
ORIGINAL PAPER

A transcriptomics study on hepatic lipid metabolism in mice
exposed to contaminated drinking water

J. Yin • F. Zhao • X.-X. Zhang • Y. Chen •

W. Li • B. Wu • H. Ren

Received: 3 February 2013 / Revised: 30 August 2013 / Accepted: 3 November 2013 / Published online: 26 November 2013

� Islamic Azad University (IAU) 2013

Abstract DNA microarray was used to analyze hepatic

transcriptional profile of male mice (Mus musculus) after

the mice were fed with Yangtze River (China) source water

(NJS) and tap water (NJT) for 90 days. Chemical analysis

demonstrated that NJS and NJT contained various trace-

level pollutants including polycyclic aromatic hydrocar-

bons, phthalate ethers and inorganic contaminants. DNA

microarray revealed occurrence of 5,042 differentially

expressed genes (DEGs) in the mice fed with NJS and 828

DEGs in the mice fed with NJT, indicating that NJS posed

greater influence on liver transcriptome. Annotation against

Kyoto Encyclopedia of Genes and Genomes pathway

database showed that the DEGs in NJS group were mostly

involved in lipid metabolism (51 DEGs), followed by

neurodegenerative diseases (47 DEGs), energy metabolism

(41 DEGs) and endocrine system (38 DEGs). NJT exposure

was found to affect lipid metabolism (14 DEGs), xenobi-

otics biodegradation and metabolism (6 DEGs), and

cofactors and vitamins metabolism (5 DEGs). Annotation

against Gene Ontology database confirmed that lipid

metabolism among the altered pathways was most

susceptible to both NJS and NJT exposure. The DEGs were

involved in 6 lipid metabolic pathways including fatty acid

metabolism, glycerophospholipid metabolism, unsaturated

fatty acid biosynthesis, steroid biosynthesis, primary bile

acid biosynthesis and steroid hormone biosynthesis.

Although both NJS and NJT might cause no obvious liver

tissue damages, the lipid metabolic disturbance induced by

trace-level pollutants still deserves public health concern.

Keywords Drinking water � Environmental pollution �
Genomic toxicity � Lipid metabolism � Microarray

Introduction

Recently, drinking water safety has received great con-

cern, since growing evidence indicates that long-term

exposure to contaminated drinking water can induce car-

cinogenicity (Keshavarzi et al. 2012), genotoxicity (Re-

bola et al. 2011), and developmental (Kozul-Horvath et al.

2012) and reproductive toxicities (Welsch et al. 2008).

Yangtze River is the longest river in China, and the river

basin supports one-third of China’s population and con-

tributes about 40 % of the national gross domestic product

of China (Zhang et al. 2009). As a result of economic

development, wastewater discharge into the river has been

increasing in recent years, reaching annual 3.2 9 1010

tons of domestic sewage and industrial wastewater

(CWRC 2011).

Yangtze River provides source of drinking water for

most cities along the river, but various pollutants, including

polycyclic aromatic hydrocarbons (PAHs) (Chen et al.

2012), polychlorinated biphenyls (Yang et al. 2012) and

heavy metals (Lin et al. 2012), are emerging in this river.

Most of these pollutants in the river water are present at
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trace levels, but they can be easily bio-accumulated in

aquatic food chains (Yi and Zhang 2012) and induce tox-

icities on humans and wildlife (Axmon et al. 2008).

Liver functions can be disturbed by various organic

pollutants present in drinking water, such as PAHs (Oh et al.

2012) and phthalate esters (PAEs) (Maranghi et al. 2010). It

is known that liver plays a central role in lipid metabolism

and constitutes the major site of lipogenesis and lipolysis

(Nguyen et al. 2008). Furthermore, liver can take up and

degrade various types of lipoproteins, and an imbalance

between the lipid availability and disposal may result in

hepatic lipid accumulation, eventually causing lipoperoxi-

dative stress and hepatic injury (Bechmann et al. 2012).

