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hosphoproteome  analysis  reveals  an  important  role  for  glycogen  synthase
inase-3  in  perfluorododecanoic  acid-induced  rat  liver  toxicity
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A  total  of 1443  unique  phospho-
peptides  from  769  phosphoproteins
were  identified.
A total  of  143  unique  phosphory-
lation  sites  were  considered  to be
novel.
Chronic  PFDoA  exposure  inhibited
insulin  signal  pathway.
Inhibition  of  GSK3  might  contribute
to  increase  lipid  levels  in  PFDoA
treated  liver.
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a  b  s  t  r  a  c  t

Perfluorododecanoic  acid  (PFDoA)  is  a member  of  the  perfluoroalkyl  acid  (PFAA)  family  and  has  broad
applications  and  a wide  distribution  in  the  environment.  Here,  we  used  TiO2-based  phosphopeptide
enrichment  coupled  with  LC–MS/MS  analysis  to  identify  phosphopeptides  in  rat  livers  that  were  influ-
enced  by  PFDoA  treatment.  We  identified  a total  of  1443  unique  phosphopeptides  from  among  769
phosphoproteins  identified  in normal  and  PFDoA-treated  rat  livers,  849  unique  phosphorylation  sites
eywords:
erfluorododecanoic acid (PFDoA)
hosphoproteome
iver
SK3�

were  also  identified.  Of these  sites,  143  were  considered  to  be novel  phosphorylation  sites.  Many  phos-
phoproteins  were  found  to be associated  with  hepatic  injuries  and  diseases,  such  as  hepatotoxicity,
regeneration,  fatty  liver,  neoplasms  and  carcinoma.  Furthermore,  25  of the  identified  phosphoproteins
were  found  to  be related  to  glycogen  synthase  kinase-3  (GSK3),  either  directly  or  indirectly.  Western
blot  and  qPCR  results  suggested  that  chronic  PFDoA  exposure  inhibited  insulin  signal  pathways  and  that

 contr
inhibition  of GSK3  might

. Introduction
Perfluoroalkyl acids (PFAAs) including perfluorooctanoic acid
PFOA, C8), perfluorooctansulfonate (PFOS, C8) and perfluorodode-
anoic acid (PFDoA, C12) are a class of highly stable compounds

Abbreviations: PFDoA, perfluorododecanoic acid; GSK3, glycogen synthase
inase-3; SREBP1c, sterol regulatory element binding protein 1c; TG, triglyceride;
C,  total cholesterol.
∗ Corresponding author. Tel.: +86 0 10 64807085; fax: +86 0 10 64807099.

E-mail address: daijy@ioz.ac.cn (J. Dai).
1 These authors contributed equally to this article.

378-4274/$ – see front matter ©  2013 Elsevier Ireland Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.toxlet.2013.01.012
ibute  to the  observed  increases  of  lipid levels  in the  liver.
© 2013 Elsevier Ireland Ltd. All rights reserved.

used widely in commercial and industrial applications as sur-
factants, lubricants, paints, polishes, paper and textile coatings,
food packaging and fire-retardant foams (Kissa, 2001). They have
strong C F bonds which enable them to resist hydrolysis, photoly-
sis, biodegradation and metabolism, leading to their wide global
distribution (Kissa, 2001; Pan et al., 2011; Zhang et al., 2010),
bioaccumulation (Houde et al., 2006; Martin et al., 2004; Pan
et al., 2011) and various toxicities (Lau et al., 2004, 2007). Sev-
eral studies addressing PFAAs with C7 C10 indicated that PFAAs

with longer carbon chains were eliminated more slowly and thus,
were more bioaccumulative and toxic than those with a shorter
carbon chain (Kudo et al., 2006; Ohmori et al., 2003). Accordingly,
PFDoA, with twelve carbon atoms, is likely to be more hazardous

dx.doi.org/10.1016/j.toxlet.2013.01.012
http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:daijy@ioz.ac.cn
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o the environment and human health than PFOA and PFOS. PFDoA
as been identified in water, soil, wildlife and humans (Guruge
t al., 2005; Liu et al., 2011; Olsen et al., 2011), but it has not been
ubjected to toxicological analyses despite the high accumulated
nvironmental concentrations detected. For example, the high-
st concentration of PFDoA observed in beluga livers from Arctic
ocations was 9.89 ng/g (Reiner et al., 2011). Unlike most other per-
istent organic pollutants (POPs), which accumulate in lipid-rich
issues, PFAAs can bind to blood and liver proteins and accumulate

