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long been a contentious topic. In addition to its routine toxicities, MTBE has been demon-
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strated to disrupt glucose and lipid metabolism and contribute to the development of type
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2 diabetes as well as obesity. As one of the morbidities related to dyslipidemia, atheroscle-
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rosis is worthy of being investigated under MTBE exposure. Since foam cells derived from
macrophages play pivotal roles during atherosclerosis development, we studied the effects
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formation with the ApoE−/− mouse model in vivo for the first time. Our results demonstrated
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that exposure to MTBE at environmentally relevant concentrations decreased the expres-
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sion of ABCA1 and ABCG1, which are responsible for macrophage cholesterol efflux, at both
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mRNA and protein levels in THP-1 macrophages. Consequently, treatment with MTBE inhibited the transport of cholesterol from macrophages to High-density lipoprotein. ApoE−/−
mice exposed to MTBE at environmentally relevant concentrations (100, 1000 μg/kg) displayed significant increases in lesion area in the aorta and aortic root compared to vehicletreated ones. Further analysis indicated that MTBE exposure enhanced the macrophagespecific marker Mac-2 contents within plaques in the aortic root, implying that MTBE
could promote macrophage-derived foam cell formation and thus accelerate atherosclerosis plaque formation. We for the first time demonstrated the pro-atherogenic effect of
MTBE via eliciting disruption of macrophage cholesterol efflux and accelerating foam cell
formation and atherosclerosis plaque development.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Methyl tertiary-butyl ether (MTBE) has been widely used as a
gasoline additive to promote effective combustion and reduce
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emissions of numerous pollutants, such as carbon monoxide (CO), from vehicle exhaust (Mehlman, 1998). MTBE is
highly soluble in water, highly volatile, and slowly biodegraded
in the environment (Squillace et al., 1997). These attributes
make it very likely to contaminate surface and groundwater, mainly through fuel leaks (Moran et al., 2005) and partly
through emissions (Reuter et al., 1998). It was estimated that
MTBE occurred in approximately 5%–15% of USA wells tested
(USEPA, 1999). Point-source leaks can lead to localized contamination of groundwater, with MTBE concentrations in the
range 100–100,000 μg/L (Brown, 1997). USEPA (1997) has a
drinking water advisory for MTBE of 20–40 μg/L, based on taste
and odor (USEPA, 1997).
Concerns about water quality and human health risk following the detection of MTBE in public water systems resulted in the termination of its use in the USA and Canada
as a gasoline additive (McCarthy and Tiemann, 2006). It has
been reported that blood-MTBE levels in the United States
during 2001–2012 showed a decreasing trend, ascribing to
the diminished MTBE exposure after the nationwide phaseout in 2006 (Silva et al., 2019). However, MTBE is still used
as a fuel oxygenate in many European and Asian countries, including China. MTBE is readily absorbed by ingestion
and inhalation (Prah et al., 2004; McGregor, 2006), and then
rapidly transported into the blood circulation and distributed
to other organs and tissues, such as adipose tissue and liver
(Amberg et al., 2001; McGregor, 2006). Results demonstrated
that consumers could be exposed to 1–10 ppm during refueling, while production and transportation employees could
be exposed to ≥ 50 ppm (Nihlén et al., 1998). Saarinen et al.
reported that total MTBE uptake during a short occupational
exposure was calculated to be (106 ± 65) μmol (Saarinen et al.,
1998). Vainiotalo et al. (1998) showed an MTBE concentration
in blood of 143 nmol/L (GM, n = 14) and 213 nmol/L (GM, n = 20)
in October and August, respectively, after gasoline exposure.
As a substitute for tetraethyl lead, MTBE was once used
in gasoline to ameliorate adverse effects upon human health
and the environment. However, concerns arose since MTBE
was detected in water supplies, as well as reports by many
studies in vivo and in vitro of adverse effects of MTBE. Most
toxicological studies focused on the carcinogenicity of MTBE,
though these results are still controversial (Bogen and Heilman, 2015). In addition, non-human experiments in vivo have
revealed neurotoxicity (Daughtrey et al., 1997), reproductive
toxicity (Bevan et al., 1997a; Li et al., 2008), developmental
toxicity (Bevan et al., 1997b), kidney toxicity (Bermudez et al.,
2012), and liver toxicity (Saeedi et al., 2017b) of MTBE at high
dosages, whereas these effects were not observed at lower
dosages. Experiments in vitro indicated that MTBE induced cytotoxicity and oxidative stress in various types of cells, such
as spermatogenic cells (Li and Han, 2006; Li et al., 2007), rabbit
tracheal epithelial cells (Wang et al., 2008), human blood lymphocytes (Salimi et al., 2016), and mouse hippocampal neurons (Ma et al., 2017), at mmol/L concentrations.
Beyond those classical toxicities, recent studies suggested
that MTBE was associated with type 2 diabetes and obesity.
It was reported that 90-day exposure to MTBE at 1000 μg/L
disrupted zinc homeostasis, glucose tolerance and mitochondrial function in male Sprague-Dawley rats (Saeedi et al.,
2017a, 2017b). We recently reported that MTBE at environ-
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mentally relevant concentrations promoted the risk of obesity
and disturbed glucose homeostasis in 3T3-L1 adipocytes and
in C57BL/6 mice experiments (Tang et al., 2019). Both type 2
diabetes (Haffner et al., 1998) and obesity (Calle et al., 1999;
Allison et al., 1999) are significant risk factors for cardiovascular disease, including atherosclerosis. However, there is no
report regarding the relationship between cardiovascular disease (CVD) development and MTBE exposure.
Cardiovascular diseases have been the leading cause of
mortality worldwide since 2000 (WHO, 2018). Increasing reports have indicated that exposure to environmental pollutants plays a significant role in the initiation and progression of CVDs (Cosselman et al., 2015; Bourdrel et al.,
2017). Atherosclerosis is considered as the major pathophysiological basis for many CVDs, including stroke and coronary disease. Many environmental pollutants such as arsenic
(Srivastava et al., 2009), persistent organic pollutants (POPs)
(Shan et al., 2014; Petriello et al., 2018; Hu et al., 2019), and
diesel exhaust particulate (Miller et al., 2013) have been reported to be atherogenic. Atherosclerosis is regarded as a
chronic inflammatory disorder of the large arteries and is initiated by the formation of cholesterol-rich lesions in the arterial wall (Ross, 1999; Libby, 2002; Rosenfeld, 2013). Foam cells
play significant roles in the development of cholesterol-rich
lesions in the arterial intima at the early stage of atherosclerosis, and monocyte-derived macrophages become lipid-laden
foam cells through uptake of modified low-density lipoprotein (LDL) by scavenger receptors such as class A scavenger receptors (SR-A) and cluster of differentiation 36 (CD36)
(Shashkin et al., 2005). On the other hand, excess cholesterol accumulated in macrophages could be removed from the
macrophages via ATP binding cassette transporter A1 (ABCA1)
or G1 (ABCG1) (Rader et al., 2009) and scavenger receptor
class B type I (SR-BI) (Ji et al., 1997). It has been reported
that foam cell formation and atherosclerotic plaques both
increased in Abca1−/ − Abcg1−/ − mice (Yvan-Charvet et al.,
2007), and macrophage cholesterol efflux was reduced significantly in ABCA1-deficient or ABCG1-deficient macrophages
(Wang et al., 2007).
Based on the understanding of MTBE exposure leading to metabolic disorders, we here postulated that MTBE
might aggravate atherosclerosis via disruption of lipid homeostasis. We designed and performed experiments to determine (1) whether MTBE disrupts cholesterol homeostasis in
macrophages and affects foam cell formation further; and
(2) whether MTBE at environmentally relevant concentrations can enhance atherosclerosis lesion development in the
ApoE−/− mouse model.

