation of IRs and consequently the recruitment and
activation of insulin receptor substrate (IRS) proteins. IRS-1 leads to phosphatidylinositol 3-kinase (PI3K)
activation, which will further activate protein kinase B (Akt), motivating GLUT4 containing vesicles to move
to the plasma membrane and GLUT4 to insert into the plasma membrane.

Phthalate exposure is associated with T2D

Long-term exposure to phthalates and their metabolites has been associated with detrimental
health problems, including obesity and T2D. There is emerging evidence that phthalates play a
role in the development of T2D. Epidemiological studies have associated exposure to phthalates
with increased risk for T2D (Kim & Park, 2014; Lind et al., 2012; Radke et al., 2019; Sun et



al., 2014). Insulin resistance is a characteristic feature of T2D. Phthalate exposure has been
associated with insulin resistance in both adults and adolescents. A cross-sectional study of 766
children aged 12-19 shows that urinary DEHP concentrations are associated with increased
insulin resistance (Trasande et al., 2013). The 1999-2002 National Health and Nutrition
Examination Survey (NHANES) from the U.S. has identified strong correlations of high-
molecular-weight phthalate metabolites with abdominal obesity and insulin resistance in adult
men (Stahlhut et al., 2007).

Several recent studies have attempted to obtain a better understanding of the molecular
mechanisms linking phthalate exposure with T2D. DEHP has been shown to adversely affect
IR and GLUT4 at transcriptional and translational levels in L6 myotubes (Rajesh &
Balasubramanian, 2014). At the molecular level, DBP has been shown to aggravate T2D by
disrupting the insulin-mediated PI3K/AKT signaling pathway and decreasing the glucose
transporter type 2 (GLUT2) level in the pancreas (Deng et al., 2018). Maternal exposure to DBP
aggravates gestational diabetes mellitus (GDM) in rats and impairs islet f§ cells’ cell viability
via suppression of Forkhead box protein M1 (FoxM1)-mediated pathway (M. Chen et al., 2020,

p.).

However, our knowledge of the effects of DBP on insulin sensitivity of skeletal muscles is still
lacking. Furthermore, unlike GLUT2 being the primary glucose transporter in S-cells, GLUT4
is the predominant isotype expressed on skeletal muscle cells, and impaired GLUT4 expression
or translocation is a characteristic feature of skeletal muscle insulin resistance in T2D (Zierath
et al., 2000). Thus, it could be of great interest to study if DBP affects insulin sensitivity and
GLUT4 membrane translocation in skeletal muscles.



Aims
This study aims to investigate the effects of DBP exposure on insulin sensitivity in skeletal
muscle cells. Specific aims include 1) investigating the effects of DBP exposure on insulin-
stimulated glucose uptake in skeletal muscle cells, 2) studying whether DBP exposure affects
cell viability in skeletal muscle cells, and 3) examining the GLUT4 membrane translocation in
skeletal muscle cells treated with DBP.



Materials and methods

Materials

Mouse C2C12 myoblast cell line was purchased from Leibniz Institute DSMZ (Braunschweig,
Germany). Fetal bovine serum (FBS), horse serum (HS), Deulbecco’s modified eagle medium
(DMEM), 100 mm tissue culture dishes, glucose-free DMEM, penicillin-streptomycin-
glutamine (100%) (P/S), phosphate-buffered saline (PBS), trypsin (2.5%), dimethyl sulfoxide
(DMSO), PrestoBlue™ HS cell viability reagent, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-
yl)Amino)-2-Deoxyglucose (2-NBDG), PureLink™ DNase Set, PureLink™ RNA mini Kkit,
high-capacity RNA to cDNA kit, 96-/6-well tissue culture plates, Nunc™ Lab-Tek™ II
Chamber Slide™ System, GLUT4 rabbit polyclonal antibody, Cy3 goat anti-rabbit IgG (H+L),
NucBlue™ fixed cell ReadyProbes™ reagent (DAPI), Tween-20, 4% formaldehyde were
purchased from Thermo Fisher Scientific (Stockholm, Sweden). 70% ethanol was purchased
from Solveco AB (Stockholm, Sweden). Insulin, 100% acetic acid, DBP, bovine serum albumin
(BSA), Triton x-100, and 1% B-Mercaptoethanol (2-ME) were purchased from Sigma-Aldrich
(Darmstadt, Germany). iTaq™ universal SYBR® green supermix was purchased from Bio-Rad
(Stockholm, Sweden).

