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Synopsis
The environmental obesogen hypothesis proposes that exposure to endocrine disruptors during developmental
‘window’ contributes to adipogenesis and the development of obesity. MEHP [mono-(2-ethylhexyl) phthalate], a meta-
bolite of the widespread plasticizer DEHP [di-(2-ethylhexyl) phthalate], has been found in exposed organisms and iden-
tified as a selective PPARγ (peroxisome-proliferator-activated receptor γ ) modulator. However, implication of MEHP on
adipose tissue development has been poorly investigated. In the present study, we show the dose-dependent effects
of MEHP on adipocyte differentiation and GPDH (glycerol-3-phosphate dehydrogenase) activity in the murine 3T3-L1
cell model. MEHP induced the expression of PPARγ as well as its target genes required for adipogenesis in vitro. More-
over, MEHP perturbed key regulators of adipogenesis and lipogenic pathway in vivo. In utero exposure to a low dose
of MEHP significantly increased b.w. (body weight) and fat pad weight in male offspring at PND (postnatal day) 60.
In addition, serum cholesterol, TAG (triacylglycerol) and glucose levels were also significantly elevated. These results
suggest that perinatal exposure to MEHP may be expected to increase the incidence of obesity in a sex-dependent
manner and can act as a potential chemical stressor for obesity and obesity-related disorders.
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INTRODUCTION

The prevalence of obesity is increasing throughout the world.
This has resulted in a significant increase in morbidity and mor-
tality associated with metabolic syndrome [1–3]. The number of
children and adolescents who are overweight, or at risk for being
overweight, has risen in parallel with that reported in adults [4].
Although the imbalance between caloric intake and expendit-
ure is the central mechanism of obesity, the reason for its surge
might not be solely related to excessive food intake and/or de-
creased physical activity [5]. Recently, there has been increased
exposure to EDCs (endocrine disrupting chemicals) in daily life
and these chemicals have incidentally been taken by humans.
Epidemiological studies indicate that the serum/urine concentra-
tions of some of these chemicals have been found to be asso-
ciated with the onset and incidence rate of obesity and diabetes
[6–15]. This has led to the hypothesis that some of the numerous
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environmental pollutants that interfere with various aspects of
metabolism might add one more risk factor for obesity and could
be considered as ‘environmental obesogens’ [5]. The ‘obesogens’
inappropriately regulate lipid metabolism and adipogenesis, and
further promote the development of obesity [16].

Phthalates are widespread environmental micro-pollutants
used in a variety of products, including cosmetics, shampoos,
soaps, lubricants, pesticides and paints; they are also used as
a softener of PVC [poly(vinyl chloride)]. Human exposure to
phthalates mainly occurs through food, because of the use of
PVC in wrapping materials and food processing [17]. Once
ingested through food contamination, DEHP [di-(2-ethylhexyl)
phthalate], one of the most widely used and studied phthalates, are
quickly metabolized to its monoester equivalent MEHP [mono-
(2-ethylhexyl)phthalate], which is then preferentially absorbed
[18–20]. The biological effects of MEHP are hence of major
concern but so far elusive. In the past, research on endocrine
disruption caused by MEHP has mainly focused on reproductive
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defects [21–23]. Previous studies have shown that MEHP is a
selective PPARγ (peroxisome-proliferator-activated receptor γ )
modulator [24]. PPARγ belongs to the nuclear receptor super-
family of ligand-activated transcription factors, and PPARγ in-
duced during adipocyte differentiation is both necessary and suf-
ficient [25]. However, it is unclear whether low doses of MEHP
exposure will disrupt adipose tissue homoeostasis and promote
development of obesity and obesity-associated disease.

In the present study, we investigated the dose-dependent ef-
fects of MEHP on adipocyte differentiation using the murine
3T3-L1 cell model. During differentiation, MEHP induced the
expression of PPARγ as well as its target genes required for
adipogenesis. Consistent with in vitro results, we observed that
MEHP activated PPARγ and its target genes in vivo. To determ-
ine whether perinatal exposure to MEHP could have an impact on
filial adipogenesis, we defined adipose tissue deposition, serum
lipids and glucose levels in offspring at PND (postnatal day) 60.
Our results suggested that perinatal exposure to MEHP might be
expected to increase the incidence of obesity in male offspring
and could act as a potential chemical stressor for obesity and
obesity-related disorders.