1.

Materials and methods

1.1.

Reagents

MTBE (99.8%), phorbol 12-myristate 13-acetate (PMA, ≥99%)
and NBD-cholesterol were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Roswell Park Memorial Institute (RPMI)
1640 medium, Phenol Red-free RPMI 1640 medium and fetal bovine serum (FBS) were purchased from Gibco Life Sciences (Grand Island, NY, USA). Penicillin/streptomycin (P/S),
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phosphate buffered saline (PBS), and other miscellaneous cell
culture reagents were purchased from Hyclone Laboratories
(Logan, UT, USA). HDL was purchased from Yiyuan Biotech
(Guangzhou, China).

1.2.

Cell culture and treatment

THP-1 (No. 3111C0001CCC000057) cell was gained from the
National Infrastructure of Cell Line Resource in China (http:
//www.cellresource.cn). Human monocytic leukemia THP-1
cells were cultured in RPMI 1640 medium supplemented with
10% FBS, penicillin (100 U/mL) and streptomycin (100 μg/mL)
at 37°C in 5% CO2 . THP-1 monocytes were plated at 1.6 × 106
cells/well (6-well plates) and differentiated into macrophages
by induction of 100 nmol/L PMA for 48 hr. Before treatment,
THP-1 macrophages were washed three times with PBS. MTBE
of indicated concentrations was gradient diluted using complete medium before each treatment. We first added 225 μL
MTBE to 3552 μL complete medium for THP-1 macrophage culture and blended via vortex at the highest speed for at least
5 min, then diluted to 100, 10, 1, 0.1, 0.01 and 0.001 mmol/L
using complete medium for THP-1 macrophage culture as
quickly as possible; the diluted mixtures were well-dissolved
in the complete medium even after standing for hours. We
prepared solutions freshly before each exposure experiment.
The incubation periods varied according to the experimental
protocol. After treatment, the cells were used for RT-qPCR and
Western blot. For each experiment, a minimum of three independent experiments were performed.

1.3.

Cell viability

THP-1 macrophages were seeded on 96-well plates at a cell
density of 8 × 105 cells/mL. After treatment with MTBE at different concentrations for 24 or 48 hr, respectively, cell viability was measured via a CCK-8 kit (DOJINDO Inc., Kumamoto,
Japan) following the manufacturer’s instruction.