Cell culture and differentiation

Mouse myoblast C2C12 cell line has been used widely in vitro as a model for understanding
insulin resistance in T2D due to its expression of GLUT4 and other features that resemble
human skeletal muscle cells (Wong et al., 2020). Mouse C2C12 myoblasts were maintained as
a monolayer in 100 mm tissue culture dishes containing 10 mL of growth medium (DMEM
containing 10% (v/v) FBS, 1% (v/v) P/S) at 37°C under a humidified condition of 95% air and
5% COs. C2C12 myoblasts were trypsinized using diluted trypsin (0.25%) and split into 1:5
every three days. Only C2C12 myoblasts in earlier passages (from 2 up to 15 times) were used
in this study.

C2C12 myoblasts were differentiated using a method previously described (Liu et al., 2016, p.
1). Briefly, when cells reached 90-100% confluence, the growth medium was changed to the
differentiation medium (DMEM containing 2% (v/v) HS and 1% (v/v) P/S). During
differentiation, the medium was changed every other day. Cells in cell culture with at least 95%
conversion into the myogenic morphology were considered myotubes (He et al., 2017). After
five days of differentiation, C2C12 myotubes formed.

DBP preparation and treatment

DBP was dissolved in DMSO (cat. n0.20688, Thermo Scientific) to the final concentrations of
0.1 nM, 1 nM, 10 nM, 100 nM and 1 uM. 0.1% DMSO was used as the control. DBP or 0.1%
DMSO was added to the cell culture from the beginning of C2C12 myoblast differentiation to
5 days after C2C12 myotube formation. During the 10-day treatment, DBP and 0.1% DMSO
were renewed every other day along with the differentiation medium. DBP exposure strategy
was described in Fig. 2.
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Fig. 2. Schematic diagram of DBP exposure strategy. The differentiation process started when cells reached
90-100% confluence. Different DBP concentrations (0.1 nM, 1 nM, 10 nM, 100 nM or 1 uM) or 0.1%
DMSO control were added to the cell culture at the beginning of myoblast differentiation. Cells collected
on Day 5 were considered myotubes. DBP or 0.1% DMSO exposure continued for 5 days after myotube
formation. Cells collected on Day 10 were used in the following experiments.

Total RNA extraction

C2C12 myoblasts were dissociated from the 100 mm culture dishes using 2 mL of 0.25%
trypsin. After trypsinization and centrifugation, cells pellets were resuspended in growth
medium and inoculated in 6-well tissue culture plates with 50,000 cells/mL seeding density.
C2C12 myoblast differentiation was the same as in the “Cell culture and differentiation” section.
Total RNA extraction was performed on Day 0 and Day 5 using PureLink™ RNA mini kit (cat.
n0.12183025, Invitrogen) according to the manufacturer’s instructions. Lysis buffer, Spin
Cartridge, Wash Buffer I, Collection Tube, RNase-free water, and Wash buffer I were provided
within the kit. Briefly, cells were lysed by Lysis Buffer with 1% 2-ME (cat. n0.60242, Sigma-
Aldrich) added. One volume of 70% ethanol (cat. no.12345, Solveco AB) was added to each
volume of cell homogenate, and the mixture was vortexed to mix it thoroughly. Cell
homogenate was transferred to the Spin Cartridge and centrifuged at 12,000 x g for 15 seconds
at room temperature (RT). After centrifugation, the flow-through was discarded, and Wash
Buffer I was added to the Spin Cartridge, which was then centrifugated at 12,000 x g for 15
seconds at RT. The membrane of the Spin Cartridge was incubated with DNase (cat.
n0.12185010, Invitrogen) for 15 minutes and then washed with Wash Buffer I. The Spin
Cartridge was placed into a new Collection Tube and washed with Wash buffer II twice. The
membrane bound with RNA was dried by centrifuging Collection Tube at 12,000 x g for 1
minute at RT. RNA was eluted by incubating the membrane of Spin Cartridge with 30 puL of
RNase-free water followed by centrifugation at 12,000 x g for 2 minutes at RT. RNA
concentration was measured by Multiskan GO spectrophotometer (Thermo Scientific, Sweden).
RNA samples were stored at -80°C until cDNA synthesis.