MATERIALS AND METHODS

Cell culture and treatment
3T3-L1 mouse embryo preadipocytes, purchased from Institute
of Biochemistry and Cell Biology, SIBS, CAS were maintained
in standard DMEM (Dulbecco’s modified Eagle’s medium; Hyc-
lone) supplemented with 10% BCS (bovine calf serum; Invitro-
gen) and 1% penicillin/streptomycin. Cells were maintained as
subconfluent cultures at 37 ◦C in a humidified 5% CO2 atmo-
sphere with media changes every 2–3 days. For differentiation
assays, cells were seeded at 6×104 cells per well into polylysine-
coated six-well cell culture plates in 10% FBS (fetal bovine
serum; Invitrogen)/DMEM, after which cultures were grown for
2 days and then treated with different concentrations of MEHP
(Xiyu) or troglitazone (Sigma–Aldrich) with 10 μg/ml insulin
(Sigma–Aldrich) for 8 days. An 8-day treatment with 10 μg/ml
insulin only served as a control. Media and drug treatments were
renewed every 2 days. After 8 days, cells were stained with Oil
Red O for lipid droplet accumulation as described below.

Oil Red O staining
Cells were washed with sterile PBS, fixed with 10% formalde-
hyde for 15 min at room temperature (25 ◦C) [26], washed with
distilled water, and then stained with filtered Oil Red O solution
(4 g/l, 60% propan-2-ol) for 15 min. Excess stain was removed
by washing three times with distilled water.

GPDH (glycerol-3-phosphate dehydrogenase)
activity
Cells were rinsed with ice-cold PBS, scraped into 0.2 ml extrac-
tion buffer (GPDH assay kit; TaKaRa Bio Inc.), and centrifuged

for 10 min at 4 ◦C. GPDH activity was assayed in the supernatant
by monitoring the decrease in absorbance at 340 nm of NADH
in the presence of dihydroxyacetone phosphate [27].

Quantitative real-time PCR analysis
Total RNA from 3T3-L1 cells or C57BL/6J mouse tissues (liver
and epididymal adipose tissue) was isolated using RNeasy mini
kit (Qiagen) and reversed-transcribed using iScript cDNA syn-
thesis kit (Bio-Rad) according to the manufacturer’s instructions.
Triplicate cDNA samples (15 ng per reaction) were analysed by
quantitative real-time PCR on an ABI prism 7000 thermal cycler
(Applied Biosystems) using FastStart universal SYBR Green
master (Roche). Fold changes in expression levels were calcu-
lated after normalization to 18s rRNA or β-actin. Gene-specific
primers are shown in Table 1.

Animal care and MEHP exposure
C57BL/6J mice were bred in the animal facility of NRIFP (Na-
tional Research Institute for Family Planning) (mouse protocol
SYXK 2009-0033) and housed in a room with a 12 h light/12 h
dark cycle (lights on at 7:30 h and off at 19:30 h) with access
to food and water ad libitum. All procedures were approved by
the Institutional Animal Care and Use Committee of NRIFP.
Six-week-old male mice received an intraperitoneal injection of
MEHP (0.5 mg/kg of b.w.), troglitazone (0.5 mg/kg of b.w.) or
vehicle (olive oil) for 24 h. Animals were killed by decapitation.
Liver and epididymal adipose tissue were collected for total RNA
extraction as described above. Pregnant mice were dosed by gav-
age with MEHP (0.5, 0.25 or 0.05 mg/kg of b.w.) or vehicle (olive
oil) from embryonic day 12 (E12) every 24 h until the 7th day of
lactation (PND 7 of offspring). Pups were weaned at 3 weeks of
age (PND 21) and maintained on standard rodent chow.

Measurement of obesity parameters
After 8-week-old pups were weighed, animals were killed by as-
phyxia. Liver, epididymal/parametrial and perirenal fat pads were
harvested and weighed. Blood was collected by cardiac puncture
after an overnight fasting. Blood glucose, serum cholesterol and
TAGs (triacylglycerols) were measured by colorimetric kit assays
(Leadman) and analysed using a fully automatic biochemistry
analyser (Hitachi).