1.4.
Quantitative real-time reverse transcription
polymerase chain reaction (RT-qPCR)
Total RNA was extracted from cells using the High Purity total RNA Extraction Kit (BioTeke, Beijing, China) according to
the manufacturer’s instruction. Concentrations and purity of
total RNA were measured with ultraviolet spectrophotometer
(Biochrom, Cambridge, UK). cDNA was synthesized from 1 μg
total RNA using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, MA, USA). The primers
(Table 1) used were purchased from Sangon Biotech Co. Ltd.
(Beijing, China). The transcripts were quantified using SYBR
Green (Roche, Mannheim, Germany) on an ABI 7500 Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA). The
2−Ct method was used to determine relative mRNA expression of genes. GAPDH served as endogenous reference for THP1.

1.5.

Western blot

Total proteins were extracted by M-PERTM Mammalian Protein
Extraction Reagent (Thermo Fisher Scientific, Waltham, MA,
USA) containing complete protease inhibitor (1%, Amresco,

USA). The concentration of total protein was determined usR
ing the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Equal amounts of protein samples were loaded on a 10% SDS polyacrylamide gel and transferred to Polyvinylidene Fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The blocked membranes (5% nonfat
milk in TBS buffer containing 0.1% Tween 20) were incubated
overnight with antibodies against to-ABCA1 (1:1000; NB400–
105, Novus Biologicals, Littleton, USA), ABCG1 (1:1000; NB400–
132, Novus Biologicals, Littleton, USA) or anti-GAPDH (1:5000;
ab181602, Abcam, USA) at 4°C. After being washed with TBST,
membranes were incubated with the appropriate horseradish
peroxidase (HRP)-conjugated secondary antibody (goat antirabbit) (1:5000; EASYBIO, Beijing, China). Protein bands were
visualized using an enhanced chemiluminescence (ECL) substrate kit (Millipore, Billerica, MA, USA), exposed with the
ChemiDoc Touch imaging system (Bio-Rad, USA) and quantified with ImageJ software.

1.6.

ELISA measurements

Interluekin-1β (IL-1β) was measured in cell culture medium
R
using the QuantiCyto
Human IL-1β ELISA kit (EHC002b.96,
NeoBioscience, China) according to the manufacturer’s protocol. Serum tumor necrosis factor α (TNF-α) and IL-β of ApoE−/−
R
mice were determined by QuantiCyto
Mouse IL-1β ELISA kit
R
(EMC001b.96, NeoBioscience, China) and QuantiCyto
Mouse
TNF-α ELISA kit (EMC102a.96, NeoBioscience, China) respectively, according to the manufacturer’s instructions.

1.7.

Cellular cholesterol efflux assay

THP-1 monocytes were plated in 96-well plates (Black plate,
clear bottom with lid, Corning Inc., NY, USA) at 6 × 104
cells/well and differentiated into macrophages with PMA
as described above. Subsequently, the macrophages were
washed with PBS and then treated with MTBE at the concentrations of 1 and 10 mmol/L for 24 hr. After incubation,
the medium was completely removed and fresh complete
medium containing MTBE and 1.2 μg/mL NBD-cholesterol was
added for a further 24-hr incubation. At the end of the incubation the cells were washed with PBS and then incubated
with serum-free and Phenol Red-free RPMI 1640 medium
containing HDL (50 μg/mL) for 2 hr. NBD-cholesterol in the
supernatant and cells was measured at 485-nm excitation
wavelength and 535-nm emission wavelength respectively.
Cholesterol efflux was determined as a percentage of NBDcholesterol in the medium to that of both medium and cells.
The percentage of cholesterol efflux (E,%) was calculated as
follows:
E = NBD−c−m /(NBD−c−m + NBD−c−c ) × 100%
where, NBD-c-m is NBD-cholesterol in media; NBD-c-c is NBDcholesterol in cells.

1.8.

In vivo MTBE exposure

All mice studies were approved by the Ethics Committee of
the Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. ApoE−/− mice were utilized here

239

journal of environmental sciences 101 (2021) 236–247

Table 1 – Primer sequences used for RT-qPCR.
Gene

Species

Forward primer (5 → 3 )

Reverse primer (5 → 3 )

ABCA1
ABCG1
SR-BI
SR-A
CD36
IL-1β
TNF-α
GAPDH

Human
Human
Human
Human
Human
Human
Human
Human

ACCCACCCTATGAACAACATGA
GGGGTCGCTCCATCATTTG
CCTATCCCCTTCTATCTCTCCG
GCAGTGGGATCACTTTCACAA
AAGCCAGGTATTGCAGTTCTTT
ATGATGGCTTATTACAGTGGCAA
GAGGCCAAGCCCTGGTATG
ACTTCTGGCATTCCGATCAGT