cDNA synthesis

cDNA was synthesized using high-capacity RNA to cDNA kit (cat. no. 4387406, Applied
Biosystems) according to the manufacturers’ instructions. For each sample, 1 ug of RNA was
used in every reverse transcription (RT) reaction. For each RT reaction, 10 pL of RT Buffer
Mix and 1 pL of Enzyme mix were added. RNase-free water was added to each RT reaction to
quantify the total volume of 20 pL. RT reaction was performed using LifeECO thermal cycler
(Bioer Technology, Sweden): incubation at 37°C for 60 minutes, heating to 95°C for 5 minutes,
and the samples were held at 4°C. cDNA samples were stored at -20°C.

Quantitative PCR (qPCR)

The mRNA levels of the housekeeping gene (f-actin) and genes of interest (SERCAT1 and
Cavolin3) were measured using qPCR. qPCR was performed in CFX Connect Real-Time
Detection System (Bio-Rad, Sweden). Amplification was achieved by iTaq™ universal SYBR®
green supermix (cat. no.1725121, Bio-Rad). Each sample had three technical replicates; for
each primer pair, one negative control with RNase-free water was included on each plate.



Primer sequences were designed according to published lectures (Benhaddou et al., 2012; Chai
et al., 2010; Tang et al., 2018), and primer sequences were listed in Table 1. The standard
temperature profile included preincubation at 95°C for 1 minute, followed by 45 cycles of 95°C
for 10 seconds, 60°C for 30 seconds, and 72°C for 30 seconds. The Delta-Delta Ct method was
used to determine the relative mRNA expression using f-actin as reference.

Table 1. Primer sequences used for qPCR.

Gene Forward primer Reverse primer

P-actin ACCAGTTCGCCATGGATGAC TGCCGGAGCCGTTIGTIC

SERCA1 GCGAGGTGGTCTGTATCTICTTG | TGTCCAGGTCAGGIGGCTTG

Caveolin 3 ACATGTGCCAAGGTCACTCA CCTTGGAGTCCCTGGAATTT
2-NBDG uptake assay

2-NBDG (cat. n0.N13195, Invitrogen) was used to assess the insulin-stimulated glucose uptake
in C2C12 myotubes. 50,000 cells/mL were seeded in 6 well-plates. The differentiation method
and DBP treatment were described in the “Cell culture and differentiation” and “DBP
preparation and treatment” sessions, respectively. Afterward, cells were incubated in glucose-
free DMEM medium for 2 hours before insulin stimulation. Post starvation, cells were
trypsinized and re-suspended in PBS containing 100 nM insulin (cat. no. 16634, Sigma-Aldrich)
and 50 uM 2-NBDG for 30 minutes at 37°C in the dark. Reaction was stopped by washing with
cold PBS twice. The mean fluorescence intensity (MFI) of cells containing 2-NBDG was
measured using the CytoFlex S flow cytometer (Beckman Coulter).

Cell viability assay

C2C12 myoblasts were trypsinized and resuspended in growth medium, plated in 96-well tissue
culture plates with 50,000 cells/mL seeding density, and allowed to attach for 24 hours in a 5%
CO; humidified incubator at 37°C. The differentiation method and DBP exposure were the
same as in the “Cell culture and differentiation” and “DBP preparation and treatment” sessions,
respectively. After DBP or 0.1% DMSO exposure, culture medium was replaced with 90uL of
differentiation medium, and 10puL of PrestoBlue™ HS cell viability reagent (cat. no.P50200,
Invitrogen) was added to each well. Plates were wrapped with foil to avoid direct light and
incubated for 2 hours at 37°C in a cell culture incubator. The absorbance of the reagent at 570nm
and 600nm were then measured by Multiskan GO spectrophotometer (Thermo Scientific,
Sweden). 570nm values were normalized to 600nm.

