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Abstract Synthetic musks are widely used in personal-

care products and can readily accumulate in the adipose

tissue, breast milk, and blood of humans. In this study, the

Affymetrix Mouse Genome GeneChip was used to identify

alterations in gene expression of embryonic stem cells from

the 129 strain of the laboratory mouse after treatment with

the synthetic musk tonalide (AHTN). Among the 45,037

transcripts in the microarray, 2,879 genes were differen-

tially expressed. According to the microarray analysis, the

potential influence of AHTN on the development to

embryo should be of concern, and the toxicological effects

of it and related musk compounds should be studied

further.
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Since the nineteenth century, large quantities of musks

have been manufactured, and are now used in a wide

variety of personal-care products, such as perfumes,

deodorants and detergents (Carlsson and Norrgren 2004;

Nakata et al. 2007). Among the various classes of synthetic

fragrances, polycyclic musks and nitro musks comprise

61 % and 35 % in terms of production volume, respec-

tively (Nakata et al. 2007; Reiner et al. 2007; Bitsch et al.

2002). Tonalide (AHTN) and galaxolide (HHCB) are two

of the most widely used synthetic polycyclic musks. They

comprise *95 % of the European market and 90 % of the

North American market for all polycyclic musks (Reiner

et al. 2007). With their high usage and lipophilic nature,

these compounds have been found in various matrices

including air, freshwater, seawater, sewage sludge, sedi-

ment and bioorganisms (Reiner et al. 2007; Nakata et al.

2007; Kannan et al. 2005; Sumner et al. 2010; Shek et al.

2008), suggesting that synthetic musks are prevalent in the

environment.

Hormonal effects elicited by polycyclic musks in ani-

mals have been observed (Bitsch et al. 2002). Besides

estrogenic activity, polycyclic musks were also found to

possess anti-estrogenic, anti-androgenic, anti-progesteronic

activities, and reduce the growth rate of the early stages of

life, as in Lampsilis cardium, Caenorhabditis elegans,

zebrafish (van der Burg et al. 2008; Mori et al. 2007;

Carlsson and Norrgren 2004). Since hormones in the blood

are known to influence fetal development, the develop-

menetal toxicology of synthetic musks is an important area

of research (Seinen et al. 1999; van der Burg et al. 2008;

Schreurs et al. 2005).

Humans are exposed to synthetic musks on a continual

basis through the use of personal-care products and

cleaning products. They are also likely to be exposed to

these compounds through food, water and atmospheric

processes (Reiner et al. 2007). These compounds are

expected to accumulate in the adipose tissue, breast milk

and blood of humans because of their lipophilic nature

(Reiner et al. 2007; Kannan et al. 2005).

Data on the toxicological properties of polycyclic musk

properties are sparse, and the potential effect of synthetic

musks on the embryo is unclear. Toxicogenomics based on

microarray analysis have been increasingly applied in the

characterization of the cellular effects of chemical expo-

sures (Wei et al. 2009). In the present study, we used

embryonic stem (ES) cells from the 129 strain of the
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laboratory mouse to assay gene expression after treatment

with the synthetic polycyclic musk, AHTN.

Materials and Methods

The 129 strain mouse ES cells and c-ray irradiated 129

mouse embryonic fibroblasts were purchased from Cyagen

Bioscience Inc., Guangzhou, China. c-Ray irradiated 129

mouse embryonic fibroblasts as feeder cells were cultured

on 100 mm cell culture plates with pre-coated gelatin

solution (Cyagen GLT-11301-100). The ES cells were

grown in the complete ES cells growth medium (Cyagen

MUAES-90011) with a humidified atmosphere of 37�C and

5 % CO2. AHTN (Huaweiruike Chemical Inc., Beijing,

China) of C98 % was dissolved in dimethyl sulfoxide

(DMSO) and stored at -20�C. The concentration of AHTN

in the stock solutions was 1,000 times higher than the

nominal exposure concentrations of the tested compounds.

The exposure concentrations were obtained by mixing the

stock solution with the complete ES cells growth medium,

resulting in a DMSO concentration of 0.1 %.