GAGTCGGGTAACGGAAACAGG
TTCCCCGGTACACACATTGTC
GGATGTTGGGCATGACGATGT
AGCTGTCATTGAGCGAGCATC
GCATTTGCTGATGTCTAGCACA
GTCGGAGATTCGTAGCTGGA
CGGGCCGATTGATCTCAGC
ACGAAGCGATAGGTGGGGAT

to evaluate the atherogenic effect of MTBE in vivo, which
were firstly created by homologous recombination in mouse
embryonic stem (ES) cells in 1992 by knocking out Apoe
gene encoding protein acting as ligand for receptors clearing
chylomicron remnants, very low density lipoproteins (VLDL)
and intermediate density lipoproteins (ILDL) (Zhang et al.,
1992; Plump et al., 1992). ApoE−/− mice have become a wellestablished animal model based on rodents to investigate development of atherosclerosis plaque, which display markedly
elevated atherosclerotic lesions throughout the entire aorta
under the high cholesterol Western diet within months
(Tangirala et al., 1995). In this study, five-week-old ApoE−/−
male mice were provided by Charles River Laboratories (Beijing, China) and housed at constant temperature (22 ± 2 °C)
on a 12-hr light/dark cycle. After 1 week of acclimatization,
mice were given a Western diet (1.25% cholesterol, Medicience, China) and randomly divided into four groups (n = 10):
PBS (control), 10 μg/(kg bw (body weight)•day)) (low dose),
100 μg/(kg bw•day) (middle dose), or 1000 μg/(kg bw•day)
(high dose) MTBE. These exposure concentrations were chosen based on the USEPA (1997) drinking water advisory for
MTBE (20–40 μg/L). The daily consumption of drinking water
is about 2 L for an adult. Hence, it is estimated that a man
(70 kg bw) is exposed to MTBE at 0.114 μg/(kg•day) through
drinking water containing 40 μg/L MTBE. This dosage is calculated to be equal to 10.4 μg/(kg•day) for mice according to the
Meeh-Rubner equation. It has been reported that the actual
concentrations of MTBE in water at several points were 10- to
100-fold greater than 40 μg/L (Rosell et al., 2006). Consequently,
the MTBE dosages used in this research were environmentally relevant (10–1000 μg/kg corresponding to 40–4000 μg/L
in drinking water). We first added 135.14 μL MTBE to 9864.86
μL PBS and blended via vortex at the highest speed to obtain
a MTBE solution at 10 mg/mL. Then we diluted to 0.1, 0.01 and
0.001 mg/mL using PBS as quickly as possible, corresponding
to the gavage dosage of 1000, 100 and 10 μg/kg respectively.
Solutions for animal experiment were prepared freshly before
each gavage. Mice were treated with PBS or MTBE via gavage
for a month. Body weight was measured weekly. At the end of
the experiment, serum was collected. Following cardiac puncture (vascular perfusion), the heart and aorta were dissected
and used for further analysis.

1995). The aortas were dissected and the adherent (adventitial) fat was gently removed. Whole aortas were opened longitudinally, mounted en face, fixed in 4% paraformaldehyde for
24 hr, and stained for lipids with Oil Red O. Aortas were pinned
flat on black wax and imaged. The lesion area in the aorta en
face was expressed as a percent of the aortic surface area.
The atherosclerotic lesions were also evaluated within the
aortic root. Hearts were embedded in paraffin and serial 5 μm
thick paraffin sections from the aortic root were collected.
Sections for staining were examined to the observed emergence of the 3 valves. Then, 2–5 valve sections per animal
were stained with Masson to visualize the plaque areas. Aortic roots were also stained and analyzed for their macrophage
content in plaque using Mac-2. Image analysis was performed
by a trained observer blinded to the treatment of the mice.
Images were obtained via optical microscope (Carl Zeiss, Germany) and quantified for lesion area by Image-Pro-Software
Plus 6.0.

1.9.

Foam cells mainly originate from macrophages. Therefore, we
first evaluated the THP-1 macrophage cell viability via CCK8 assay to determine the exposure concentrations of MTBE.
The highest tested concentration of MTBE was 100 mmol/L,

Atherosclerotic lesion analysis

Characterization of the atherosclerotic lesions was performed
as described previously (Paigen et al., 1987; Tangirala et al.,

1.10.

Plasma lipids analysis

At the end of the experiment, mice were fasted overnight and
retro-orbital sinus blood was collected. Serum was isolated
via centrifugation at 1000 × g and immediately frozen and
stored at −80°C. The serum lipid profile, including total cholesterol (TC), triglycerides (TG), LDL cholesterol (LDL-C), and HDL
cholesterol (HDL-C), was measured using the Beckman Coulter chemistry analyzer AU5800 (Beckman Coulter Inc., USA).

1.11.

Statistical analysis

Values are presented as mean ± the standard error of the
mean (SEM) or standard deviation (SD). For multiple comparisons, data were analyzed by one-way analysis of variance
(ANOVA), and values of p < 0.05 were considered significant.
GraphPad Prism 7.0 (Graphpad Software Inc., California, USA)
was used for statistical analysis and figure generation.

2.

Results

2.1.

Effects of MTBE on THP-1 macrophage cell viability
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Fig. 1 – Effects of MTBE on cell viability of THP-1 macrophages. Cell viability of THP-1 macrophages treated with
0.001–100 mmol/L MTBE for 24 hr (a) and 48 hr (b), respectively. Cell viability was detected via CCK-8 assay. Values are
presented as means ± SD. ∗ p < 0.05 vs control.

based on a reported environmentally relevant concentration
(16 mmol/L) (Brown et al., 2001). THP-1 macrophages showed
no significant loss of cell viability after 24 and 48 hr exposure
to MTBE at concentrations ranging from 0.001 to 10 mmol/L
(Fig. 1), similar to our previous study on 3T3-L1 (Tang et al.,
2019). Thus, concentrations at 0.001–10 mmol/L of MTBE were
chosen in the cell experiment in this study.