ainly in the liver, kidneys and bile secretions (Jones et al., 2003).
FAAs increase the liver-to-body weight ratio, lipid levels, hepato-
ellular hypertrophy, and peroxisome proliferation and induce liver
umors in hepatocytes in laboratory animals (Kennedy et al., 2004).
lthough many studies have attempted to explore the mechanisms
nderlying PFAA hepatotoxicity (Rosen et al., 2010; Shi et al., 2009;
ei  et al., 2008), few studies have addressed the effect of PFAAs on

ost-translational regulation.
Reversible protein phosphorylation is the most common type

f PTM and is involved in almost all cellular and developmental
rocesses. This reversible type of phosphorylation is mediated by
he opposite actions of large families of protein kinases and phos-
hatases (Zolnierowicz and Bollen, 2000). Many diseases such as
ancer, auto-immune diseases, metabolic disorders and pathogenic
nfections are associated with protein kinase-mediated signaling
athways (Gatzka and Walsh, 2007; Hanahan and Weinberg, 2000;
aniguchi et al., 2006). Therefore, large-scale analysis of differen-
ially regulated phosphorylation events associated with different
iological conditions can be used to identify and understand com-
lex signaling networks. Mass spectrometry (MS) has become a
owerful tool for the global identification of phosphorylated pro-
eins and the characterization of phosphorylation sites due to its
igh level of sensitivity and accuracy. In addition, various phospho-
eptide enrichment methods such as the use of titanium dioxide
TiO2) (Larsen et al., 2005), IMAC (Ficarro et al., 2002), strong cation
xchange (SCX) chromatography (Beausoleil et al., 2004), and other
ethods (Kweon and Hakansson, 2006; Rush et al., 2005), have

een developed recently and applied to obtain large phosphor-
lation profiles in many biological systems. However, due to the
omplexity of the tissue samples, the selection of ions for MS/MS
ragmentation varied between analyses. This led to less repro-
ucibility of the phosphopeptides identified in two  independent
nalyses for a given sample mixture (Moser and White, 2006). Thus,
he label-free quantification of protein phosphorylation in tissue
xtracts remained challenging and lacked standard methods.

In this study, we performed a phosphoproteomic analysis of
at liver both with and without PFDoA treatment employing
iO2-based phosphopeptide enrichment followed by LC–MS/MS
nalysis. We did not quantify the change of phosphorylation level
f certain proteins in different PFDoA treatments through counting
hosphopeptide numbers in this study. Moreover, we performed
everal different bioinformatics analyses to find the possible pro-
eins and biological processes affected by PFDoA. Then, qPCR and
estern blot analysis was used to verify the transcriptional regula-

ion and phosphorylation levels of a number of signaling molecules
n response to PFDoA. Our work provides further insight into the

olecular mechanisms underlying PFDoA hepatotoxicity and the
ossibility of discovering new biomarkers based on exposure to
FDoA.

. Materials and methods

.1. Animal treatment
Male Sprague-Dawley rats (230–240 g) were obtained from Weitong Lihua
xperimentary Animal Central (Beijing, China). After one week of adaptation, the
ats  were separated into three groups. The treatment rats were given doses of 0.2
nd  0.5 mg  of PFDoA (Sigma–Aldrich, dissolved in 0.2% Tween-20) per kg of body
tters 218 (2013) 61– 69

weight/d via oral gavage for 110 consecutive days. Control animals were fed with
only 0.2% Tween-20 (vehicle) in a similar manner. At the end of the experiment, six
rats from each group were euthanized by decapitation. The liver was  immediately
removed, washed with PBS and divided into small aliquots. One portion was  fixed in
10%  neutral buffered formalin for histological examination, while the others were
flash frozen in liquid nitrogen and stored at −80 ◦C.

2.2. Sample preparation, in-solution tryptic digestion and phosphopeptide
enrichment

The total protein was extracted from the rat liver samples and the details given
in  supplemental data. Tryptic digestion was carried out according to a previously
described method with some modifications (Dai et al., 2007). A phosphopeptide
enrichment procedure described previously (Wu et al., 2007) was used in this study
with some modification.

2.3. LC–MS/MS analysis on LTQ-Orbitrap

All phosphopeptides were analyzed using a nanoscale HPLC–MS system. A
Surveyor liquid chromatography system was coupled online to an LTQ-Orbitrap
mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with a nano-
electrospray interface operated in positive ion mode. Separation was  performed
on  a C18 reverse phase column (75 �m × 15 cm, Column Technology Inc., CA). The
flow rate was 140 �L/min prior to splitting and 200 nL/min after splitting. Peptides
were eluted using a linear gradient with the percentage mobile phase B (0.1% FA
in  ACN) increasing from 2 to 35% in 120 min. The spray voltage was set to 1.85 kV,
and the temperature of the heated capillary was 160 ◦C. The normalized collision
energy was  35.0. The mass spectrometer was set to perform a full MS scan, followed
by  ten MS/MS  scans on the ten most intense ions from the MS  spectrum, with the
following Dynamic Exclusion settings: repeat count 2, repeat duration 0.5 min, and
exclusion duration at 90 s. The resolving power of the Orbitrap mass analyzer was
set  at 100,000 (m/�m 50% at m/z 400) for the precursor ion scans.

