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a b s t r a c t

Perfluorododecanoic acid (PFDoA), a ubiquitous contaminant detected in environmental matrices,
wildlife, and human blood, has been shown to produce adverse effects on male reproduction in rats.
The mechanism of action of PFDoA in testis, however, is not well understood. In the present study, male
rats were orally exposed to PFDoA (0.02, 0.2, and 0.5 mg/kg/day for 110 days), and a two-dimensional gel
electrophoresis (2-DE) approach was employed to investigate the alteration of protein expression in the
testes. Decreased serum progesterone levels were observed. Matrix-assisted laser desorption/ionization
(MALDI) tandem time of flight (TOF/TOF) mass spectrometry analysis allowed the unambiguous iden-
tification of 40 differentially expressed proteins. These proteins are mainly involved in mitochondrial
respiration, oxidative stress, sperm activity, cytoskeleton and intracellular signal transduction. Further-
roteome

itochondria
xidative stress
OD

more, PFDoA led to decreases in activities of superoxide dismutase (SOD), mitochondrial H-ATPase, and
cytochrome c oxidase as well as to an increase in lipid peroxidation in testes. Our results indicated that
these proteins, which are involved in mitochondrial respiratory and antioxidative responses, play impor-
tant roles in the inhibition of testicular steriodogenesis in response to PFDoA. Our data demonstrate that
alterations of multiple pathways may be associated with the toxic effects of PFDoA on testes. SOD and
H-ATPase subunit d may be sensitive to PFDoA exposure in testis.
. Introduction

Perfluoroalkyl acids (PFAAs) are a family of perfluorinated
hemicals that consist of a carbon backbone typically 4–14
arbons in length and include perfluorooctanoic acid (PFOA), per-
uorooctane sulfate (PFOS), perfluorodecanoic acid (PFDA), and
erfluorododecanoic acid (PFDoA). PFAAs, which are highly resis-
ant to degradation, have been used as surfactants in a variety of
roducts such as plasticizers, paints, cosmetics, and fire-fighting
oams (Renner, 2001). As a result of their widespread use and
xtraordinary persistence, these chemicals and their potential pre-
ursors have been found in air, water, soil, wildlife, human blood,
nd breast milk around the globe (Karrman et al., 2007; Lau et al.,
007; Renner, 2001; Tao et al., 2008). For example, the total amount
f PFAAs transferred from nursing mothers to breastfeeding infants
as approximately 200 ng/day in Sweden and 23.5 ng/kg of bw/day
n the USA (Karrman et al., 2007; Tao et al., 2008). Due to the wide
istribution of PFAAs, the potential health risks for humans and
ildlife has raised scientific and regulatory concern (Lau et al.,

007).
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PFAAs are known as peroxisome proliferators that induce liver
enlargement, turbulence of hepatic lipid metabolism, and liver ade-
nomas in rodents (Seacat et al., 2003; Vanden Huevel et al., 2006).
In addition, PFAAs such as PFOA and PFOS also exert immune tox-
icity (Yang et al., 2001) and neuron toxicity (Lau et al., 2007) as
well as reproductive and developmental toxicity in rodents (Lau
et al., 2004). In male rats, PFOA exposure led to notable testicular
toxicities, including testis lesions, decreased testosterone levels in
both serum and testicular interstitial fluid, and Leydig cell tumors
(Jensen and Leffers, 2008; Lau et al., 2004). PFDA disrupted testos-
terone and progesterone synthesis in both in vivo (Bookstaff et al.,
1990) and in vitro (Boujrad et al., 2000). Our previous work also
indicated that PFDoA exposure at 5 mg/kg/day or 10 mg/kg/day for
14 days resulted in testis cell apoptosis and a decline in serum
testosterone (T) levels. Moreover, 110 days PFDoA exposure led
to significantly decreased testosterone and expressional changes
of testicular steroidogenic genes in rats (Shi et al., 2009). These
results suggested that testosterone decline may be involved in the
pathway of cholesterol transportation and steroidogenesis and that

these pathways were disrupted in testes following PFDoA exposure
(Shi et al., 2007). In addition, PFAAs with more than seven car-
bons in their backbone cannot be easily metabolized and excreted
from the body; thus, longer carbon chain PFAAs such as PFDoA
have higher accumulation capabilities and are more physiologi-

http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:daijy@ioz.ac.cn
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2.7. Lipid peroxidation and enzyme activity