Great efforts have been devoted to screening or developing

potential inhibitor of hepatic lipid accumulation for clinical

applications (Silverio et al. 2012). Unfortunately, few stud-

ies currently focus on the effects of drinking water on

hepatic lipid metabolism, although it has been indicated that

some pollutants (e.g., PAHs and cadmium) can disturb lipid

metabolism (Larregle et al. 2008; Podechard et al. 2012).

DNA microarray is considered as a promising genomic

profiling technique characterized with high throughput,

high speed and high sensitivity, which has been used to

evaluate the toxicities of environmental samples, including

source water (Wu et al. 2009), drinking water (Shi et al.

2012), industrial effluent (Zhang et al. 2010) and sediments

(Kosmehl et al. 2012). In this study, we used DNA

microarray to evaluate hepatic genomic toxicity on mice

sub-chronically exposed to source water (NJS) and tap

water (NJT) from Yangtze River, focusing on exploring the

potential molecular pathways mediating the lipid metabo-

lism disturbance. The whole research was carried out at the

Nanjing University and the General Hospital of Nanjing

Military Command (Nanjing City, China) during Septem-

ber 2011 to December 2012. Results of this study might

extend our knowledge about the potential effects of

drinking water on hepatic lipid metabolism.

Materials and methods

Sample collection

NJS and NJT were sampled in September 2011 from BHK

Tap Water Plant (Nanjing, China) with Yangtze River as

source of tap water (N 32.05o, E 118.72o). In the plant,

drinking water undergoes coagulation, sand filtration and

chlorine disinfection before entering into pipeline distri-

bution system. NJS was sampled from the influent of

coagulation tank, and NJT was sampled from the effluent

of chlorination tank. Water samples (10 L each) were

collected in sterile brown glass bottles, and they were

filtered through 0.45-lm micropore membrane filter and

kept at 4 �C before chemical analysis and animal exposure.

Chemical analysis

A total of 24 organic pollutants including PAHs, PAEs,

organochlorine compounds and dinitrotoluenes in NJS and

NJT were measured by using DSQ II Single Quadrupole

GC/MS (ThermoQuest, San Jose, CA, USA). Details about

the chemical analysis were previously described (Chen

et al. 2012). Inorganic contaminants in the water samples

were detected using ICP-J-A1100 (Jarell-Ash Inc., USA)

following the methods of Wu et al. (2009).

Animal treatment

Animal exposure assay was performed at the General

Hospital of Nanjing Military Command (China) during

September to December 2011. A total of 30 five-week-old

male mice (Mus musculus, KM, body weight 18–22 g)

provided by the Animal Center of Academy of Military

Medical Sciences Laboratory were housed individually in

stainless steel cages under the controlled conditions

(22 ± 2 �C temperature, 50 ± 5 % humidity, 12/12-h light

dark cycle). After acclimated to the environmental condi-

tions for 1 week, all the mice were randomly divided into

three groups (10 mice each): The control group fed with

purified water (Millipore Inc., MA, USA), the NJS group

fed with source water, and the NJT group fed with tap

water. All the mice had free access to sterile food and water

during the exposure period. All the mice were treated for

90 days. The mice were treated humanely according to

National Institutes of Health Guide for the Care and Use of

Laboratory Animals (China), and the protocols were

approved by the Animal Care and Use Committee of the

General Hospital of Nanjing Military Command.

RNA extraction

After 90 days of exposure, all mice were anesthetized with

diethyl ether and were then killed by eyeball blooding.

Liver samples were cut into small pieces and stored in

RNAlater (Takara, Japan) at -80 �C. Total RNA from

each liver was extracted by using TRIzol reagent (Invit-

rogen, USA) and purified by Qiagen RNeasy MiniRNA

Cleanup Kit (Qiagen, Valencia, CA, USA) according to the

Affymetrix (Affymetrix, CA, USA) recommended proto-

col. The concentration and quality of the extracted RNA

were determined with Nanodrop 2000 (Thermo Scientific,

DE, USA). RNA samples with 28S:18S rRNA ratio of

about 2:1 and 260/280 nm absorbance ratio of more than

1.8 were used for genomic expression analysis.
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DNA microarray

GeneChip� Mouse Exon 1.0 ST Arrays (Affymetrix, USA)

were used to determine the genomic toxicities of NJS and

NJT according to the Affymetrix recommended protocol.