2.2.
MTBE inhibited the expression of cholesterol efflux
transporters in THP-1 macrophages
Foam cells in arteries are mainly derived from macrophages
under a condition of imbalance in cholesterol homeostasis
(Shashkin et al., 2005). Scavenger receptors in macrophages,
such as SR-A and CD36, are responsible for cholesterol uptake
from modified lipoproteins (Bobryshev, 2006). Conversely, ATPbinding cassette transporters and SR-BI mediate cholesterol
efflux from macrophages. In order to understand the effect of
MTBE on cholesterol homeostasis in macrophages, we firstly
determined the expression of associated factors when THP-1
macrophages were exposed to MTBE.
After exposure to MTBE for 24 and 48 hr, we observed
that MTBE did not significantly affect the mRNA expression
of SR-BI, CD36 or SR-A in THP-1 macrophages at any exposed
concentration (Fig. 2). However, MTBE at 10 mmol/L significantly down-regulated mRNA expression encoding ABCA1
and ABCG1, which are critical cholesterol efflux transporters,
compared with control (Fig. 2). Meanwhile, we also noticed
that MTBE at 1 mmol/L elicited decreased trends of mRNA expression encoding ABCA1 and ABCG1 after treatment for both
24 and 48 hr. In order to confirm the alterations of ABCA1 and
ABCG1 upon MTBE exposure, their expressions at the protein
level were further detected using Western blot when THP-1
macrophages were exposed to MTBE at concentrations of 1
and 10 mmol/L. Quantification of bands responding to ABCG1
antibody confirmed that the decrease of ABCG1 in mRNA expression consistently correlated with a significant decrease
at the protein level at the 10 mmol/L after treatment for 24
and 48 hr (compared with control, respectively) (Fig. 3a and c).
ABCA1 protein expression also decreased after 24 hr exposure
to MTBE at the 10 mmol/L (Fig. 3a and b). However, we failed
to observe a change in ABCA1 at the protein level after exposure to MTBE for 48 hr (Fig. 3a and b). These results suggest
that exposure to MTBE probably disturbs cholesterol efflux in
macrophages.

2.3.

MTBE inhibited macrophage cholesterol efflux to HDL

Based on the understanding of MTBE-elicited explicit reduction on cholesterol efflux transporters ABCA1 and ABCG1 after 24 hr exposure (Figs. 2 and 3), we further assessed the
effects of MTBE at 1 and 10 mmol/L on NBD-cholesterol efflux from THP-1 macrophages. In line with the decrease in
ABCA1 and ABCG1 at 10 mmol/L, pre-incubation of the THP1 macrophages with MTBE for 24 hr resulted in a decrease in
the cholesterol efflux to HDL (to 88% compared with control)
(Fig. 4). This result indicated that MTBE inhibited cholesterol
efflux from macrophages via ABCA1 and ABCG1 to HDL, which
in turn would promote cholesterol accumulation in the MTBEtreated macrophage cells and accelerate foam cell formation.

2.4.
MTBE did not alter inflammatory activation in THP-1
macrophages
Inflammatory cytokines secreted by macrophages, such as IL1β and TNF-α, play roles in the development of foam cell formation and cholesterol efflux (McLaren et al., 2011), thus we
subsequently detected the expression of IL-1β and TNF-α in
THP-1 macrophages after treatment by MTBE. After 24 and
48 hr exposure to MTBE at 10 mmol/L, IL-1β mRNA expression was weakly up-regulated to 1.58 and 1.57-fold compared
with control, respectively (Fig. 5a). However, TNF-α mRNA expression did not change at any concentration tested (Fig. 5a).
Further quantification of IL-1β using ELISA showed that the
concentration of IL-1β released from THP-1 macrophages did
not alter statistically after exposure of MTBE (Fig. 5b). This result indicated that exposure to MTBE did not affect inflammatory activation in macrophages and suggested that MTBEinduced inhibition of cholesterol efflux was not relevant to
macrophage inflammatory activation.

2.5.

MTBE accelerated atherosclerosis in ApoE−/− mice

It is well established that impairment of cholesterol efflux
in macrophages is one of the most predominant triggers for
the initiation and progression of atherosclerosis via accelerating excessive cholesterol-loaded macrophage-derived foam
cells, which are the major cellular components of the early
hallmark lipid streak within the artery wall during the development of atherosclerotic plaque (Rader et al., 2009; YvanCharvet et al., 2007). The above THP-1 macrophage-based
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Fig. 2 – The mRNA expression of ATP-binding cassette transporters and scavenger receptors in THP-1 macrophages treated
with MTBE. The mRNA expression of ABCA1, ABCG1, SR-BI, CD36, and SR-A analyzed by RT-qPCR after treatment with
indicated concentrations of MTBE for 24 hr (a) and 48 hr (b), respectively. GAPDH served as a reference gene. Values are
presented as means ± SD. ∗ p < 0.05 vs control. ∗∗ p < 0.01 vs control.