Data analysis
For GPDH activity assay and quantitative real-time PCR as-
say, data were analysed using one-way ANOVA, followed by
a Tukey’s test. For studies examining obesity parameters in
mice, data were analysed statistically using ANOVA, and sub-
sequent comparisons were performed using the Tukey–Kramer
test, which allows for unequal sample sizes. All statistical pro-
cedures were carried out using SPSS software (version 16.0).
Results are represented as means +− S.E.M.; a value of P < 0.05
was considered statistically significant.
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Table 1 Primer sequences for real-time PCR

Gene name Forward (5′→3′) Reverse (5′→3′)

18s rRNA CTCTGTTCCGCCTAGTCCTG AATGAGCCATTCGCAGTTTC

PPARγ TGGGTGAAACTCTGGGAGATTC AATTTCTTGTGAAGTGCTCATAGGC

PPARα TTTCCCTGTTTGTGGCTGCTA CCCTCCTGCAACTTCTCAATG

C/EBPα CCAAGAAGTCGGTGGACAAGA CGGTCATTGTCACTGGTCAACT

aP2 GAATTCGATGAAATCACCGCA CTCTTTATTGTGGTCGACTTTCCA

FAS TCGGGTGTGGTGGGTTTGGTGAAT ACTTGGGGGCGTGAGATGTGTTGC

Srebf1 GCCCCTGCCCACCTCAAACCT ACTGGCACGGGCATCCTTCCTC

LPL GTGTTGCTTGCCATTCTC TCTCCTGATGACGCTGAT

β -Actin CAGAAGGAGATTACTGCTCTGGCT GGAGCCACCGATCCACACA

RESULTS

MEHP promotes 3T3-L1 preadipocyte
differentiation
In the murine 3T3-L1 preadipocyte cell model, adipogenic sig-
nals induce the differentiation markers PPARγ and C/EBPα

(CCAAT/enhancer-binding protein α), which drive terminal
adipocyte differentiation and lipid accumulation [28–31]. We
therefore examined the effects of MEHP on the differentiation of
3T3-L1 preadipocyte and compared its effect with PPARγ agon-
ist troglitazone. An 8-day treatment of 3T3-L1 preadipocyte with
the PPARγ agonist troglitazone in the presence of insulin strongly
induced adipogenesis in a dose-dependent manner. Insulin alone
had only a mild effect, whereas the combination of insulin and
MEHP induced dose-dependent adipogenic effects, as evidenced
by Oil Red O staining (Figure 1A). The ability of MEHP to induce
adipogenesis was maximal at 100 μM, with no further enhance-
ment at higher doses (results not shown). The actions of MEHP
on adipocyte differentiation were further confirmed by quantific-
ation of cellular GPDH activity. When insulin alone was present,
the cultures contained 2.37 +− 0.24 units of GPDH activity/mg
of protein. The combination of MEHP together with insulin
caused a 2–3-fold increase in a dose-dependent manner; like-
wise, the presence of troglitazone also caused a 3-fold increase
(Figure 1B). Thus, MEHP significantly induces adipocyte differ-
entiation, although it has a reduced adipogenic potential com-
pared with troglitazone.

MEHP induces adipogenic regulators and markers
in 3T3-L1 adipocytes
In order to characterize the adipogenic actions of MEHP, we
performed gene expression analysis on adipogenic regulators
by quantitative RT–PCR (reverse transcription–PCR). Expres-
sion levels from cells treated with insulin alone and from cells
differentiated with troglitazone or MEHP in the presence of in-
sulin were compared. Expression of PPARG (encoding PPARγ ),
a transcription factor that not only is critical for adipogenesis,
but also represents a specific marker of fat cell differentiation
[31,32], was strikingly increased by troglitazone or MEHP re-
spectively. And even MEHP at dose of 100 μM caused a 7-fold

increase of PPARG gene expression compared with insulin alone,
and its downstream target gene aP2 (adipocyte-specific fatty acid
binding protein) was activated by MEHP at 100 μM or troglit-
azone at 10 μM. MEHP at 10–100 μM or troglitazone at 10 μM
also clearly up-regulated the level of LPL (lipoprotein lipase)
transcript, thus confirming that the newly formed PPARγ was
functionally active (Figure 2).

Overall, the results show that MEHP combined with insulin
activates transcriptional factors PPARG as well as its target genes,
thus promoting 3T3-L1 preadipocytes into differentiate into
mature adipocytes.

MEHP induces adipogenic regulators and
markers in vivo
The ability of MEHP to regulate key modulators of adipogenesis
and lipid homoeostasis in vivo has not been previously examined.
Therefore we next asked whether MEHP could perturb expression
of critical regulators, including transcriptional mediators PPARG,
CEBPA and Srebf1 (sterol-regulatory-element-binding factor 1)
as well as known target genes of PPARγ signalling. Liver and
epididymal adipose tissue of 6-week-old male mice dosed for
24 h with MEHP (0.5 mg/kg of b.w.), troglitazone (0.5 mg/kg of
b.w.) or vehicle (olive oil) were dissected for total RNA extraction
and target gene analysis.