For microarray analysis, ES cells with a density of

1.2 9 104/mL were grown in the complete ES cells growth

medium without AHTN added. After about 24 h, the ES

cells growth medium was completed changed with the

AHTN added medium. The final concentration of 0.2 mg/

mL for AHTN and the exposure time of 6 h were chosen to

obtain significant effects on the gene expression and to

avoid possible toxic effects according to the pervious

cytotoxicity assay (Scholz et al. 1999). A negative control

containing solvent diluted in the medium was also inclu-

ded. After AHTN treatment, the ES cells were harvested

and dissolved in Trizol reagent (Invitrogen 15596-018).

GeneChip Mouse Genome 430 2.0 Array from Affymetrix

(Santa Clara, USA) was used throughout this study. Total

RNA extraction, RNA quality control, total RNA labeling,

microarray hybridization and scanning were performed

according to the Affymetrix GeneChip Expression analysis

technical manual (www.affymetrix.com) at CapitalBio

Table 1 Primers used for real-time PCR

Gene name Accession number Primer sequence (from 50 to 30) Amplicon size (bp)

b-Actin NM_007393 Forward: GTGCGTGACATCAAAGAGAAG 61

Reverse: GGCCATCTCCTGCTCGAA

Thbs1 NM_011580 Forward: AGGCCAAAGACCGGTTATATCA 95

Reverse: CCGCCGGCGTAGGTTT

Tgfb2 NM_009367 Forward: CCCTCCTACAGACTGGAGTCACA 70

Reverse: AGCAGTAGGCAGCATCCAAAG

Pitx2 NM_001042502 Forward: TGGAGGATTCGGCAGTTTG 56

Reverse: CCCCGTGTTAGCCGAGACT

Smad3 NM_016769 Forward: GGGCCTACTGTCCAATGTCAA 62

Reverse: TCCCAATGTGTCGCCTTGTA

Lefty2 NM_177099 Forward: GGACACACTGACCCCACTTAGC 69

Reverse: AAAACAGACTCAGATGCGAACCT

Bmp2 NM_007553 Forward: CATCCAGCCGACCCTTGT 64

Reverse: AGCAGCCTCAACTCAAATTCG

Jun NM_010591 Forward: CCGCCCCTGTCCCCTAT 67

Reverse: TCCTCATGCGCTTCCTCTCT

Myc NM_010849 Forward: AAGGCCCCCAAGGTAGTGAT 68

Reverse: TGCTCGTCTGCTTGAATGGA

Zcchc18 NM_001035509 Forward: CAGCCATCTGCACCTACTAGTTAGG 73

Reverse: CTTATGGGCCATGGTCAGATTT

Lgr4 NM_172671 Forward: AGCATTTTTATTGATGGCCATTATC 76

Reverse: GGAGTTTTCTGACGGGTCTTCTT

Dapk1 NM_029653 Forward: TGATTTCAGTGTGTGGGAGTTCTC 75

Reverse: GGGTCGTTGGCAGCAAAGT

b-Actin: Mus musculus actin, beta; Thbs1: thrombospondin 1; Tgfb2: transforming growth factor, beta 2; Pitx2: paired-like homeodomain

transcription factor 2; Smad3: MAD homolog 3 (Drosophila); Lefty2: left–right determination factor 2; Bmp2:bone morphogenetic protein 2;

Jun: Jun oncogene; Myc: myelocytomatosis oncogene; Zcchc 18: zinc finger, CCHC domain containing 18; Lgr4: leucine-rich repeat-containing

G protein-coupled receptor 4; Dapk1: death associated protein kinase 1
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(Beijing, China). The hybridization data were analyzed

using GeneChip Operating Software GCOS 1.4. The dif-

ferentially expressed genes were identified using empirical

criterion of more than twofold change when compared with

the solvent control sample.