Each of the 28,853 genes is represented on the array by

approximately 27 probes spread across the full length of

the gene, providing a more complete and an accurate pic-

ture of gene expression. Equal amount of RNA from the

individuals of the same group was pooled together to

eliminate inter-individual variations. In order to compare

the alterations of the genes expressions, the treated and

controlled samples were hybridized separately into a total

of nine genechips (the microarrays were conducted in

triplicate for each group). Details about the microarray

detection were previously described by Zhang et al. (2010).

After hybridization, the cocktail was removed and the

arrays were washed and stained in Genechip_Fluidics

Station 450 (Affymetrix, CA, USA) and scanned on the

Genechip_Scanner 3000 7G (Affymetrix, CA, USA).

Image analysis and probe quantification were performed by

the Genechip_Operating Software (Affymetrix, CA, USA).

Data analysis

Normalization and comparison analysis of probe values were

performed by Expression Console software (Affymetrix,

USA). The data were analyzed by Partek Discovery Suite

(Partek Inc., St. Louis, MO, USA) with a false discovery rate

(FDR) cutoff of 0.1. The fold changes in gene expression

levels were represented as the ratio of the mean expression

values from the treated and control groups. Genes with a fold

change of more than ±2.0 and p value of\0.05 were selected

as the differentially expressed genes (DEGs) (Shi et al.

2012).

Biological significances of DEGs were analyzed on the

basis of Gene Ontology (GO) database (http://www.

geneontology.org/). DEGs were grouped into different

biological pathways according to Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway database (http://

www.genome.ad.jp/kegg/pathway.html). The biological

pathways with more than 3 DEGs (p \ 0.05) were con-

sidered to be significantly altered (Currie et al. 2005).

Results and discussion

Chemical analysis, water intake and liver weight index

Among the chemicals tested in this study, a total of 11 organic

compounds including PAEs and PAHs, as well as 12 inorganic

contaminants, were detectable in NJS and NJT (Table 1). The

total concentration of organic compounds and inorganic

contaminants was 496.93 ng L-1 and 154.16 mg L-1 in NJS

and 517.11 ng L-1 and 71.26 mg L-1 in NJT, respectively.

Several PAEs including diethyl phthalate, dibutyl phthalate,

di 2-ethyl hexyl phthalate, butyl benzyl phthalate and dime-

thyl phthalate were present in the water, among which butyl

benzyl phthalate had the highest concentration, reaching

92.11 ng L-1 in NJS and 86.66 ng L-1 in NJT. A great

number of large-scale petrochemical and chemical engineer-

ing industries are located along Yangtze River at Nanjing

section, and plenty of adhesives, glues, electronics, agricul-

tural adjuvants, building materials, pharmaceuticals and

medical devices are produced in this region, which may

Table 1 The concentrations of organic compounds and inorganic

contaminants in the source water (NJS) and drinking water (NJT)

Pollutants NJS NJT Standard

Diethyl phthalate

(ng L-1)

37.54 ± 0.91 38.99 ± 1.55 \300

Di-N-butyl phthalate

(ng L-1)

51.67 ± 3.42 70.06 ± 13.98 \3.0

Diethylhexyl

phthalate (ng L-1)

80.33 ± 2.24 76.74 ± 1.87 N.

Bis-2-ethylhexyl

adipate (ng L-1)

79.11 ± 0.73 77.98 ± 2.47 \8.0

Benzyl butyl

phthalate (ng L-1)

92.11 ± 10.82 86.66 ± 2.93 N.

Dimethyl phthalate

(ng L-1)

49.41 ± 0.81 49.52 ± 0.58 N.

Hexachlorobenzene

(ng L-1)

N.D. 53.74 ± 31.68 \6.0

Anthracene (ng L-1) 23.69 ± 1.70 22.94 ± 0.47 N.