Immunofluorescence staining of GLUT4 in C2C12 myotubes

GLUT4 membrane translocation was detected by immunofluorescence staining. C2C12
myoblasts were seeded in Nunc™ Lab-Tek™ II Chamber Slide (cat. no.154534, Thermo
Scientific) with 50,000 cells/mL seeding density. C2C12 myotube differentiation and DBP
treatment were described in the “Cell culture and differentiation” and “DBP preparation and
treatment” sections. The cells were incubated in glucose-free DMEM medium for 2 hours and
then treated with 100 nM insulin for 30 minutes. After being fixed in 4% formaldehyde (cat.
n0o.FB0002, Invitrogen) for 20 minutes at RT, cells were permeabilized using 0.1% Triton X-
100 (cat. n0.9036195, Sigma-Aldrich) for 10 minutes at RT. After fixation and permeabilization,
cells were washed with PBS twice and incubated with 2% BSA (cat. n0.9048468, Sigma-
Aldrich) for 1 hour at RT. The cells were washed with PBS twice and incubated with GLUT4
rabbit antibody (1:100) (cat. no.PA523052, Invitrogen) at 4°C overnight. The cells were washed
and incubated in PBST (0.1% Tween-20 diluted in PBS) for 10 minutes at RT three times,
followed by incubation with Cy3 goat anti-rabbit IgG (H+L) (1:500) (cat. n0.31210, Invitrogen)
for 1 hour at RT. Cells were rinsed with PBS and stained with DAPI (cat. n0.R37606, Invitrogen)

10



for 15 minutes at RT. Images were taken using LSM 700 confocal microscope (ZEISS,
Germany).

Statistical analyses

Mean and standard errors from all replicates of each experiment were calculated. Statistical
analyses were performed using GraphPad Prism 9. Unpaired Student’s #-test was used for two
independent group comparisons, and one-way ANOVA was used for multiple comparisons.
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Results

C2C12 myotube differentiation was verified by morphological change and RT-qPCR

After five days of differentiation, C2C12 myoblasts fused into myotubes (Fig. 3A and B). The
differentiation of C2C12 myotubes was further confirmed by measuring relative mRNA
expression levels of SERCA1 and Caveolin 3, which are expressed in myotubes but not
myoblasts (Harrer et al., 1995; Song et al., 1996). The relative mRNA expression levels of
SERCAI1 and Cavolin3 significantly increased in C2C12 myotubes than C2C12 myoblasts (p
<0.05) (Fig. 3C).
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Fig. 3. C2C12 myotubes differed from myoblasts in morphology and genes at the transcriptional level. After
five days of differentiation, C2C12 myoblasts (A) fused into C2C12 myotubes (B). Relative expression
levels of SERCA1 and Caveolin 3 were compared between C2C12 myoblasts and C2C12 myotubes (C).
Values represented mean + SD from three independent experiments. Error bars indicate SEM. (*p < 0.05;
Student’s #-test).

DBP exposure (10nM, 100nM, and 1uM) reduced insulin-stimulated 2-NBDG uptake in
C2C12 myotubes

To find whether DBP exposure affects insulin sensitivity, we assessed 2-NBDG uptake under
insulin stimulation in C2C12 myotubes treated with 0.1 nM, 1 nM, 10nM, 100nM, and 1puM
DBP. Our results showed that DBP-induced reduction of insulin-stimulated 2-NBDG uptake in
C2C12 myotubes was dose-dependent (Fig. 4). Exposure to DBP at doses of 10 nM, 100 nM
and 1 pM significantly decreased insulin-mediated 2-NBDG uptake in C2C12 myotubes.
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Fig. 4. DBP exposure (10nM, 100nM, and 1uM) impaired insulin-mediated 2-NBDG uptake in C2C12
myotubes. Results were shown as mean = SD from three independent experiments. Error bars indicate SEM.
(ns > 0.05, *p <0.05, **p < 0.01; ordinary one-way ANOVA with Dunnett’s multiple comparisons test).