2.4. Database searching, data filtering and site localization

The derived mass spectrometry datasets were converted to generic format
(*.dta) files using Bioworks 3.2. These files were then searched against the real and
reverse IPI rat protein sequence database (version 3.28) using the SEQUEST search-
ing program. Trypsin was  designated as the protease, with two missed cleavage sites
being allowed. The search parameters included: carboxyamidomethylation modi-
fication of cysteine as a fixed modification, phosphorylationon serine, threonine,
and  tyrosine as dynamic modifications and oxidation on methionine as a variable
modification. Up to six phosphorylation sites were allowed per peptide. Previously
published filter parameters were set for phosphopeptide identification (Wu et al.,
2007), with a �Cn score of at least 0.1 required, regardless of charge state, and a
false discovery rate (FDR) of ≤1%. The FDR was calculated based on the following
formula: % fal = nrev/(nrev + nreal), where nrev is the number of peptide hits matched
to  a “reverse” protein and n real is the number of peptide hits matched to a “real”
protein. In addition, every spectrum of the phosphopeptides was manually checked
to  ensure that the fragment ion peaks have a high signal-to-noise ratio. Precursor
ion mass tolerances were 10 ppm and a fragment ion mass tolerance was  0.8 Da. The
two mass spectrometry datasets for the same treatment were combined for future
phosphoprotein group identification.

For phosphorylation site localization, each SEQUEST-identified phosphorylation
site from the peptides in Table S1 was subjected to analysis using ArNone soft-
ware (Jiang et al., 2010). Sites with Ascore values above 19 were considered to be
localized with near certainty, while those with scores between 13 and 19 were con-
sidered to be localized with high certainty. Unique novel sites were confirmed by
searching the combined phosphorylation sites (Ascore value above 19) in all groups
inside the rat database on the UniProt (http://www.uniprot.org) and PhosphoSite
(http://www.phosphosite.org) website and manually excluding sites homologous
to  both humans and mice.

For protein identification, we used the IPI database, which offers complete
non-redundant datasets built from the Swiss-Prot, TrEMBL, Ensembl and RefSeq
databases. A protein group was  removed if all identified peptides assigned to that
protein group were also assigned to another protein group. To extract a single pro-
tein member from a protein group, we chose the protein with the highest sequence
coverage.

2.5.  Data analysis

Specific motifs were obtained from the combined datasets for all treatments
using the Motif-x algorithm (http://motif-x.med.harvard.edu) (Schwartz and Gygi,
2005). All single phosphorylation and extendible sites (non-N/C-terminal peptides)

with an Ascore ≥ 19 were used for motif analysis. NetworKIN-2.0 (Linding et al.,
2007)  was used to predict probable kinase families for the identified phosphoryla-
tion sites. Because Rattus norvegicus was not included in the NetworKIN database,
human taxonomy was  chosen as an alternative, as it is generally assumed that
kinase substrates are highly conserved between humans and rats. Kinase–substrate

http://www.uniprot.org/
http://www.phosphosite.org/
http://motif-x.med.harvard.edu/


H. Zhang et al. / Toxicology Le

Table  1
Summary of characteristics of phosphorylated proteins in rat liver.

PFDoA (mg/kg/day)

0 0.2 0.5

Total peptides 2749 1316 1931
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Unique peptides 959 577 818
Protein groups 561 363 479

elationships with a NetworKIN score > 1.0 and a String score > 0.6 were regarded as
ignificant.

All  gene ontology data for the phosphoproteins were obtained by searching
he  Gene Ontology database (http://www.geneontology.org/). Further analysis was
erformed using the GOstat program (http://gostat.wehi.edu.au/) to sort the GO
nnotations to find functional annotations that were highly represented in the data.
nalyses of diseases associated with the identified phosphoproteins and the interac-

ions among these proteins in the control and PFDoA-treated groups were performed
sing Pathway StudioTM (v7.0) software (Ariadne Genomics, Inc. Rockville, MD).

.6. Western blotting and phosphopeptide validation

Western blot analysis was  performed according to the standard procedure
escribed previously (Zhang et al., 2011). The primary antibodies used were rab-
it  polyclonal antibodies for rat glycogen synthase kinase (GSK3�), GSK3� (pT216),
SK3� (pS9), protein kinase 1 (PDK1), PDK1 (pS241), Akt (Signalway Antibody),

nsulin receptor substrates (IRS1, pS1101), IRS1 (pS302), PI3K (Abcam) and Akt
pS473) (Cell Signaling Technology).