Phenanthrene

(ng L-1)

25.23 ± 1.43 24.15 ± 0.97 N.

Isophorone (ng L-1) 51.25 ± 25.61 16.33 ± 0.80 N.

Acenaphthylene

(ng L-1)

6.59 ± 5.71 N.D. N.

Al (mg L-1) 0.011 ± 0.002 0.036 ± 0.010 \0.2

Ba (mg L-1) 0.038 ± 0.001 0.059 ± 0.001 \0.7

Ca (mg L-1) 44.267 ± 0.723 39.633 ± 0.896 N.

Cr (mg L-1) 0.005 ± 0.002 0.004 ± 0.000 \0.06

Cu (mg L-1) 0.002 ± 0.000 0.002 ± 0.000 \1.0

K (mg L-1) 7.543 ± 0.095 2.537 ± 0.068 N.

Mg (mg L-1) 19.133 ± 0.306 8.717 ± 0.032 N.

Na (mg L-1) 77.367 ± 1.405 16.000 ± 0.100 \200

P (mg L-1) 0.074 ± 0.020 0.056 ± 0.018 N.

Si (mg L-1) 5.483 ± 0.542 3.947 ± 0.091 N.

Sr (mg L-1) 0.237 ± 0.006 0.240 ± 0.000 N.

Zn (mg L-1) N.D. 0.029 ± 0.006 \1.0

N.D. not detectable

Standard: corresponding limits for the contaminants allowed in

drinking water according to Standard of Drinking Water Quality of

China

N. no corresponding limit is available for the contaminant in Standard

of Drinking Water Quality of China
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account for the high level of the phthalates in the water sam-

ples. The main metallic elements in the source water and

drinking water included Na, Ca and Mg. NJS and NJT had no

statistically significant difference in the levels of most organic

compounds and inorganic contaminants (p [ 0.05), but the

metals Na, Mg and K were effectively removed in the drinking

water treatment plant (p \ 0.05), which agrees with previous

studies (Sun et al. 2011; Zhang et al. 2011a; Chen et al. 2012).

During the animal exposure, average water intake of

each mouse was 5.75 ± 0.17 g d-1 in NJS group,

5.17 ± 0.40 g d-1 in NJT group and 5.86 ± 0.34 g d-1 in

control group. After exposure for 90 days, liver weight

index was 0.039 ± 0.003 in NJS group, 0.038 ± 0.004 in

NJT group and 0.038 ± 0.003 in the control group. The

water consumption and liver weight index showed no

significant difference among the three mice groups

(p \ 0.05). This is supported by Zhang et al. (2011c)

indicating that chronic exposure to the drinking water from

Yangtze River cannot cause obvious changes in water

consumption and body/organ weight of mice. Previous

studies also showed that feeding mice with Taihu Lake

(China) water posed no significant effect on water intake

and body weight (Zhang et al. 2011b; Qin et al. 2012).

Although the trace-level pollutants in Yangtze River water

cannot obviously affect mice survival and growth, it has

been indicated that exposure to the water may disturb

hepatic mRNA expression of many genes involved in

carcinogenesis (Zhang et al. 2011a; Sun et al. 2011) and

reproductive toxicity (Zhao et al. 2009).

Alteration of biological pathways and related gene

expression

Hepatic genomic expression profiles of the mice were

analyzed using DNA microarray. Figure 1 shows the dis-

tribution of DEGs within different ranges of fold change. A

total of 5,042 in NJS group and 828 genes in NJT group

were found to be significantly up-regulated or down-reg-

ulated. Among the DEGs of NJS group, most had the fold

change within 2.0–2.9 (68.6 %) and 3.0–4.9 (20.9 %), and

10.5 % of the genes had the fold change over 5.0. Simi-

larly, in NJT group, 69.7, 25.7 and 4.6 % of the DEGs were

located in the fold ranges of 2.0–2.9, 3.0–4.9 and C5,

respectively.