A significant expression increase induced by MEHP was ob-
served for adipogenic markers such as PPARG, aP2 and LPL,
whereas troglitazone significantly induced expression of PPARG
as well as the late adipogenic markers such as aP2 and FAS (fatty
acid synthase) in adipose tissue (Figure 3A). Liver is a key organ
involved in metabolism, as it controls synthesis of many nutrients
including lipids and carbohydrates. The results showed that trogl-
itazone significantly promoted PPARG transcription and induced
the expression of PPARγ target genes such as aP2, LPL and
FAS in liver. In addition, troglitazone was also able to clearly up-
regulate the expression level of Srebf1 transcript, another critical
transcriptional mediator during adipogenesis, which regulates
transcription of many lipid genes and participates in the gen-
eration of endogenous PPARγ ligands [32,33]. Similarly, MEHP
significantly induced expression of PPARG, aP2, LPL and FAS in
liver (Figure 3B). Therefore the co-ordinate increased expression
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Figure 1 MEHP induces adipogenesis in 3T3-L1 cells
Confluent 3T3-L1 cells were treated for 8 days in the presence of DMSO, 10 μg/ml insulin alone or insulin plus ligands at
the indicated concentrations. (A) Differentiated adipocytes were evidenced by Oil Red O staining (representative images
from three individual experiments). Scale bar represents 200 μm. (B) GPDH activity was determined in cell lysates. Values
are means +− S.E.M (n = 3). **P < 0.01, ***P < 0.001. Ins, insulin; Trog, troglitazone.

of PPARG as well as its downstream target genes in liver suggests
that MEHP stimulates fatty acid uptake and TAG synthesis.

Taken together, these data indicate that MEHP exposure ac-
tivates lipogenic gene expression, and MEHP may be a potential
adipogenc agent in vivo.

Perinatal exposure to MEHP leads to obesity of
offspring in mice model
Based on its ability to induce 3T3-L1 adipocyte differentiation,
and in vivo activation responses, we reasoned that perinatal ex-
posure to MEHP, which is a sensitive period of adipose tissue
development [34], would disrupt normal endocrine controls and

adipogenesis. Therefore pregnant mice were dosed by gavage
with MEHP (0.05, 0.25 or 0.5 mg/kg of b.w.) or vehicle (olive
oil) from embryonic day 12 (E12) every 24 h until the 7th day
of lactation (PND 7 of offspring). Eight-week-old pups were
weighed.

In male offspring, the mean b.w. increased by 12% at
0.05 mg/kg of b.w. (21.88 +− 0.95 g) compared with the con-
trol group (19.62 +− 1.25 g). In contrast, higher concentration of
MEHP (0.5 or 0.25 mg/kg of b.w.) did not increase b.w. gain in
male offspring (Figure 4A).

To determine whether the increased b.w. reflects body com-
position changes, we weighed liver and two distinct fat pads
(epididymal and perirenal). The results showed that MEHP
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Figure 2 Effects of MEHP on mRNA expression of adipogenic
modulators in mature 3T3-L1 adipocytes
3T3-L1 cells were treated for 8 days with 10 μg/ml insulin alone or a
combination of 10 μg/ml insulin and ligands at the indicated concen-
trations (1–10 μM of Trog and 1–100 μM of MEHP). mRNA expression
levels of PPARG, aP2 and LPL were detected by quantitative real-time
PCR. Expression levels were standardized to levels of 18s rRNA mRNA
by calculating threshold cycle values (Ct). The data shown are repres-
entative of three independent experiments. Values are means +− S.E.M
(n = 3). *P < 0.05, **P < 0.01. Trog, troglitazone.

treatment did not alter liver weight in male offspring (Figure 4B).
However, both epididymal (0.37 +− 0.01 g) and perirenal fat mass

(0.10 +− 0.01 g) at the dose of 0.05 mg/kg of b.w. significantly
increased compared with controls (epididymal: 0.23 +− 0.01 g;
perirenal: 0.06 +− 0.01 g). In contrast, the adipose tissue weight at
higher doses (0.5 or 0.25 mg/kg of b.w.) did not differ signific-
antly from the control group (Figures 4C and 4D). The percent-
age of adipose tissue weight to b.w. was significantly higher
at 0.05 mg/kg of b.w. (2.15 +− 0.06%), but not the other two
groups (0.5 mg/kg of b.w.: 1.55 +− 0.06%; 0.25 mg/kg of b.w.:
1.72 +− 0.08%), than that in the control group (1.81 +− 0.07%)
(Figure 4E).