DBP exposure did not affect C2C12 myotubes’ cell viability
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Phthalates, such as diethyl phthalate (DEP) and DBP, have been reported to damage cell
viability (Yin et al., 2018). Therefore, to evaluate whether the decreased insulin-stimulated 2-
NBDG uptake was due to the cytotoxicity of DBP, we analyzed the cell viability of DBP-treated
C2C12 myotubes. Results showed that DBP exposure (0.1 nM, 1 nM, 10nM, 100nM, and 1pM)
did not affect the cell viability in C2C12 myotubes (Fig. 5). Taken together with the insulin-
stimulated 2-NBDG uptake result, it suggested that DBP (10nM, 100nM, and 1pM) impairs

insulin sensitivity in C2C12 myotubes.
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Fig. 5. DBP exposure (0.1 nM, 1 nM, 10nM, 100nM, or 1uM) does not reduce the cell viability of C2C12
myotubes. Results were shown as mean + SD from six independent experiments. Error bars indicate SEM.
(ns > 0.05; ordinary one-way ANOVA with Dunnett’s multiple comparisons test).

DBP exposure (10 nM and 100 nM) reduced GLUT4 membrane translocation in C2CI12
myotubes

Insulin-mediated glucose uptake is primarily mediated by GLUT4. GLUT4 vesicles are stored
in the cytoplasm at basal condition and can be motivated to insert into the cell membrane in
response to insulin. Therefore, impaired GLUT4 translocation might contribute to the reduced
insulin-stimulated glucose uptake in DBP-treated cells. To investigate if DBP exposure (10nM
and 100nM) led to reduced GLUT4 translocation on the cell membrane, we further evaluated
the GLUT4 distribution in C2C12 myotubes using immunofluorescence staining. As shown in
Fig. 6, there was more GLUT4 (red) located on the cell membrane than in the intracellular
compartment in the control sample, whereas there was no such evident difference observed in
10 nM and 100 nM DBP samples.
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Fig. 6. Effects of GLUT4 distribution in DBP (10 nM and 100 nM)-treated C2C12 myotubes. The red color
indicated GLUT4 bound with Cy3 labeled secondary antibody. The blue color indicated that the nucleus was
stained with DAPI. The white arrows indicated where the red fluorescence signal appeared relatively stronger
on the cell membrane. Compared to the control, it seemed that in DBP-treated cells, the red fluorescence on
the membrane was relatively weaker.
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Discussion

Phthalates are endocrine disruptor chemicals (EDCs) that industries use for the manufacture of
various daily products, including food packaging and personal care products. In
epidemiological studies, there are indications that exposure to phthalates increases the risk for
T2D; nonetheless, the molecular mechanisms linking these chemicals and T2D are not clearly
understood. Six different types of phthalates can be found in consumer products: DEHP, DBP,
diisononyl phthalate (DINP), diisodecyl phthalate (DIDP), dioctyl phthalate (DNOP), and
benzyl butyl phthalate (BBP) (Bunay et al., 2017). Low molecular weight phthalates with short
side chain such as DBP are more water-soluble than the phthalates with long alkyl group such
as DEHP (Lyche, et al., 2011), suggesting higher propensity of DBP contaminating drinking
water and food. Moreover, DBP has been used as solvents in numerous cosmetics, increasing
its risk of entering human body through dermal contact (Lyche, et al., 2011). Humans are
chronically exposed to DBP throughout their lives; hence, the metabolic consequences of DBP
are of major concern but not elucidated so far. These questions led us to investigate the effects
of DBP on insulin sensitivity in C2C12 cells.