Rat testis was homogenized in PBS (pH 7.4) and was then centrifuged at 3000 × g.
The supernatant fluid was collected for the analysis of superoxide dismutase activ-
ity and lipid peroxidation. Mitochondrial H-ATPase activity was measured according
to the reference (Comelli et al., 2007) and the measured activity was expressed as
80 Z. Shi et al. / Toxicology

ally persistent than shorter chain PFAAs (Ohmori et al., 2003).
aken together, these data suggest that PFDoA may exhibit more
oxicities than other PFAAs and may exert deleterious effects on
esticular function. Thus, global functional analyses to explore the
omplicated biochemical mechanism of PFDoA in testes are war-
anted.

Proteomics is a powerful method in toxicology and will pro-
ide insight into the mechanisms of toxic compounds (Wetmore
nd Merrick, 2004). Specifically, proteome analysis provides an
ffective way to discover the complex effects of toxic chemicals
nd related biomarkers for risk assessment (Klenø et al., 2004).
his method has been used to study the mechanism of liver tox-
city following PFOA exposure in rare minnows (Wei et al., 2008),
ut the investigation of the protein expression profile in testes
rom rodents exposed to PFAAs has not yet been conducted. In
he present study, male rats were treated with PFDoA for 110
ays via gavage. A 2-DE approach was employed to examine the
lterations in protein expression in the testes from rats following
his chronic exposure to PFDoA. In order to further confirm the
roteomic results, the enzymatic activities and gene expression
hanges were analyzed. Serum progesterone levels were mea-
ured by chemiluminescence to identify the toxic endpoints of
FDoA exposure. Based on the proteomic analysis together with
he biochemical data, we lay the foundation for understanding the
nderlying mechanisms of PFDoA toxicity.

. Materials and methods

.1. Materials

PFDoA (CAS no. 307-55-1, 95% purity) was purchased from Sigma–Aldrich Corp
St. Louis, MO). Phenylmethylsulfonyl fluoride (PMSF), immobilized IPG strips, and
ithiothreitol (DTT) were purchased from Amersham Biosciences (USA). All other
hemicals and reagents were analytical grade.

.2. Animals and treatment

Three-week-old male Sprague–Dawley rats were purchased from Weitong Lihua
xperimentary Animal Central, Beijing, China. Animals were placed individually in
tainless steel cages and maintained in a mass air displacement room with a 12 h
ight–dark cycle at 20–26 ◦C with a relative humidity of 40–60%. Animals had access
o food and water ad libitum. After a 1-week acclimation period, rats were ran-
omly divided into one control and three treatment groups. Each group contained
ix rats.

PFDoA was dissolved in 0.2% Tween-20 (Beijing Chemical Reagent Co., Beijing,
hina) in distilled water. The rats in the treatment groups were exposed to PFDoA
ia oral gavage at doses of 0.02, 0.2, and 0.5 mg PFDoA/kg body weight/day for 110
ays using a dosing volume of 6 ml/kg of body weight. Control animals were dosed
ith 0.2% Tween-20 (vehicle) in the same volume. At the end of the experiment,

ix rats from each group were weighed and euthanized by decapitation. Blood was
ollected and centrifuged at 2000 × g at 4 ◦C for 15 min. Serum was stored at −20 ◦C
ntil analysis. The testis was frozen immediately in liquid nitrogen and stored at
80 ◦C until analysis.

.3. Serum progesterone

Concentrations of serum progesterone were measured by chemiluminescence
sing commercial kits (Beijing North Institute of Biological Technology, China)
ccording to the manufacture’s recommendations.