To assess whether these alterations in b.w. and fat pad
weight were related to changes in circulating levels of nutri-
ents, we measured the levels of serum total cholesterol, TAG
and blood glucose. Consistent with the increased fat mass, serum
cholesterol (2.84 +− 0.05 mmol/l) and TAG (1.65 +− 0.06 mmol/l)
levels at 0.05 mg/kg of b.w. were increased approximately
12 and 28% compared with the controls (total cholesterol:
2.53 +− 0.08 mmol/l; TAG: 1.29 +− 0.07 mmol/l) (Figures 4F and
4G). Blood glucose levels in MEHP-treated male offspring were
increased approximately 79% (Figure 4H). The higher (0.5 or
0.25 mg/kg of b.w.) doses of MEHP did not lead to the in-
crease in serum levels of total cholesterol and TAG (Figures
4F and 4G). Glucose levels, while higher at the dose of
0.25 mg/kg of b.w. (4.53 +− 0.24 mmol/l) than those in the controls
(3.65 +− 0.09 mmol/l), remained within the physiological range
(Figure 4H).

In female offspring, MEHP treatment at different doses did
not significantly alter b.w., body composition, serum lipids and
glucose levels (Table 2). Although the glucose level at the dose
of 0.25 mg/kg of b.w. was increased compared with the control
group, it remained within the physiological range (Table 2).

To analyse the possible mechanisms of the alteration in b.w.
and fat pad weight, we detected the expression of PPARγ and
PPARα in adipose tissues and liver of male offspring in MEHP-
treated mice. The expression of PPARγ was significantly in-
creased by MEHP treatment (0.05 mg/kg of b.w.; P < 0.001) and
PPARα was modestly activated by MEHP treatment in adipose
tissues (Figure 5A). In liver, a significant expression increase of
PPARα was observed in mice treated by MEHP of 0.5 (P < 0.05),
0.25 (P < 0.01) or 0.05 mg/kg of b.w. (P < 0.001), but the activ-
ity of PPARγ was not significantly affected by MEHP treatment
(Figure 5B).

Overall, these results suggest that perinatal exposure to MEHP
increases the susceptibility to obesity in offspring, and male off-
spring tend to be more sensitive than females at the specific dose.

DISCUSSION

In the present study, we have shown the concentration-dependent
effects of MEHP on adipocyte differentiation using the murine
3T3-L1 cell model. MEHP induced the expression of PPARγ as
well as its target genes required for adipogenesis. Consistent with
in vitro results, MEHP also activated PPARγ and its target genes
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Figure 3 In vivo induction of adipogenic modulators
Six-week-old C57BL/6J male mice were dosed with vehicle (olive oil), MEHP (0.5 mg/kg of b.w.) or troglitazone (0.5 mg/kg
of b.w.) by intraperitoneal injection. Animals were killed after 24 h and cDNA was prepared from epididymal adipose
tissue or liver for quantitative real-time PCR analysis. Expression levels were standardized to levels of 18s rRNA mRNA by
calculating threshold cycle values (Ct). The data shown are representative of three independent experiments. Values are
means +− S.E.M (n = 3). *P < 0.05, **P < 0.01. Trog, troglitazone.

in vivo. Furthermore, perinatal exposure to MEHP increased b.w.,
fat mass and serum cholesterol, TAG and glucose levels in male
offspring. Thus, our results suggested that perinatal exposure to
MEHP might be expected to increase the incidence of obesity in
male offspring and could act as a potential chemical stressor for
obesity and obesity-related disorders.

The effects of MEHP on the differentiation of 3T3-L1
preadipocytes have been previously reported [24,35,36]. We
showed herein that 3T3-L1 preadipocytes were induced into ma-
ture adipocytes by MEHP in a dose-dependent manner, which is
consistent with the previous studies [24]. Furthermore, the results
of GPDH activity, which is the late-stage differentiation marker,
reflected the differentiation state of 3T3-L1 preadipocytes at the
quantitative level. In the present study, we tried to induce 3T3-L1
preadipocytes at the dose of 1 mM MEHP combined with insulin.
Nevertheless, the observation results showed the presence of cell
debris, we therefore infer that higher dose of MEHP than 100 μM
might possess cytotoxic activity and lead to cell death.