An important concept in the study of environmental endocrinology is low dose exposures
(LDEs) of EDCs. LDEs has been defined by the U.S Environmental Protection Agency (EPA)
as any biological changes occurring in the typical human exposure range or at doses lower than
those used in traditional toxicology tests (Melnick et al., 2002). Studies on LDEs have revealed
that EDCs can have adverse effects at low doses but not high doses, which challenged the
traditional “the dose makes the poison” concept in the field of toxicology (Vandenberg et al.,
2012). For example, prenatal low-dose exposure to BPA (1 pg/mL in drinking water) induced
obesity in female offspring, while adipose tissue weight of female offspring was not
significantly increased with high-dose of BPA (10 pug/mL in drinking water) (Miyawaki et al.,
2007). According to published data on estimated phthalate exposure levels, the median and the
interquartile range of daily exposures for DBP are 0.84 and 1.77 pg/kg/day, respectively
(Marsee et al., 2006; Swan et al., 2005). For example, for a person with 60 kg body weight, the
daily exposure of DBP is 213 nM per day. Therefore, based on these prior studies, we chose a
concentration gradient from 0.1 nM to 1 uM of DBP in this study.

Insulin sensitivity represents the ability of insulin target tissues (e.g., adipocytes, skeletal
muscle cells, and neurons) to take up glucose in response to insulin. Impaired insulin sensitivity,
or insulin resistance in skeletal muscle is one of the primary factors underlying T2D (Turcotte
& Fisher, 2008). Studies have demonstrated that phthalates and their metabolites can interact
with peroxisome proliferator-activated receptors (PPARs) activity (Feige et al., 2007, 2010),
which is worth noting because PPARs are involved in lipid metabolism and insulin sensitivity
(Yeetal., 2001, p.). Although there is evidence that DBP can influence all three PPARs isotypes
(PPAR-a, -B/5, -y) in cellular models (Lapinskas et al., 2005), the biological effects of DBP
have remained elusive so far. In the present study, we used 2-NBDG uptake assay to
quantitatively measure insulin sensitivity in C2C12 cells and observed that insulin-stimulated
2-NBDG uptake in C2C12 cells treated with 10 nM, 100 nM, and 1 uM DBP significantly
decreased, suggesting DBP exposure impairs insulin sensitivity in skeletal muscle cells.
Additionally, our results showed that the DBP-induced decrease of insulin-mediated glucose
uptake in C2C12 cells was dose-dependent.

To our knowledge, there has been no published data on how DBP exposure affects insulin
sensitivity in cultured skeletal muscle cells. However, there are some studies investigating the
effects of other members of phthalates, such as DEHP. Gestational exposure to DEHP leads to
abnormal 3 cell function, reduced insulin secretion, and impaired glucose tolerance in rat
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offspring (Lin et al., 2011). A previous report has demonstrated that acute exposure (24 hours)
to DEHP (100 pM) and its metabolite MEHP (50 or 100 uM) resulted in a significant decrease
in insulin-stimulated glucose uptake in L6 myotubes, the rat skeletal muscle model
(Viswanathan et al., 2017). Compared to these studies, in our study, the dose of DBP treatment
is around estimated human daily exposure level, and the exposure time is longer, which is more
representative of human’s daily exposure to circulating levels of phthalates in the environment.
We are exposed to phthalates during our whole life, including intrauterine development. In the
present study, DBP exposure also persisted throughout myoblast differentiation and myotube
stage. Therefore, our study provides a new insight to the molecular mechanism of phthalates’
association with diseases characterized by insulin resistance, such as obesity and T2D.

Since, in our study, DBP exposure started from the beginning of myoblast differentiation, it is
possible that DBP exposure caused disrupted myogenesis and, consequently, impaired insulin
sensitivity in C2C12 cells. Indeed, it has been reported that gestational exposure to phthalates
leads to reduced body weight at birth and restricted growth during development in newborn
rodents (S.-Q. Chen et al., 2010; Tanida et al., 2009). In vitro studies have also shown that
phthalate exposure decreases human endometrial mesenchymal stem cells (EN-MSCs)
myogenetic differentiation (H.-S. Chen et al., 2017) and C2C12 myoblast differentiation (S.-S.
Chen et al., 2013). However, in our study, we did not observe an evident decrease in the
elongation of multinucleated myotubes in C2C12 cells treated with DBP (data not shown). To
better understand whether DBP disrupts myogenesis in C2C12 cells, improvements can be
made to our study, for example, detecting the expression of the muscle-specific markers, i.e.,
myosin heavy chain (MyHC) and genes regulating myogenic differentiation, i.e., MyoD and
myogenin.