.4. Sample preparation and 2-DE

Testis tissues from six rats per group were homogenized in 1 mL lysis buffer
7 M urea, 4% CHAPS, 30 mM Tris, 1.0% DTT, and 1 mM PMSF). The homogenates
ere centrifuged at 10,000 × g for 15 min at 4 ◦C to remove tissue and cell debris.

rotein concentration of the supernatants was determined using a Bradford Kit
Applygen Technologies Inc., China). Equal amounts of protein from samples from
ix rats per group were pooled into three samples by random selection of two
ndividual rats. Three pooled samples were then used for electrophoresis. Protein

amples (200 �g) from control and treatment groups were loaded onto an IPG strip
Immobiline 24 cm DryStrip pH 4–7, GE Healthcare, USA) for simultaneous rehy-
ration. Isoelectric focusing (IEF) was performed with the following voltage-time
rogram: 40 V for 5 h, 100 V for 6 h, 500 V for 1 h, 2000 V for 1.5 h, and 8000 V for
total of 70,000 V h. After being focused, IPG strips were equilibrated for 15 min

n 6 M urea, 2% SDS, 1% DTT, 75 mM Tris (pH 8.8), and 30% glycerol. The strips
s 192 (2010) 179–188

were equilibrated for 15 min in this solution without DTT but with 2.5% iodoac-
etamide. The strips were placed on a 12% SDS-polyacrylamide gel and then were
run for 6 h at 15 ◦C using a vertical electrophoresis system (GE Healthcare). After
electrophoresis, the gels were fixed in 40% (v/v) ethanol and 10% (v/v) glacial acetic
acid for 12 h and then transferred to a sensitizing solution containing 30% (v/v)
ethanol, 12.6 mM sodium thiosulfate, and 0.83 M sodium acetate for 1 h. The gels
were then washed four times for 1 h with deionized water. The gels were placed in a
14.7 mM silver nitrate solution for 1 h and then were washed for 4 min with deion-
ized water. The gels were developed with 0.24 M sodium carbonate and 13.3 mM
formaldehyde for 10 min, followed by the addition of 38.4 mM EDTA for 45 min
to stop the reaction. Finally, the gels were washed three times with deionized
water.

2.5. Spot detection and comparisons

The gels were scanned at a resolution of 600 dpi by the Uniscan D3000 scanner
(Tsinghua, China). 2-DE analysis software (ImageMaster 2D platinum, GE Health-
care) was used for protein spot analysis. Protein spots were detected with a
combination of automated spot detection and manual interpretation guided by land-
mark proteins. Protein spot intensity was determined and normalized by calculating
the relative spot intensity of the proteins compared to the total intensity of protein
in the gel. The differences in spot intensity between control and PFDoA-treated ani-
mals were analyzed using the Student’s t-test. Values of p < 0.05 were considered
statistically significance.

2.6. Protein identification

The protein spots that were significantly different between control and treat-
ment groups were excised from silver stained gels using a sterile scalpel. After
being destained with 50% ACN/25 mM ammonium bicarbonate solution, the gel
plugs were dried for 30 min. The dried gel particles were rehydrated for 45 min with
trypsin (Promega, Madison, WI, USA) in 25 mM ammonium bicarbonate at 4 ◦C, and
then incubated at 37 ◦C for 12 h. After trypsin digestion, the peptide mixtures were
extracted in 50% ACN/0.5% TFA and then were dried under the protection of N2.
Finally, the mixtures were analyzed with a 4700 MALDI-TOF/TOF Proteomics Ana-
lyzer (Applied Biosystems, Foster City, CA, USA). Myoglobin that had been digested
by trypsin was used to calibrate the mass instrument with internal calibration mode.
All acquired sample spectra were processed using 4700 Explore software (Applied
Biosystems) in default mode at Fudan University. Parent mass peaks with a mass
range of 700–3200 Da and minimum S/N 20 were chosen for tandem TOF/TOF anal-
ysis. The GPS Explorer software (V3.6, Applied Biosystems) was used to submit the
combined MS and MS/MS spectra to database search program MASCOT (V2.1, Matrix
Science, London, UK). For each spectra search, MS tolerance and MS/MS tolerance
were set as 0.2 and 0.6 Da, respectively. One missed tryptic cleavage was allowed.
MASCOT protein scores (based on combined MS and MS/MS spectra) of more than
56 were considered statistically significant (p ≤ 0.05). The individual MS/MS spec-
tra with statistically significant (confidence interval > 95%) best ion score (based on
MS/MS spectra) were accepted.
Fig. 1. The effects of chronic PFDoA exposure on serum progesterone levels in male
rats. Values represent the average ± S.E.M. from six rats per group. Asterisks indicate
a statistically significant difference: **p < 0.01.