Two phosphopeptides (RDSpVLWSDIPK and AGSpDTELAAPK) were synthesized
ith  a purity > 98% (Scilight Biotechnology, Beijing, China) and analyzed by LTQ-
rbitrap mass spectrometry as described above. The MS/MS  spectra of synthesized
eptides were compared with those of the identified peptides.

.7. Determination of triglyceride (TG), total cholesterol (TC) and glycogen
ontent in the liver

Liver lipids were extracted using a mixture of chloroform/methanol (2:1, v/v).
iver TG and TC were analyzed using commercial kits according to the manufac-
urer’s recommendations (Biosino Bio-technology and Science Inc., Beijing, China).
iver homogenates (10% in 0.9% NaCl) were employed to assay glycogen levels using
its according to the user’s manual (Nanjing Jiancheng Bioengineering Institute,
anjing, China). In addition, a portion of each liver sample which was  fixed in 10%
eutral buffered formalin was embedded in paraffin, cut and stained with periodic
cid-Schiff (PAS) staining. Glycogen levels were observed under a light microscope.

.8. Quantitative real-time PCR analysis

Total RNA extraction and qPCR analysis was performed as described previ-
usly (Zhang et al., 2011). The rat-specific primers were given in supplemental data
or  specific genes: sterol regulatory element binding protein 1c (SREBP-1c), fatty
cid synthase (FASn), stearoyl-CoA desaturase 1 (SCD1), and fatty acid translocase
CD36). Hprt1 was chosen as an internal control.

. Results and discussion

.1. Phosphoproteomic analysis of rat liver following PFDoA
reatment via LC–MS/MS

To perform a phosphoproteomic analysis of rat livers that were
r were not subjected to PFDoA treatment, rats were exposed to
hree different levels of PFDoA (0, 0.2, and 0.5 mg/kg/d) for 110
ays. Liver extracts of equal quality from six rats in each group were
ooled to yield a single liver protein sample mixture and digested
ith trypsin. Phosphopeptides were further enriched with TiO2

nd analyzed via LC–MS/MS analysis. Two independent analyses
f each of the three treatments were performed, and the resultant
aw data (for each treatment) were combined for further protein
roup assignment and data analysis (Table S1). A total of 959, 577
nd 818 unique phosphopeptides from 561, 363 and 479 phos-

hoproteins were identified with a FDR < 1% following the 0, 0.2,
nd 0.5 mg/kg/d PFDoA treatments, respectively (Table 1, Fig. S1
nd Table S2).  After combining all of the results from all indepen-
ent experiments, the percentages of peptides presenting single,
tters 218 (2013) 61– 69 63

double and triple phosphorylated sites were 94.6%, 4.3% and 1.2%,
respectively (Fig. 1A).

Two  of these identified phosphopeptides, RDSpVLWSDIPK from
peroxisomal acyl-CoA oxidase 3 (Acox3) and AGSpDTELAAPK from
FASn, were obtained as synthetic peptides. The MS2  spectra of
these phosphopeptides obtained from TiO2-enriched liver extracts
were almost identical to the MS2  spectra of synthesized peptides
(Fig. S2), indicating accurate identification was achieved.

The ArMone software suite was  then used to calculate the Ascore
value of each phosphorylated site; the Ascore value distribution
for all of the phosphorylation sites revealed that 61.1% of the
sites had Ascore values of at least 19, indicating near certainty,
and 8.2% of phosphorylation sites had Ascore values between 13
and 19, indicating high certainty (Fig. 1B). A total of 849 unique
phosphorylation sites with an Ascore of greater than 19 were
detected in this study (Table S3). By analyzing the phosphorylated
amino acids, the distribution of all unique phosphorylation sites
was found to consist of 85.8% phosphoserines, 12.1% phosphothre-
onines and 2.1% phosphotyrosines (Fig. 1C), which is consistent
with the pSer:pThr:pTyr ratios reported by Olsen (86.4:11.8:1.8)
and Nagano (86:12:2) in HeLa cells (Nagano et al., 2009; Olsen et al.,
2006). Furthermore, retrieval of phosphorylation site (Ascore ≥ 19)
information from the UniProt and PhosphoSite rat databases indi-
cated 143 sites were considered to be novel phosphorylation sites
for 124 phosphoproteins; this was  accomplished by manually
checking and excluding sites homologous to both humans and mice
(Fig. 1D and Table S3).