results strongly suggested that MTBE might be atherogenic
through disturbing cholesterol efflux. We therefore continued to confirm the atherogenic effects of MTBE by evaluating
the formation of macrophage-derived foam cells in ApoE−/−
mice, which is a well-established animal model for investigating the development of atherosclerosis (Zhang et al., 1992;
Plump et al., 1992). Male ApoE−/− mice (5 weeks old) were fed
a Western diet and treated with MTBE at 10, 100, 1000 μg/kg
BW daily by oral gavage for a month. During the course of exposure, no significant difference was observed in body weight
between mice receiving PBS (control) or MTBE (Table 2). At the
end of the treatment, fasting serum glucose, total cholesterol,
triglycerides, HDL cholesterol, LDL cholesterol, plasma TNFα and IL-1β were quantified, and the results indicated that
MTBE exposure did not cause differences in these parameters
(Tables 2 and 3).
To assess the atherosclerotic lesion formation upon MTBE
exposure, lesions in the aorta and in the aortic root were
analyzed to characterize lipid-loaded lesions. En face analysis of aorta showed that MTBE treatment at the dosage

of 100 μg/(kg•day) significantly increased Oil Red O stained
atherosclerotic plaques to 8.59% (atherosclerotic plaque
area/total aorta area), compared with control (4.93%) (Fig. 6a
and b). The area of atherosclerotic lesions in the crosssections of the aortic root is another important indicator to reflect the extent of atherosclerotic lesions, which
was evaluated as well here. Treatment with MTBE at 100
and 1000 μg/(kg•day) both significantly increased the lesion
area in the aortic root compared with control in a dosedependent manner (Fig. 7a and b). Collectively, quantification
of atherosclerotic plaque both in the aorta and in the aortic
root indicated that exposure to MTBE aggravated development
of atherosclerosis in vivo.
Macrophage-derived foam cells comprise the most
atherosclerotic lipid-rich lesions in the arterial intima
(Chistiakov et al., 2017). In order to determine whether
MTBE induced increases in atherosclerotic plaques through
promotion of foam cell formation, contents of macrophagespecific antigen Mac-2 in lesions were further quantified
by immunocytochemistry. Consistent with the increase in
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Fig. 3 – The protein expression of ABCA1 and ABCG1 in THP-1 macrophages treated with MTBE. (a) The protein expression
of ABCA1 and ABCG1 determined by Western blot after treatment with indicated concentrations of MTBE for 24 and 48 hr,
respectively (GAPDH served as a loading control); (b) Band densitometric analysis of ABCA1; and (c) ABCG1 protein
determined by ImageJ. Values are presented as means ± SD. ∗ p < 0.05 vs control.

Table 2 – Body weight, plasma lipids and glucose in ApoE−−- mice treated with MTBE or PBS∗ .
Group

Body weight (g)

TC (mmol/L)

TG (mmol/L)

HDL-C (mmol/L)

LDL-C (mmol/L)

Serum glucose (mmol/L)

Control
10 μg/(kg•day)
100 μg/(kg•day)
1000 μg/(kg•day)

22.40 ± 0.54
21.24 ± 0.75
23.02 ± 0.63
21.63 ± 0.75

20.91±0.73
22.69±0.81
23.18±0.58
23.31±0.56

1.09± 0.17
1.42± 0.17
1.30±0.19
1.17±0.17

0.266 ± 0.042
0.231 ± 0.029
0.244 ± 0.032
0.241 ± 0.062

12.96 ± 1.39
15.27 ± 1.98
13.88 ± 1.77
15.27 ± 1.65

8.72 ± 0.73
8.59 ± 0.70
8.76 ± 0.65
7.87 ± 0.34

All group: n = 10, for body weight. Control group, 10 μg/(kg•day) group, 1000 μg/(kg•day) group: n = 10; 100 μg/(kg•day) group: n = 9, for plasma
lipids and glucose.
MTBE: Methyl tertiary-butyl ether; PBS: phosphate buffered saline.
∗
Values are expressed as means ± SEM. MTBE treatment vs control group by one-way ANOVA.

Table 3 – Plasma TNF-α and IL-1β in ApoE−−- mice treated
with MTBE or PBS∗ .
Group

TNF-α (pg/mL)

IL-1β (pg/mL)

Control (n = 10)
10 μg/(kg•day) (n = 8)
100 μg/(kg•day) (n = 10)
1000 μg/(kg•day) (n = 10)

334.09 ± 36.87
253.71 ± 30.72
444.67 ± 47.26
338.18 ± 20.94

862.08 ± 192.91
561.09 ± 125.23
1108.42 ± 117.20
648.75 ± 80.80

∗
Values are expressed as means ± SEM. MTBE treatment vs control group by one-way ANOVA.

atherosclerotic plaque, MTBE-treated ApoE−/− mice (100
and 1000 μg/(kg•day)) displayed more Mac-2 positive cells
compared with control groups (Fig. 8a and b), indicating that
exposure to MTBE resulted in more foam cell formation in
the atherosclerotic plaque. These results demonstrated that
MTBE increased the atherosclerotic lesion size in the ApoE−/−
mouse model through accelerating macrophage-derived
foam cell formation.