KEGG annotation showed that 307 DEGs of NJS group

and 31 DEGs of NJT group were classified into 13 and 5

function categories, respectively (Fig. 2). The DEGs in

NJS were mostly involved in lipid metabolism (51 genes),

followed by neurodegenerative diseases (47 genes), energy

metabolism (41 genes) and endocrine system (38 genes)

(Fig. 2a). NJT exposure was found to affect lipid metab-

olism (14 DEGs), xenobiotics biodegradation and metab-

olism (6 DEGs), cofactor and vitamin metabolism (5

DEGs), endocrine system (5 DEGs) and amino acid

metabolism (4 DEGs) (Fig. 2b). Detailed information

about the DEGs involved in the function categories is listed

in the Supplementary Material Tables S1 and S2. Shi et al.

(2012) have indicated that exposure to Yangtze River water

poses no obvious hepatotoxicity on mice, but can induce

mRNA and protein expression of several pathways

including peroxisome proliferator-activated receptors

(PPAR) signaling pathway, fatty acid metabolism and

unsaturated fatty acid biosynthesis. This hypothesis is

supported by a metabolomics study suggesting that the

drinking water from Yangtze River can induce liver dys-

function characterized by disorder of branched-chain

amino acid and energy metabolism, as well as perturbation

of glucose-alanine cycle (Zhang et al. 2011c). Moreover,

expression of hepatic mRNA involved in cancer genesis

and development was also found to be altered in the mice

fed with the river water (Zhang et al. 2011a; Sun et al.

2011).

Alteration of lipid metabolism and other biological

processes

GO annotation showed that 1,119 DEGs in NJS group and

49 DEGs in NJT group were involved in 131 (6 categories)

and 17 (3 categories) biological processes, respectively

(Fig. 3), indicating that NJS exerted greater influence on

biological processes of the mice. NJS exposure seemed to

mainly affect metabolic process (703 DEGs), biosynthetic

process (154 DEGs), transport process (277 DEGs),

response process (32 DEGs) and localization process (159

DEGs), and NJT exposure induced differential expression

of the genes involved in biosynthetic process (10 genes)

and metabolic process (31 genes) (Supplementary Material

Tables S3 and S4).

Fig. 1 Distribution of differentially expressed genes (DEGs) in

different ranges of fold changes after the mice were exposed to the

source water (NJS) and drinking water (NJT) of Yangtze River

(China)
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Interestingly, many of the DEGs in NJS and NJT

groups were closely related to the interconnected lipid

metabolic processes, including cholesterol biosynthetic

process (GO: 0006695), cholesterol metabolic process

(GO: 0008203), steroid biosynthetic process (GO:

0006694), sterol metabolic process (GO: 0016125), sterol

biosynthetic process (GO: 0016126), steroid metabolic

process (GO: 0008202) and lipid biosynthetic process

(GO: 0008610) (Fig. 4). Presence of various pollutants

including PAEs and PAHs in NJS and NJT might be

responsible for the lipid metabolic disturbance, which is

confirmed by previous studies demonstrating that PAEs

had a significant impact on rat lipid metabolism (Dai

et al. 2006; Xu et al. 2006). PAEs are considered as an

important group of environmental endocrine disruptors

(Wong and Gill 2002; Lee and Koo 2007), which can also

induce down-regulation of genes in the steroidogenesis

pathway and lipid/sterol/cholesterol transport pathway

(Euling et al. 2011). Additionally, in vivo (Kawano et al.

2010) and in vitro (Podechard et al. 2012) studies have

indicated that PAHs exposure can induced lipid accu-

mulation or steatosis in animal cells.

DEGs related to lipid metabolic disturbance

Since KEGG and GO annotations consistently indicated

that most of the DEGs were involved in lipid metabolism,

we further explored the potential molecular mechanisms of

the lipid metabolism disturbance. The DEGs were found to

be involved in 6 lipid metabolic pathways including fatty

acid metabolism, glycerophospholipid metabolism, unsat-

urated fatty acid biosynthesis, steroid biosynthesis, primary

bile acid biosynthesis and steroid hormone biosynthesis

(Fig. 5). Interestingly, these KEGG pathways could be

grouped into two maps. One map included fatty acid

metabolism, glycerophospholipid metabolism and unsatu-

rated fatty acid biosynthesis (Fig. 6), and the other inclu-

ded steroid biosynthesis, primary bile acid biosynthesis and

steroid hormone biosynthesis (Fig. 7).