Because the liver is the main organ that regulates metabolism,
it is not surprising that some of these 124 phosphoproteins were
related to metabolism (Table 2). For example, several enzymes,
such as FASn (Ser2191), hydroxymethylglutaryl-CoA synthase
(HMGCS; Ser477), very long-chain acyl-CoA synthetase (SLC27a2;
Ser209), and peroxisomal bifunctional enzyme (EHHADH; Ser705
and Thr27), that play important roles in lipid metabolism have
been reported to be phosphoproteins, although the relationships
between their activities and the observed phosphorylation events
are currently unknown. The activities of several phosphoproteins
associated with glucose metabolism, such as glycogen synthase
(GYS2; Ser627) and Akt2 (Ser461), are known to be regulated
by dephosphorylation or phosphorylation of specific sites, which
have been previous characterized (Hers et al., 2011; Ros et al.,
2009). In addition, this is the first study to identify phosphoryla-
tion sites in certain proteins involved in xenobiotic metabolism,
including cytochrome P450 family members (Cyp2a1, Cyp2S1;
Ser130 in Cyp2a1, Ser84 in Cyp2S1, respectively) and epoxide
hydrolase 1 (EPHX1; Ser38 and Ser41). The novel phosphory-
lation sites identified here not only enrich the phosphoprotein
database but will also aid future research addressing functional
proteins.

3.2. Motif analysis and kinase prediction

The Motif-X algorithm was  used to extract significant phosphor-
ylation sequence motifs from our dataset, and NetworKIN (version
2.0) was used to reveal the kinase–substrate relationships. A total
of 8 serine motifs and 1 threonine motif was  found in this study
(Table S4). These motifs can be divided into 3 general classes: acidic
motifs, such as [S#D/ExE], [S#xD/E] and [S#xxD], which are rec-
ognized as substrates of casein kinase II (CK2); basophilic motifs,
such as [RRxS#] and [RxxS#], which are specific recognition sites
for PKA/PKC (Amanchy et al., 2007); and proline-directed phos-
phorylation motifs [T/S#P], which are substrates of many kinases,

such as cyclin-dependent kinase 1 (CDK1) and members of the
MAPK group (p38 and JNK). Similar to another study (Villen et al.,
2007), we  identified more proline-directed and acidic motifs than
basic motifs. Proline-directed phosphorylation motifs were found

http://www.geneontology.org/
http://gostat.wehi.edu.au/
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Fig. 1. General description of the phosphoproteomic data obtained in this study. (A) Distribution of single, double and triple phosphorylated peptides. (B) Ascore value
d  (pS),
t detect

n
d
(
a
w

T
P

istribution for all identified phosphorylation sites. (C) Frequency of phosphoserine
han  19. (D) Number of novel and known phosphorylated sites among all peptides 

early 200 times in total and were the most abundant motifs
etected (Table S4), while acidic motifs were detected 139 times

Fig. 2A). Interestingly, the percentage of acidic motif proteins, such
s CK2 substrates, was the highest among the detected motifs,
hile proline-directed kinases were the most frequently observed

able 2
artial phosphoproteins related to metabolism with novel phosphorylation sites detected

Protein description Gene symbol 

Lipid metabolisma

Fatty acid synthase Fasn 

Very  long-chain acyl-CoA synthetase Slc27a2 

Hydroxymethylglutaryl-CoA synthase, mitochondrial precursor Hmgcs2 

5′-AMP-activated protein kinase subunit beta-1 Prkab1 

Peroxisomal bifunctional enzyme Ehhadh 

Peroxisomal bifunctional enzyme Ehhadh 

NOL1/NOP2/Sun domain family, member 2 Nsun2 predicted

Amino acid metabolism
Similar to glutathione S-transferase zeta 1 isoform 2 LOC681913 

Cystathionine gamma-lyase Cth 

Dihydropyrimidinase Dpys 

Arginase-1 Arg1 

Carbohydrate metabolism
RAC-beta serine/threonine-protein kinase Akt2 

Glycogen synthase Gys2 

Similar to aldehyde dehydrogenase 1 family, member L2 Aldh1l2 predicte

Xenobiotic metabolism
Cytochrome P450 2A1 Cyp2a1 

Epoxide hydrolase 1 Ephx1 

Epoxide hydrolase 1 Ephx1 

Glutathione S-transferase alpha-1 Gsta2;Yc2;Gsta3
Glutathione S-transferase Mu  1 Gstm1 

Cytochrome P450 2C11 Cyp2c 

Cytochrome P450 2C11 Cyp2c 

Cytochrome P450 2C11 Cyp2c 

Cyp2s1 protein-like Cyp2s1 

Steriod metabolism
Similar to RIKEN cDNA 4632417N05 Sdr42e1 

3-alpha-hydroxysteroid dehydrogenase Akr1c9 

Energy metabolism
Similar to type V P-type ATPase isoform 4 RGD1306927 pre

a The identified phosphorproteins are grouped according to their functions.
 phosphothreonine (pT) and phosphotyrosine (pY) residues with an Ascore greater
ed (Ascore > 19).

phosphoserine/threonine kinases, including members of the p38
group, cyclin-dependent kinase 2 (CDK2) and the JNK group

(Fig. 2B). These results were consistent with the motif distribution
derived from Motif-X analysis and suggested that s/tP kinases tend
to be more active than s-D/E kinases in the rat liver.

 in this study.