3.

Discussion

Macrophage-derived foam cell formation within the vascular
wall is the initiating event of atherosclerosis (Bobryshev, 2006).
Disturbances of homeostasis between cholesterol uptake and
efflux in macrophages both contributed to generation of
lipid over-loaded foam cells. As we now know, several typical pollutants have been reported to induce atherosclerosis by elevating foam cell formation. Arsenic and triphenyl
phosphate (TPHP) have both been demonstrated to promote
foam cell formation by blunting macrophage cholesterol efflux via down-regulation of ABCA1 and ABCG1, and resulted
in the increase of atherosclerotic plaque in ApoE−/− mice
(Padovani et al., 2010; Simeonova et al., 2003; Hu et al., 2019). In
this study, our data also demonstrated that MTBE specifically
down-regulated the expression of cholesterol efflux transporters ABCA1 and ABCG1 but without affecting factors relevant to cholesterol uptake, and consequently inhibited NBDcholesterol efflux from macrophages to HDL in vitro. These
macrophage-based results in vitro implied that MTBE stimulated foam cell formation ascribing to reduction of cholesterol
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Fig. 4 – Effects of MTBE exposure on NBD-cholesterol efflux.
THP-1 macrophages were treated with MTBE for 24 hr,
followed by 24 hr co-exposure of MTBE and
NBD-cholesterol (1.2 μg/mL). NBD-cholesterol efflux was
measured after 2 hr incubation with 50 μg/mL HDL. Values
are presented as means ± SD. ∗ p < 0.05 vs control.

efflux. Further in vivo investigations based on ApoE−/− mice
identified that exposure to MTBE aggravated macrophagederived foam cell accumulation and increased the area of
atherosclerotic plaque within the artery. Taken together, the
current results provide novel insights into understanding the
adverse effects of MTBE by consistently elucidating the inhibitory effect on cholesterol efflux in macrophages and the
promoting effect on foam cell generation in vivo.
MTBE is easily released to the environment and absorbed
in the human body, and has received increasing attention on
its toxic effects. However, uncertainties still exist about the
health implications of exposure to MTBE, because most studies used exposure dosages far exceeding actual exposure levels and environmentally relevant concentrations. The USEPA
(1997) has provided a drinking water advisory for MTBE of 20–
40 μg/L. The daily consumption of drinking water is set to 2 L

Fig. 5 – The expression of IL-1β and TNF-α in THP-1
macrophages treated with MTBE. (a) The mRNA expression
of IL-1β and TNF-α analyzed by RT-qPCR after treatment
with indicated concentrations of MTBE for 24 and 48 hr,
respectively (GAPDH served as a reference gene); (b) Effects
of MTBE exposure on IL-1β release in THP-1 macrophages.
THP-1 macrophages were treated with MTBE for 48 hr. IL-1β
release was monitored by ELISA. Values are presented as
means ± SD. ∗ p < 0.05 vs control.

Fig. 6 – MTBE exposure promoted atherosclerotic plaque formation of aortas in ApoE−/− mice fed a high cholesterol diet.
ApoE−/− mice were given MTBE (10, 100, 1000 μg/(kg•day)) or PBS for one month. (a) Representative images of en face Oil Red
O staining of aortas; (b) Quantification of en face lesion percentage in aortas (control, MTBE at 10 and 1000 μg/(kg•day): n = 6,
indicated by filled circles, squares and inverted triangles, respectively, MTBE at 100 μg/(kg•day): n = 5, indicated by filled
regular triangles). Values are presented as means ± SEM, MTBE treatment vs control group by one-way ANOVA. ∗ p < 0.05.
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Fig. 7 – MTBE exposure-promoted atherosclerotic plaque formation of aorta roots in ApoE−/− mice fed a high cholesterol
diet. ApoE−/− mice were given MTBE (10, 100, 1000 μg/(kg•day)) or PBS for one month. (a) Representative images of Masson’s
trichrome staining of aorta roots, the lesions are circled with green dashed lines; (b) Quantification of aortic root lesion area
(control: n = 9, indicated by filled circles, MTBE at 10, 100 and 1000 μg/(kg•day): n = 10, indicated by filled squares, regular
and inverted triangles, respectively). Values are presented as means ± SEM, MTBE treatment vs control group by one-way
ANOVA. ∗ p < 0.05.