Another possible explanation for DBP-induced insulin resistance in C2C12 cells could be the
cytotoxicity effect of DBP. The cytotoxic effect of phthalates on cell viability has been reported.
A previous study demonstrated that 10 nM DEHP exposure resulted in lower viability and
higher apoptosis in human granulosa cells (GCs) and steroidogenic human granulosa-like tumor
cell line (KGN cells) (Jin et al., 2019). Another study revealed that exposure to DEHP (50 uM,
100 uM, 200 uM, 400 uM, and 800 uM) for 48 hours and 72 hours caused significant inhibition
of cell viability in L6 myotubes; whereas 25 uM DEHP treatment for 72 hours did not affect
cell viability (Rajesh & Balasubramanian, 2014). Therefore, to examine whether the inhibition
of insulin-stimulated glucose uptake in DBP-exposed cells was caused by the cytotoxicity of
DBP, we went on to assess the cell viability in DBP-treated C2C12 cells. Our results revealed
that DBP in the chosen concentration gradient did not reduce cell viability, indicating that the
impaired insulin-mediated 2-NBDG uptake in DBP-treated C2C12 cells might be due to the
disruption of insulin-mediated glucose transportation pathway, such as insulin signaling and
GLUT4 membrane translocation.

Activation of the insulin signaling in skeletal muscle stimulates GLUT4 to move from the
intracellular pool to the plasma membrane. In diseases characterized by insulin resistance, such
as T2D, GLUT4 translocation is severely impaired. To decipher how DBP causes reduced
insulin sensitivity in C2C12 cells, we further analyzed the GLUT4 translocation in C2C12 cells
treated with 10 nM or 100 nM DBP. Our results showed that DBP-treated C212 cells exhibited
less GLUT4 on the cell membrane, suggesting diminished GLUT4 translocation might play a
role in insulin resistance in C2C12 cells treated with 10 nM or 100 nM DBP. However, this
finding needs to be taken with great caution. Since the cytosolic and cell membrane GLUT4
protein level are not quantitively measured in the present study, there is the possibility that the
decreased GLUT4 expression on the cell membrane in DBP-treated C2C12 cells is caused by
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decrease in GLUT4 production. To better understand the effects of DBP on GLUT4 in C2C12
cells, improvements can be done to our study, for instance, transfecting C2C12 cells with HA-

GLUT4-GFP construct to study the ratio between intracellular and plasma membrane
translocated GLUT4 (Heckmann et al., 2022; Lizunov et al., 2012).

One of the continuations of this study is to investigate pathways and molecules involved in
DBP-induced insulin resistance in C2C12 cells. Future studies on how DBP affects insulin
signaling pathways, proteins responsible for moving GLUT4-containing vesicles to the plasma
membrane, and glucose metabolism will help us better understand DBP-induced insulin
resistance in skeletal muscle cells. Moreover, when DBP enters our body, it is decomposed into
metabolites, such as mono-(3-carboxypropyl) phthalate (MCPP). Whether these metabolites
yield the same effect as DBP on skeletal muscle cells is still unknown. Thus, in vitro studies,
including DBP metabolites, is also of great interest. Eventually, more research needs to be
performed on how DBP affects living animals.

To conclude, DBP exposure (10 nM, 100 nM, and 1 pM) impairs insulin sensitivity in C2C12

cells, and it is not due to the cytotoxicity effect of DBP. DBP (10nM and 100nM)-exposed
C2C12 cells might exhibit decreased GLUT4 membrane translocation.
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