IPI accession Phosphorylation sequence Site

IPI00200661.1 AGS#DTELAAPK S2191
IPI00205417.5 VDGVSADPIPES#WR S209
IPI00210444.5 VNFS#PPGDTSNLFPGTWYLER S477
IPI00231108.5 SQNNFVAILDLPEGEHQY#K Y125
IPI00232011.9 LVAQGS#PPLK S705
IPI00232011.9 LCNPPVNAVSPT#VIR T27

 IPI00364693.3 FQQPPQPEGEEDGS#DGSR S48

IPI00193221.2 VDLS#PYPTISHINK S139
IPI00194550.5 QDS#PGQSSGFVYSR S50
IPI00205906.2 DQTCT#PIPVK T484
IPI00327518.4 DHGDLAFVDVPNDS#PFQIVK S74

IPI00212846.3 YDSLGS#LELDQR S461
IPI00324172.2 FHLEPTS#PPTTDGFK S627

d IPI00361193.5 T#PQPEEGATYEGIQK T213

IPI00196696.6 RLS#IATLR S130
IPI00209690.1 DKEETLPLGDGWWGPGS#KPSAK S38
IPI00209690.1 DKEETLPLGDGWWGPGSKPS#AK S41

 IPI00231638.6 ISS#LPNVK S190
IPI00231639.7 YLS#TPIFSK S205
IPI00327781.1 RFS#IMTLR S127
IPI00327781.1 ADS#LSSHL S495
IPI00327781.1 ADSLSS#HL S498
IPI00734626.2 LLISELS#R S84

IPI00768842.1 MGPVVLSLSRMDS#PR S13
IPI00211100.1 S#PVLLDDPVLCAIAK S232

dicted IPI00362098.4 NESVSALS#ASPNVPEK S1019
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Fig. 2. Motif-X analysis and kinase prediction for all phosphorylated proteins iden-
tified in the rat livers. (A) Frequency of acidic, basic and proline-directed residues
extracted in total. (B) Protein kinase analysis for all phosphorylated sites using Net-
worKin 2.0. The number of peptides phosphorylated by each kinase was  divided by
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(Ser1101 and Ser302), PDK1 (Ser241), and Akt (Ser473) and the
he  total number of peptides phosphorylated by all of the kinases in one group to
enerate a percentage for each kinase.

.3. GO analysis of phosphoproteins

For the determination of the types of phosphoproteins iden-
ified in the liver of normal and PFDoA-treated rats, GO analysis
rovided the functional annotations (including molecular function,
ellular localization and biological process) of the phosphoproteins.
wenty categories which were highly represented were shown
n Fig. S3.  Overall, 460 of 561, 302 of 363 and 393 of 479 phos-
hoproteins were annotated in the 0, 0.2 and 0.5 mg/kg/d PFDoA
reatment groups, respectively. Based on GOstart analysis, over half
f the proteins (57.9%, 56.2% and 60.5%) were found to be related
o protein binding in the three groups. Two other molecular func-
ions attributed to more than 10% of the proteins in each group
ere nucleotide binding and ATP binding (Fig. S3A). In addition,

he majority of the phosphoproteins identified in rat liver were
ound to be localized in the cytoplasm (∼38%) and nucleus (∼30%)
Fig. S3B). There was no obvious difference in the percentage of
ach function and location category between the PFDoA-treated
nd control groups. Phosphoproteins were involved in biological
rocesses such as drug responses, amino acid phosphorylation,
xidation–reduction, metabolic processes, signal transduction and
poptosis. We  compared the annotations of each phosphoproteome
et obtained from the different groups with or without PFDoA
reatment. Interestingly, compared to the control, the percentages
f phosphoproteins in some annotation groups such as response
o drugs, apoptosis signaling, oxidation–reduction, and cellular
esponse to insulin stimulus increased in the PFDoA-treated groups.

revious studies have indicated that PFNA leads to cell apoptosis in
he rat testis and thymus (Fang et al., 2009; Feng et al., 2009). Phos-
horylation status of these proteins in different PFDoA treatments
tters 218 (2013) 61– 69 65

would provide a new horizon for studying the mechanism of PFDoA
toxicity.