Fig. 8 – MTBE exposure promoted macrophage content in lesion plaque in ApoE−/− mice fed a high cholesterol diet. ApoE−/−
mice were given MTBE (10, 100, 1000 μg/(kg•day)) or PBS for one month. (a) Representative images of Mac-2-positive
macrophages (brown, indicated by red arrow) in the aortic root lesion; (b) Quantification of macrophage area in the aortic
root lesions (control: n = 7, indicated by filled circles, MTBE at 10 and 100 μg/(kg•day): n = 8, indicated by filled squares and
regular triangles, respectively, MTBE at 1000 μg/(kg•day): n = 9, indicated by filled inverted triangles). Values are presented
as means ± SEM, MTBE treatment vs control group by one-way ANOVA. ∗ p < 0.05.

for an adult. A man at 70 kg body weight is exposed to MTBE
at 0.114 μg/(kg•day) through drinking water contaminated by
MTBE at a concentration of 40 μg/L. This dosage is calculated
to be 10.4 μg/(kg•day) for mice according to the Meeh-Rubner
equation. In consideration of the fact that the actual concentrations of MTBE in underground water at several places were
10- even 100-fold greater than 40 μg/L (Rosell et al., 2006),
we treated ApoE−/− mice with MTBE at 0–1000 μg/(kg•day),
and observed that MTBE promoted the formation of plaque
in the aorta of ApoE−/− mice at 100 and 1000 μg/(kg•day), cor-

responding to 400 and 4000 μg/L in drinking water for people, respectively. These results indicated for the first time that
MTBE at environmentally relevant concentrations displays an
atherogenic effect.
As we know, the prominent role of inflammation in
atherosclerosis has been appreciated since the last century
(Libby, 2002). Environmental pollutants such as PCB 126 have
been revealed to stimulate the progression of atherosclerosis
by exacerbating inflammatory activation (Petriello et al., 2016,
2018; Wang et al., 2019). Here, we observed that treatment with
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MTBE did not elicit an increase of inflammatory cytokines IL1β and TNF-α both in plasma of ApoE−/− mice and the medium
of THP-1 cells, which suggested that MTBE-evoked atherogenic efficacy is not associated with inflammation. In addition
to inflammation, hyperlipidemia is another well-established
risk factor for atherosclerosis (Rocha and Libby, 2009). However, we failed to observe any change of plasma TC, TG, HLDC and LDL-C after treatment with MTBE in this study. Collectively, these results indicated that the atherogenic efficacy of
MTBE is neither dependent on triggering inflammatory activation nor relevant to dysregulation of serum lipids.
Nuclear receptors have been reported to be involved in the
regulation of ABCA1 and ABCG1 expression, such as liver X
receptors (LXRs), peroxisome proliferator-activated receptors
(PPARs) and retinoid X receptor (RXR) (Tontonoz and Mangelsdorf, 2003; Chawla et al., 2001). The environmental pollutants TPHP and arsenic were reported to antagonize LXRs
activation to accomplish the repression of ABCA1 and ABCG1
(Hu et al., 2019; Padovani et al., 2010). Besides nuclear receptors, the pollutant di-n–butyl phthalate was found to suppress
ABCA1 through miR200c-5p (Wang et al., 2020). DNA hypermethylation was also implicated in environmental pollutantelicited down-regulation of ABCA1 (Song et al., 2019). In order
to better understand how MTBE exposure resulted in inhibition of ABCA1 and ABCG1 in macrophages and provide more
evidence as to the atherogenic efficacy of MTBE, further investigations are needed to unravel the molecular mechanistic
regulation underlying MTBE-evoked repression of ABCA1 and
ABCG1.
Although the current study provided mechanistic insights
into MTBE-associated adverse atherogenic effects through
elucidating direct inhibitory effects on cholesterol efflux in
macrophages, we hypothesized that other effective influences contributed to MTBE-elicited atherogenic efficacy as
well. Our previous studies indicated that exposure to MTBE
changed the bacteria abundance in gut of C57BL/6 mice after 14 weeks of exposure, and Akkermansia abundance was reduced in both male and female mice upon MTBE exposure
(Tang et al., 2019). Akkermansia is extensively demonstrated
to be inversely correlated with body weight (Everard et al.,
2013) and obesity-related metabolic disorders (Shin et al.,
2014). With regard to atherosclerosis, it has been reported
that oral gavage with Akkermansia protected against Western diet-induced atherosclerotic lesion formation in ApoE−/−
mice (Li et al., 2016; Jonsson and Bäckhed, 2017). Therefore, we
speculated that the MTBE-elicited atherogenic effect might be
driven by the dysregulation of gut microbiota and reduction of
Akkermansia in particular; this hypothesis needs more experimental evidence to confirm. Remarkably, atherosclerosis is a
complex morbidity involving multiple cell types, and more extensive studies are needed in the future to gain a comprehensive understanding on the atherogenic effect of MTBE.

4.

Conclusions

In the current study, MTBE is demonstrated for the first time to
specifically repress the expression of cholesterol efflux transporters ABCA1 and ABCG1 in THP-1 macrophages, and consequently interferes with the efflux of cellular cholesterol.
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This in vitro finding implied that MTBE is a potential proatherogenic agent contributing to foam cell formation by inhibiting cholesterol efflux. In agreement with the cellular
finding, MTBE is further identified to promote macrophageoriginated foam cell formation within the artery wall of
ApoE−/− mice. Collectively, the present data obtained both in
vitro and in vivo consistently elucidated that MTBE disturbed
the homeostasis of cholesterol metabolism in macrophages
through decreasing cholesterol efflux and enhanced foam
cell generation, and provided new insights regarding the proatherogenic toxicity of MTBE.
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