In the map of fatty acid metabolism, unsaturated fatty

acid biosynthesis and glycerophospholipid metabolism

(Fig. 6), NJS and NJT exposure significantly altered mRNA

expression of 43 and 4 genes, respectively, revealing that

NJS posed greater effect on lipid metabolism than NJT. The

DEGs of fatty acid metabolism and unsaturated fatty acid

Fig. 2 Functional grouping of

differentially expressed genes

involved in metabolic pathways

of the mice exposed to the

source water (a) and drinking

water (b). The genes were

functionally categorized

according to KEGG pathway

database through enrichment

analysis on biological pathways.

A p \ 0.05 was considered

statistically significant
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biosynthesis were found to encode acyl-CoA thioesterases

(Acot1, Acot2, Acot3 and Acot4), acyl-CoA oxidases

(Acox3), aldehyde dehydrogenases (Aldh1b1, Aldh2,

Aldh3a2 and Aldh9a1), acyl-CoA dehydrogenases (Acads

and Acadsb), long-chain fatty acid CoA ligases (Acsl3 and

Acsl4) and acetyl-CoA acyltransferases (Acaa1a and

Acaa1b). Acsl3 and Acsl4 can convert free long-chain fatty

acids into fatty acyl-CoA esters (Mashek et al. 2005), and

acyl-CoA thioesterases subsequently hydrolyze CoA esters

to free acid and CoA along with dehydrogenation of acyl-

CoA derivatives by acyl-CoA dehydrogenases (Hunt et al.

2005). Aldehyde dehydrogenases are thought to play a

major role in the oxidation of long-chain aliphatic alde-

hydes to fatty acid (Marchitti et al. 2008). Acyl-CoA thi-

oesterases and acetyl-CoA acyltransferases are often

regulated by PPAR, and Acox3 are involved in the desat-

uration of 2-methyl branched fatty acids in the peroxisomes

(Vanhove et al. 1993). Recently, Shi et al. (2012) have

indicated that feeding mice with Yangtze River water can

Fig. 3 Functional grouping of differentially expressed genes

involved in biological processes of the mice exposed to the source

water (a) and drinking water (b). The genes were functionally

categorized according to GO pathway database. A p \ 0.05 was

considered statistically significant

Fig. 4 Differentially expressed

genes in NJS (source water)

group (black) and NJT (drinking

water) group (gray) in different

biological processes including

cholesterol biosynthesis,

cholesterol metabolism, steroid

biosynthesis, sterol metabolism,

sterol biosynthesis, steroid

metabolism and lipid

biosynthesis. The genes were

functionally categorized

according to GO pathway

database. A p \ 0.05 was

considered statistically

significant

Fig. 5 Differentially expressed genes in NJS (source water) group

(black) and NJT (drinking water) group (gray) in different lipid

metabolic pathways including fatty acid metabolism, glycerophos-

pholipid metabolism, unsaturated fatty acid biosynthesis, steroid

biosynthesis, primary bile acid biosynthesis and steroid hormone

biosynthesis. The genes were functionally categorized according to

KEGG pathway database. A p \ 0.05 was considered statistically

significant
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affect hepatic PPAR activities, indicating that the lipid

metabolism disturbance induced by the river water expo-

sure may be mediated by PPAR activation.

In the pathway of glycerophospholipid metabolism, NJS

and NJT exposure inhibited mRNA expression of the

dehydrogenases (Gpd1, Gpd1l and Gpd2) and

Fig. 6 Mapping of differentially expressed genes in the metabolic pathways of fatty acid metabolism, glycerophospholipid metabolism and

unsaturated fatty acid biosynthesis in the mice exposed to the source water (NJS) and drinking water (NJT)
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acyltransferases (Gnpat and Gpam) capable of catalyzing

transformation of glycerol phosphate to 1-acyl-sn-glycerol

phosphate (Fig. 6). The activity of phosphatidic acid phos-

phatase family (Pla2g6, Pla2g12a, Pla2g12b and Pla2g15)

was subsequently suppressed, and the enzymes are able to

convert phosphatidic acid to diacylglycerol and function in

de novo synthesis of glycerolipids (Carman and Han 2009).