3.4. Signaling pathway analysis

To gain a better understanding of these phosphoproteins,
detailed analyses of the interaction relationships among these pro-
teins related to various diseases were performed using Pathway
Studio software via the ResNet database. A total of 561 and 583
phosphoproteins in control and combined PFDoA-treated groups
were subjected to analysis. Many phosphoproteins were found to
be associated with hepatic injuries and diseases, such as liver toxic-
ity, regeneration, fatty liver, neoplasms and carcinoma (Fig. 3A). For
example, 21 proteins were related to liver toxicity, including heat
shock proteins (HSPB1, HSP90AA1 and HSPD1), superoxide dismu-
tase 1 (SOD) and glutathione peroxidase 1 (GPX1), which plays a
significant role in oxidative stress reactions. Obvious spotty necro-
sis and steatosis as well as significant increases in the mRNA levels
of HSPD1 and HSPB1 (1.36 fold and 3.53 fold) were observed in
rat livers after 0.2 mg/kg/d PFDoA treatment for 110 days (Ding
et al., 2009). In addition, SOD and GPX1 activity in the livers of rats
and fish was found to be induced by acute PFAA exposure in pre-
vious studies (Liu et al., 2008; Zhang et al., 2008). To determine
whether the phosphorylation of these proteins contributes to their
functional alteration following PFAA exposure, further investiga-
tion will be necessary.

The results of the interaction relationship analyses showed
that 25 of the phosphoproteins were regulated by phosphory-
lation of glycogen synthase kinase 3 (GSK3) either directly or
indirectly (Fig. 3B). These proteins included IRS1, PDK1, protein
kinase C, SREBP1, GYS2, and so on. GSK3 is a multifunctional ser-
ine/threonine (Ser/Thr) kinase that was first identified based on
its ability to phosphorylate and inactivate glycogen synthase. It
exists as two isoforms: GSK3� (51 kDa) and GSK3� (46 kDa), which
are highly homologous (approximately 85% protein sequence
similarity) (Woodgett, 1990). GSK3 activity is regulated by the
phosphorylation of both serine and tyrosine residues. Phosphory-
lation of Ser21 in GSK3� and Ser9 in GSK3� decreases their activity,
whereas an increase in activity is observed when Tyr279 in GSK3�
and Tyr216 in GSK3� are phosphorylated (Frame et al., 2001;
Hughes et al., 1993; Stambolic and Woodgett, 1994).

Therefore, we further investigated the role of GSK3 in the hep-
atotoxicity of PFDoA. Despite the fact that Tyr216 was the only
GSK3� phosphorylation site (and Tyr279 was the GSK3� site) iden-
tified in the 0.5 mg  PFDoA/kg/d group, both GSK3�/� protein levels
and phosphorylation (Tyr279/216 and Ser21/9) could be detected.
The results showed that the protein and phosphorylation levels of
GSK3�/� in rat livers were both decreased following the PFDoA
treatments (Fig. 4A), which indicated that sub-chronic exposure to
PFDoA could inhibit GSK3�/� activity in rat livers via decreasing
the GSK3 protein levels.

GSK3 is constitutively active and is significantly deactivated by
insulin signaling through the sequential activation of IRS1, PI3K,
and Akt to phosphorylate specific serine residues in the enzyme; as
a result, an increase in glycogen synthase activity stimulates glyco-
gen synthesis (Cross et al., 1995). Thus, the levels of glycogen in the
liver and the expression levels of proteins upstream of GSK3 were
measured. The results showed that liver glycogen levels did not
change following PFDoA exposure for 110 days (Figs. S4A and S4B),
indicating that PFDoA treatment did not increase the glycogen syn-
thesis via GSK3 inhibition to increase glycogen synthase activity
as a consequence. However, the phosphorylation levels of IRS1
protein levels of PI3K were all clearly down-regulated by PFDoA
exposure (Fig. 4B), which suggested inhibition of PI3K, PDK1 and
Akt activities. This suggests that inhibition of GSK3 activity by
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Fig. 3. Analysis of the regulatory network of all of the phosphorylated proteins identified in rat liver. The pathway analysis was performed using Pathway Studio (v 7.0)
software. (A) The network of phosphoproteins that are related to diseases. (B) The network of proteins that are related to glycogen synthase kinase-3 beta (GSK-3�). The
green  shadow represents a protein only identified in the normal group. The blue shadow represents a protein only identified in the PFDoA-treated group. Table S5 provides
a  color
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FDoA is not dependent on the PI3K/PDK1/Akt pathway. In addi-
ion, we further detected the protein levels of GSK3, PDK1 and
kt and found that all the protein levels decreased in PFDoA

reatments. Thus, we speculated that chronic PFDoA exposure
ould inhibit the insulin signal pathway by inhibiting the protein
ynthesis of related proteins. GSK3 has also been reported to down-
egulate the transcriptional activity of ADD1/SREBP1c (Kim et al.,
004), a transcription factor that has been shown to inhibit the
I3K/Akt pathway, and phosphorylate IRS1 on serine and threonine
esidues, thereby impairing insulin signaling (Eldar-Finkelman and
rebs, 1997). In the present study, SREBP-1c mRNA levels were
ound to be induced over 2.5 fold in the 0.5 mg/kg/d PFDoA group
Fig. 5A). Hence, we hypothesized that inhibition of liver GSK3 by
FDoA led to an increase in the transcriptional levels of SREBP-1c,
hich further down-regulated the PI3K/Akt signaling pathway. The
 in this figure legend, the reader is referred to the web version of the article.)