Quantitative real-time polymerase chain reaction (qRT-

PCR) was performed to validate the results from the

microarray analysis. The RNA for each treatment was from

the same pooled sample as used for the microarray analy-

sis. Synthesis of cDNA was performed using the total RNA

from each sample mixed with the oligo-dT primer using

PrimeScript II 1st Strand cDNA Synthesis Kit as described

by the manufacturer (Takara, Dalian, China). The qRT-

PCR was performed on an ABi 7300 PCR instrument

(Applied Biosystems Inc., Carlsbad, USA) using the

29SYBR Green qPCR Mix kit (Applied Biosystems Inc.,

Warrington, UK). The thermal cycle was set at 95�C for

10 min, followed by 40 cycles of 95�C for 15 s, 60�C for

1 min. After PCR, a melting curve analysis was performed

to demonstrate the PCR product specificity, which was

displayed as a single peak. Expression levels were deter-

mined using the threshold cycle (CT) method as described

by the manufacturer of the detection system. This method

was applied to each gene by calculating the expression

2-DDCT, where DDCT is the sum of: [CTgene - CTb-actin](musk

exposure) - [CTgene - CTb-actin](Control). Gene names, acces-

sion numbers in GenBank, forward and reverse primer

sequences, and amplicon sizes are listed in Table 1. Each

sample was processed in triplicate. Data were analyzed using

SPSS for Windows 13.0 Software and presented as the mean

with standard error (mean ± SEM).

Results and Discussion

In the present study, we investigated the gene expression of

ES cells after treatment with AHTN. To our knowledge,

this study is the first application of the Affymetrix

GeneChip for the analysis of the potential effects of musks

to ES cells. The Affymetrix Mouse Expression 430 2.0

GeneChip contains 45,037 probe sets according to the

manufacturer. Among these transcripts, 26,213 probe sets

were detected as present in both exposure and control

sample. Of all the present transcripts, 2,879 genes were

differentially expressed, in which 2,115 genes were up-

regulated and 764 genes were down-regulated after expo-

sure to AHTN. The qRT-PCR experiment demonstrated

that Bmp2, Smad3, Tgfb2, Thbs1, Jun and Myc mRNA

expression were significantly up-regulated, while Pitx2,

Lefty2, Lgr4, Zcchc18 and Dapk1 mRNA expression were

significantly down-regulated after musk exposure. Musk-

induced changes in gene expression closely correlated with

the corresponding microarray data, although the exact fold

change differed between the two assays (Fig. 1). Table 2

showed the predominant overrepresented Gene Ontology

pathways in this study, including mitogen-activated protein

kinases (MAPK) signaling pathway, TGF-beta signaling

pathway, ErbB signaling pathway, Jak-STAT signaling and

others.

It has been reported that synthetic musks possess

estrogenic, anti-estrogenic, anti-androgenic and anti-prog-

esteronic activities in vivo and in vitro. However, data on

the toxicological properties of polycyclic musk compounds

are sparse. The activation of MAPK signaling pathway and

transforming growth factor-b (TGF-b) signaling pathway

may further confirm the potential toxicity of AHTN. These

two classic signaling pathways are mainly composed of a

series of molecules, including initial cytokines, membrane

receptors, signal transducers and target genes. Activation

of each component will, in turn, cause a cascade of intra-

cellular changes, eliciting physiological responses that

include cell proliferation, differentiation, apoptosis and

final developmental fate. The MAPK signaling pathway

contains a cascade of phosphorylation reactions from

MAPKKK to MAPKK to MAPK for activation. Activated

MAPK translocates to the nucleus where it activates
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transcription factors, of which Jun and Myc are well-known

targets of the MAPK pathway (Roux and Blenis 2004). In

this study, the expression of Jun and Myc were significantly

increased 7.1- and 4.2-fold, respectively, in the microarray

analysis. These genes are representative of MAPK pathway

activation. The Jun and Myc proteins are positive regula-

tors of proliferation, and induce positive regulators of cell

cycle progression. Their high levels of expression may

induce toxicity to the organism.

The TGF-b signaling pathway is initiated since the

ligand binds to its receptors, which can further phosphor-

ylate R-Smad proteins in the cytoplasm. Activated R-Smad

will translocate into the nucleus to regulate the transcrip-

tion of its target genes. Our microarray results showed that

the expressions of several ligands were significantly

increased, including Bmp2, Tgfb2, Thbs1, etc. It is worth

noting that Smad3, a member of R-Smads, was also sig-

nificantly increased (Attisano and Wrana 2002). These

results indicate that AHTN exposure also induces the

activation of TGF-b signaling and its downstream target

genes. Based on our data, it is supposed that TGF-b sig-

naling pathway also mediates the toxicity of the synthetic

musks.