During adipogenesis, preadipocyte-like preadipocytes differ-
entiate into lipid-laden and insulin-responsive adipocytes. The
process occurs in several stages and involves a cascade of tran-
scriptional factors, among which PPARγ is considered the cru-
cial determinant of adipocyte fate [32,33]. The previous studies
demonstrated that MEHP activated PPARγ in transactivation as-
says [24,35,36]. In the present study, the effect of MEHP on
adipocyte differentiation was confirmed by molecular evidence.
MEHP between 1 and 100 μM effectively induced the expres-
sion of PPARG in 3T3-L1 cells. The newly formed PPARγ was
functionally active, since its increase stimulated the expression
of LPL and aP2 genes, two of its specific targets [32,33]. Fur-
thermore, MEHP activated the expression of PPARG as well as
its downstream target genes such as LPL and aP2 in vivo, which
is consistent with the results in 3T3-L1 preadipocytes model.

Previous studies mainly focused on the effects on reproduct-
ive toxicity at high dose of phthalate exposure [21–23]. Although
much proof has demonstrated that a low dose of EDCs during
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Table 2 Measurements of obesity parameters, serum lipids and glucose in female offspring
Pregnant mice were dosed by gavage with vehicle (olive oil) or MEHP (0.5, 0.25 or 0.05 mg/kg of b.w.) from day 12 of gestation until day 7 of lactation
(PND 7 of offspring). The b.w., liver weight, fat pads weight, the percentage of adipose tissue weight to b.w., and serum lipids and glucose levels
were measured in 8-week-old female offspring. Values are means +− S.E.M. (n = 16 vehicle-treated female pups from five litters; n = 10 MEHP-treated
(0.5 mg/kg of b.w.) female pups from three litters; n = 12 MEHP-treated (0.25 mg/kg of b.w.) female pups from three litters; n = 10 MEHP-treated
(0.05 mg/kg of b.w.) female pups from three litters). *P < 0.05.

MEHP dose (mg/kg of b.w.)

Parameter Vehicle 0.5 0.25 0.05

b.w. (g) 15.86 +− 0.16 15.48 +− 0.24 15.51 +− 0.13 16.05 +− 0.84

Liver weight (g) 0.82 +− 0.03 0.77 +− 0.02 0.77 +− 0.01 0.84 +− 0.02

Parametrial fat pad weight (g) 0.15 +− 0.01 0.15 +− 0.01 0.14 +− 0.01 0.15 +− 0.01

Perirenal fat pad weight (g) 0.05 +− 0.01 0.06 +− 0.00 0.06 +− 0.01 0.08 +− 0.02

Adipose tissue weight/b.w. (%) 1.37 +− 0.09 1.36 +− 0.10 1.31 +− 0.11 1.38 +− 0.12

Cholesterol (mmol/l) 2.23 +− 0.06 2.36 +− 0.09 2.18 +− 0.06 2.10 +− 0.13

TAG (mmol/l) 0.87 +− 0.05 0.87 +− 0.06 0.93 +− 0.04 0.77 +− 0.05

Glucose (mmol/l) 3.35 +− 0.08 3.61 +− 0.16 4.01 +− 0.21* 3.84 +− 0.22

development can interfere with the normal function of the en-
docrine system, consequently inducing overweight and obesity
later in life [37–41], the effects on obesity in offspring have not
been elucidated at low dose of in utero MEHP exposure. In the
present study, pregnant mice were dosed by gavage with MEHP
(0.05, 0.25 or 0.5 mg/kg of b.w.) or vehicle (olive oil) during
the critical stages of differentiation (developmental ‘window’).
Our results demonstrated for the first time that the b.w. and fat
storage of 8-week-old male offspring was significantly increased
at the dose of 0.05 mg/kg of b.w., but a 5–10-fold higher dose of
MEHP was inefficient in inducing the development of obesity. A
key concept in the field of endocrine disruption is that there may
be non-traditional dose-response curves such as an inverted ‘U’
or even multiple ‘U’ shaped curves, i.e. the response is not pro-
portional to the dose [42]. So far, there have been some reports on
the differences in response to endocrine disruptors. For example,
prenatal and postnatal exposure to BPA [bisphenol A; 1 mg/l in
drinking water, corresponding to a maximal 70 μg/kg of b.w.
per day exposure), an oestrogenic EDC, induced the increase
in offspring b.w. [39], but higher doses of BPA administered
to gestating dams (50–600 mg/kg of b.w. per day) reduced b.w.
in growing Sprague–Dawley rat and CD-1 mouse pups [43,44].
Consistent with the finding, Miyawaki et al. [40] observed that a
10-fold higher dose (10 mg/l in drinking water) was inefficient in
inducing overstorage of fat, but the lower exposure (1 mg/l) dose
effectively induced obesity and hyperlipidaemia in female off-
spring. In addition, a recent study showed that genistein, one of
the most abundant phyto-oestrogens in the human diet, at phar-
macologically high doses did indeed inhibit adipose tissue fat
deposition, while at low doses, similar to those found in Western
and Eastern diets, in soya milk or in food supplements containing