inhibition of GSK3 and elevation of SREBP-1c might play crucial
roles in controlling glycogen storage in the rat liver following expo-
sure to PFDoA for 110 days.

In addition, SREBP1 can regulate a wide array of genes involved
in lipid biosynthesis, including genes involved in de novo lipogen-
esis (FASn, acetyl co-A carboxylase (ACC1)), glycerol-3-phosphate
acyltransferase (GPAT), lipoprotein lipase (LPL)), SCD1, CD36, and
phospholipid biosynthesis (phosphocholine cytidylyltransferase,
CCT) (Hagen et al., 2010). Thus, we  determined the mRNA levels of
FASn, SCD1 and CD36 as well as the TG and TC content in rat livers
following exposure to different doses of PFDoA. The results showed

that the mRNA levels of SCD1 and CD36 were also significantly
induced in both PFDoA-treated groups, while the levels of FASn
mRNA decreased in the 0.5 mg/kg/d PFDoA group (Fig. 5A). Mean-
while, liver TG and TC increased significantly in the PFDoA-treated
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Fig. 4. Western blot analysis of protein levels in the rat liver following PFDoA exposure. (A) Western blot showing the levels of GSK3�/� proteins and phosphorylation
(Tyr276/216 in GSK3�/� and Ser21/9 in GSK3�/�). (B) The phosphorylation levels of IRS1 (Ser1101 and Ser302), PDK1 (Ser241), and Akt (Ser473) and the protein levels of
PDK1,  Akt and PI3 kinase class III (PI3K) were measured. The left panel shows representative blots from three experiments. Hypoxanthine guanine phosphoribosyl transferase
1  (Hprt) was  used as an internal control. The right panel shows the mean levels of protein bands compared to the control. Values indicate the mean ± SE of three rats per
group,  *p < 0.05, **p < 0.01.
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Fig. 5. Quantitative real-time PCR analysis of mRNA levels in the livers of control and PFDoA-exposed male rats. (A) mRNA levels of SREBP-1c, fatty acid synthase (FASn),
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CD1  and fatty acid translocase (CD36), which are related to lipid storage. (B) Conce
10  days. Values indicate the mean ± SE of six rats per group, *p < 0.05, **p < 0.01.

roups (Fig. 5B). Thus, we speculated that long-term exposure to
FDoA could increase the lipid storage in the rat liver, mainly
y inducing fatty acid transport to the liver, while the observed
ecrease in FASn mRNA levels might be due to negative feedback

egulation of high lipid levels. Therefore, the inhibition of GSK3
nd induction of SREBP-1c might contribute to metabolism related
o lipid accumulation in the rat liver induced by chronic PFDoA
xposure.
ons of triglyceride (TG) and total cholesterol (TC) in rat livers exposed to PFDoA for

4. Conclusion

In this study, we  identified a total of 1443 unique phos-
phopeptides from 769 phosphoproteins using high-sensitivity

nano-electrospray and an LTQ-Orbitrap in control and PFDoA
treated rat livers. Among these phosphorylation sites, 143 were
identified as novel phosphorylation sites in 124 phosphoproteins.
Signal pathway and network analysis revealed that GSK3 might



6 ogy Le

p
b
p
e
i
r
r
r
h
o
o
f
n

C

A

P
N

A

f
j

R

A

B

C

D

D

E

F

F

F

F

G

G

H

H

8 H. Zhang et al. / Toxicol

lay a role in PFDoA-induced hepatotoxicity. Western blot and
iochemical analysis further confirmed that the protein and phos-
horylation levels of GSK3 were reduced following chronic PFDoA
xposure. Also, several other proteins (IRS, PDK1 and Akt) in
nsulin signal pathway were reduced, which would cause insulin
esistance-like changes and affect the lipid accumulation in the
at liver. However, the exact mechanism underlying this process
equires further investigation. This report provides a more compre-
ensive view of phosphorylation networks related to the toxicities
f persistent organic pollutants and could facilitate the discovery
f new biomarkers for PFAAs toxicity. Future research into the
unctions of the identified novel phosphorylation sites will also be
ecessary.
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