Little information is available about the effect of environ-

mental toxicants on the pathway of glycerophospholipid

metabolic pathway, but Modi et al. (2008) revealed that

cadmium could suppress the pathway to influence lipid/

phospholipid makeup in rat liver. More recently, Zhang et al.

(2013) have revealed that trichloroacetamide, a common

disinfection byproduct often generated by chlorination of

drinking water, can disturb expression of 4 genes involved in

glycerophospholipid metabolism in mice livers.

In the map of fatty acid steroid biosynthesis, primary

bile acid biosynthesis and steroid hormone biosynthesis

(Fig. 7), the DEGs were found to encode cytochrome P450

enzymes (Cyp7a1, Cyp39a1 and Cyp51), hydroxy-steroid

dehydrogenases (Hsd3b4 and Hsd3b5), transmembrane 7

superfamily (Tm7sf2), sterol O-acyltransferases (Soat2),

emopamil binding proteins (Ebp), dehydrocholesterol

reductases (Dhcr7), acyl-CoA oxidases (Acox2), lanosterol

synthases (Lss) and methyl sterol oxidase (Sc4 mol). This

study showed that NJT posed more evident effect on the

pathways of primary bile acid biosynthesis and steroid

hormone biosynthesis than NJS, since all the DEGs in the

pathways arose from NJT exposure. NJT exposure induced

differential expression of Cyp7b1 and Hsd3b4, which may

affect bile acid and steroid biosynthesis (Gant et al. 2003).

P450 proteins can catalyze many reactions involved in

Fig. 7 Mapping of differentially expressed genes in the metabolic pathways of steroid biosynthesis, primary bile acid biosynthesis and steroid

hormone biosynthesis in the mice exposed to the source water (NJS) and drinking water (NJT)
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synthesis of cholesterol and steroids (Pelkonen et al. 2008),

and the presence of PAHs (Yamaori et al. 2012), PAEs

(Ozaki et al. 2006) and metals (Pelkonen et al. 2008) in

Yangtze River water might result in the differential mRNA

expression of P450 proteins. It should be indicated that

generation of disinfection byproducts in the chlorinated

drinking water might also contribute to the protein

expression alteration induced by NJT (Zhang et al. 2013).

Although the water samples were found to contain 11

organic compounds and 12 inorganic contaminants, a number

of pollutants not tested in this study may also exit in the sam-

ples. The contaminated drinking water was found to exert joint

effects on lipid metabolism, but the major contaminants

affecting lipid metabolism cannot be determined by statistical

correlation analyses due to the presence of various pollutants in

the drinking water and the availability of data from only three

groups of mice. Toxic effects of the individual chemicals and

more water samples should be evaluated in future to confirm

the responses of lipid metabolism to the source water and

drinking water containing various pollutants.

Conclusion

This study investigated hepatic transcriptional profile of

mice fed with the source water and tap water from a

drinking water treatment plant by using DNA microarray.

Various trace-level pollutants including PAEs, PAHs and

metals were present in the water, which induced differen-

tial expression of a number of genes in the mice livers. The

exposure also affected several metabolic pathways and

biological processes, among which lipid metabolism

mediated by 6 metabolic pathways was most susceptible to

both the source water and drinking water. Although the

water consumption might cause no obvious liver tissue

damages, the lipid metabolic disturbance induced by the

trace-level pollutants should receive public health concern.

This is the first study investigating the effect of drinking

water on mRNA expression of the genes involved in

hepatic lipid metabolism. Future work may also include

confirmation of the toxicological effects by epidemiologi-

cal investigation and exploration of the molecular mecha-

nism through in vitro exposure assays.
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