soya, it induced increased adipose tissue fat deposition, especially
in males. Further, this increase in adipose tissue fat deposition
by genistein was correlated with mild peripheral insulin resist-
ance [45]. In our studies, lower dose (0.05 mg/kg of b.w.) of
MEHP induced the increase of b.w. and fat mass in male off-
spring, but the higher doses (0.25 or 0.5 mg/kg of b.w.) did not.
This suggests that the development of obesity induced by MEHP
exposure follows the non-traditional dose–response curves, mak-
ing it impossible to predict response to environmental exposure
range. Therefore the susceptibility to endocrine disruptors might
be highly specific for a given dose and timing of exposure, and
the kind of endocrine disruptors used.

Although low dose of MEHP induced overstorage of fat in
male offspring, it is currently unknown whether the increased
adiposity in vivo results from an increase in adipocyte precursor
cell number, enhanced adipocyte differentiation from the same
number of precursors, an increase in adipocyte size without an
increase in number, or some combination of these. Liver weight
was not significantly different between the two groups; we thus
infer that a statistical significance continues to be further stud-
ied at older ages. Consistent with the increased fat pad weight,
serum cholesterol, TAG and glucose levels were elevated in a
sex-dependent manner. It may be helpful to explain the previ-
ous study results that illustrated that concentration of urinary
phthalates metabolites were associated with increased waist cir-
cumference and insulin resistance in adult males in the United
States [13,14].

Our present data are not in accordance with previous public-
ations [46,47]. Feige et al. [46] found that the treatment with
1000 mg of DEHP/kg of b.w. per day from 3 weeks of age until
13 weeks induced less weight than controls, while the treatment

Figure 4 Perinatal exposure to MEHP induces obese phenotype in male offspring
Pregnant mice were dosed by gavage with vehicle (olive oil) or MEHP (0.5, 0.25 or 0.05 mg/kg of b.w.) from E12 until the
7th day of lactation (PND 7 of offspring). Obesity parameters of 8-week-old male offspring were measured. (A) b.w. (B)
Liver weight. (C) Epididymal fat pad weight. (D) Perirenal fat pad weight. (E) The percentage of adipose tissue weight to
b.w. (F) Serum levels of total cholesterol. (G) Serum levels of TAGs. (H) Serum glucose levels. Values are means +− S.E.M.
(n = 16 vehicle-treated male pups from five litters; n = 12 MEHP-treated (0.05 mg/kg of b.w.) male pups from three litters;
n = 14 MEHP-treated (0.25 mg/kg of b.w.) male pups from three litters; n = 13 MEHP-treated (0.5 mg/kg of b.w.) male
pups from three litters). *P < 0.05, **P < 0.01, ***P < 0.001.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

626 C© 2012 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/
by-nc/2.5/) which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited.



MEHP promotes adipocyte differentiation and induces obesity in mice

Figure 5 The induction of PPARγ and PPARα in obese male
offspring
The expression of PPARγ and PPARα was detected in adipose tissues
(A) and liver (B) in obese male offspring in MEHP-treated maternal
mice by quantitative real-time PCR analysis. Expression levels were
standardized to levels of β -actin mRNA by calculating threshold cycle
values (Ct). The data shown are representative of three independent ex-
periments. Values are means +− S.E.M (n = 3). *P < 0.05, **P < 0.01,
***P < 0.001.

with 100 mg/kg of b.w. per day did not alter the b.w. Hayashi
et al. [47] reported that DEHP did not change the b.w. gain in
adult mice exposed to a range of 10–145 mg of DEHP/kg of b.w.
per day from 12 weeks of age until 16 weeks [47]. We infer that
the difference may be caused by the precise dose and timing
of exposure. First, in our study maternal mice was exposed to
MEHP from GD 12 (day 12 of gestation) until PND 7, which
is the critical period of cellular differentiation of reproductive
tract, immune and adipocyte. The developing fetus and neonate
are particularly sensitive to perturbation by EDCs because the
placenta does not completely protect the unborn fetus from its
external environment and the organism undergoes periods of ex-
tremely rapid cell division and differentiation thus resulting in
cells that can differentiate abnormally and pass altered program-
ming to subsequent generation. However, in previous toxicity
studies adult mice exposed to DEHP (3–13 weeks of age, or
12–16 weeks of age) were developed to be experimental mouse
models [46,47], although Hayashi et al. showed prenatal expos-
ure to DEHP led to the decrease of the maternal b.w. on GD 18
but not offspring, which may be attributable to the decrease in
the total or live number of fetuses [47]. Secondly, the difference
of phenotype may result from the different exposure dose. Just as
the inverted ‘U’ shaped curves described above, a high dose of