The embryonic stem cell has been designed to predict

developmental toxicity based upon compound-induced

inhibition of embryonic stem cell differentiation (van

Dartel et al. 2010). van Dartel’s study showed that 26 genes

were significantly regulated both during ES cell differen-

tiation and by exposure to each of the developmentally

toxic compounds tested after 48 h. Among these genes, our

study showed that Lgr4, Zcchc18 and Dapk1 were signif-

icantly decreased 3.4-, 3.4- and 2.1-fold, respectively.

Several references have suggested that Lgr4 has essential

and critical functions in embryonic development, and its

down-regulation impairs definitive erythropoiesis at midge

station through different pathways. This results in a dra-

matic delay in osteoblast differentiation and mineralization

(Yasuaki et al. 2010). Inactivated DAPK1 (Death-associ-

ated protein kinase 1) plays a role in tumor pathogenesis

and metastasis. Loss of DAPK1 expression occurs in a

number of malignancies, including uterine cervix cancer,

mainly by hypermethylation of its promoter region. This

enhances the metastatic potential of cancer cells (Missaoui

et al. 2011). The function of Zcchc18 in embryonic

development is still unclear. Although the number of

related genes finding is limited, the potential develop-

mental toxicity of synthetic musks should be of sufficient

concern to warrant further study.

Considering the potential cytotoxic effects on undiffer-

entiated ES cells from Affymetrix Genechip microarray

analysis, the results confirm the toxicity of AHTN and

points to the potential influence of synthetic musks on

embryonic development. Since these compounds may be

detected in the blood and breast milk of the mother at

concentrations up to several hundred micrograms per

kilogram, pregnant and breastfeeding women should take

care in using the personal-care products containing syn-

thetic musks for the safety of the fetus and nursing infant.
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Table 2 Pathway analysis results of the differentially expressed

genes

Pathway Count p value

MAPK signaling pathway 28 2.17E-27

TGF-beta signaling pathway 17 4.30E-21

Starch and sucrose metabolism 10 6.60E-15

ErbB signaling pathway 12 8.64E-14

Metabolism of xenobiotics by cytochrome P450 11 2.20E-13

ECM-receptor interaction 11 9.91E-13

Drug metabolism—cytochrome P450 11 9.91E-13

Jak-STAT signaling pathway 13 4.59E-12

Chronic myeloid leukemia 10 3.26E-11

Androgen and estrogen metabolism 8 4.00E-11

Calcium signaling pathway 13 1.14E-10

Apoptosis 10 1.17E-10

Gap junction 10 1.44E-10

p53 signaling pathway 9 2.88E-10

Drug metabolism—other enzymes 8 6.30E-10

Cell adhesion molecules (CAMs) 11 1.51E-09

Cell cycle 10 1.87E-09

Prostate cancer 9 2.35E-09

Colorectal cancer 9 2.59E-09

Regulation of actin cytoskeleton 12 2.73E-09

GnRH signaling pathway 9 3.45E-09

Bladder cancer 7 3.82E-09

Glioma 8 4.19E-09

Retinol metabolism 8 4.71E-09

Pancreatic cancer 8 9.25E-09

Hematopoietic cell lineage 8 2.76E-08

Cell Communication 9 4.97E-08

Wnt signaling pathway 9 1.91E-07

Ubiquitin mediated proteolysis 8 1.02E-06

Graft versus host disease 6 1.79E-06

B cell receptor signaling pathway 6 2.33E-06

T cell receptor signaling pathway 7 2.44E-06

The mRNA expressions were found to be significantly modified by

AHTN (p \ 0.01 and fold change C2) were subjected to GOstat

analysis. The categories were selected from the Gene Ontology

pathways under biological processes that were statistically overrep-

resented. The GOstat score refers to statistical significance (p). Only

pathways with a higher p value are listed, while many pathways with

a lower p value are not listed to save space
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