DEHP treatment (1000 mg/kg of b.w. per day) induced the lean
phenotype in adult mice, while medium dose (100 mg/kg of b.w.
per day) had no effect [46]. Similarly, DEHP treatment in a range
of 10–145 mg/kg of b.w. per day did not also alter the b.w. gain for
4 weeks exposure in adult mice. In addition, perinatal exposure
to the medium dose (10–145 mg/kg of b.w. per day) of DEHP had
no effect on body and organ weight gain in fetuses and neonates
[47]. This suggests that the phenotype alteration resulted from
DEHP exposure may follow the inverted ‘U’ shaped curves.

Feige et al. [46] and Hayashi et al. [47] found that DEHP-
treated mice were protected from diet-induced obesity via
PPARα-dependent activation of hepatic fatty acid catabolism,
whereas the activity of neither PPARβ nor PPARγ was affected.
MEHP, not DEHP, is an exogenous ligand of PPARγ and PPARα

that is primarily activated through ligand binding [36,48]. There-
fore we want to know whether the expression of PPARγ and
PPARα was altered by MEHP treatment. In the present study,
we found that the expression of PPARγ was significantly en-
hanced and the activity of PPARα was modestly affected by
MEHP treatment in adipose tissues of male offspring in MEHP-
treated mice. In liver, MEHP induced the expression PPARα, not
PPARγ , which was consistent with the reports of Feige et al.
[46] and Hayashi et al. [47]. However, adult male mice dosed
for 24 h with MEHP (0.5 mg/kg of b.w.) significantly promoted
the expression of PPARγ in liver, which was different from the
reports of Feige et al. [46]. There were many reports to show
that different doses of MEHP or DEHP caused different pheno-
type: development defects at high dose and obesity at low doses
[46,49,50]. Therefore we consider that this discrepancy may be
due to following reasons. First, the phenotypes of mice induced
by DEHP or MEHP were distinguishing because of the differ-
ence of route of administration. In Feige et al.’s study [46], mice
was given a diet containing 0, 100 or 1000 mg of DEHP/kg of
b.w. per day at 3 weeks of age. At week 13, the b.w. was de-
creased in mice treated with 1000 mg of DEHP/kg of b.w. per
day. In the present study, 6-week-old male mice received an in-
traperitoneal. injection of MEHP (0.5 mg/kg of b.w.) for 24 h
to observe the adipocyte differentiation. We found that MEHP
induced a significant increase for adipogenic markers, imply-
ing that MEHP might promote the differentiation of adipocyte.
Moreover, perinatal in utero exposure to a low dose of MEHP
does induce obesity in mice. Next, although PPARα and PPARγ

are members of the nuclear receptor family that regulates the ex-
pression of genes that control proliferation of peroxisomes, they
have different roles in a variety of biological processes. PPARγ

is predominantly expressed in adipose tissue and essential for
adipocyte differentiation, adipogenesis and lipid storage [51,52],
whereas PPARα is mainly expressed in liver and promotes fatty
acid oxidation to inhibit adipocyte accumulation [53,54]. Taken
together, the increase of PPARα in liver in mice treated with high
doses of DEHP, which causes low b.w., may mean a significantly
increase in fatty acid oxidation to inhibit obesity. The increase
in PPARγ in liver in mice treated with lower doses of MEHP
for 24 h may imply the adipocyte differentiation in liver to pro-
mote lipid accumulation. Also, the activation of PPARα in liver of
obese male offspring in MEHP-treated mice may be conducive to
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the inhibition of the accumulation of liver adipocyte and prevent
the increase of liver weight, and PPARγ enhancement in adipose
tissues may contribute to lipid storage and the maintenance of
the adipocyte phenotype.

In conclusion, the perinatal exposure of mice to MEHP in-
creases adipose storage, serum lipid and glucose levels in off-
spring. The effect of MEHP on the development of obesity is
more pronounced in males than in females. Furthermore, be-
cause exposure to MEHP is ubiquitous and does not cease during
human life, further studies are urgently needed to better under-
stand the long-term consequences of permanent MEHP exposure
on obesity and obesity-related disorders.
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