Z.Shiet
al./Toxicology

Letters
192 (2010) 179–188

181

Table 1
Differentially expressed proteins in testis from control and PFDoA-treated rats.

Spot ID NCBI Protein name Protein score Sequencea Observed MW/pI Theoretical MW/pI Fold change induced by
PFDoA (mg/kg/day)b

0.02 0.2 0.5

Mitochondrial respiratory chain
1 gi|24233541 Cytochrome c oxidase, subunit Va 87 LNDFASAVR 17932/5.98 16119.3/6.08 1.28 1.08 −2.13*

2 gi|55992 Cytochrome c oxidase subunit VIa 139 EIMIAAQR 13486/6.60 12681.2/6.46 −1.59* −2.49* –
GLDPYNMLPPK

3 gi|57164091 Ubiquinol-cytochrome c reductase hinge protein 73 EEEEEELVDPLTTVR 11250/4.87 10417/4.9 1.12 −2.33* −3.35*

4 gi|220904 Subunit d of mitochondrial H-ATP synthase 138 SWNETFHTR 16547/5.83 18769.6/5.78 −1.97* −2.32* −2.21*

LASLSEKPPAIDWAYYR

Oxidative stress
5 gi|203658 Cu–Zn superoxide dismutase 258 DGVANVSIEDR 14856/5.95 15699.7/5.88 −1.16 −2.48* −2.93*

VISLSGEHSIIGR
GDGPVQGVIHFEQK

6 gi|13027384 Indoleamine 2,3-dioxygenase 58 47032/6.10 45801.6/6.17 2.18* 1.48 2.32*

7 gi|13162287 d-Dopachrome tautomerase 94 FLTEELSLDQDR 12035/6.11 13124.8/6.09 1.24 −1.85* −2.56*

8 gi|6978859 Ferritin, heavy polypeptide 1 64 YFLHQSHEER 23043/5.73 21086.2/5.62 −2.54* −1.07 −2.03*

9 gi|62079189 Glyoxalase domain containing 4 199 FQTVHFFR 32149/5.10 33246.5/5.11 1.15 −1.19 −1.93*

LELQGIQGAVDHSAAFGR

Sperm activity
10 gi|13928824 Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein 70 30683/4.49 29103.3/4.55 −1.07 1.33 −3.24*

11 gi|13242320 A-kinase anchor protein 4 63 MSDDIDWLHSR 90983/6.58 93433.9/6.37 1.32 1.25 −2.97*

12 gi|16924002 DJ-1 protein 101 GAEEMETVIPVDIMR 17133/6.53 19961.4/6.32 1.32 −1.13 −2.13*

13 gi|8393910 Phosphatidylethanolamine binding protein 1 80 FKVESFR 22751/5.53 20788.4/5.48 −2.13* – −3.24*

14 gi|10863989 Acid phosphatase 1, soluble isoform A 71 SPIAEAVFR 24137/6.14 18139.8/6.08 1.04 2.34* 2.60*

15 gi|71795633 C-src tyrosine kinase 72 51369/6.8 50713.8/6.62 1.2 −1.79* −3.32*

16 gi|55391508 Albumin 143 LVQEVTDFAK 65793/6.23 68714.1/6.09 1.03 −1.57* −2.13*

FKDLGEQHFK

Cytoskeleton reorganization
17 gi|57527565 Rho, GDP dissociation inhibitor (GDI) beta 67 18832/4.95 22869.5/4.99 −1.43 −1.17 3.52*

18 gi|56912233 Keratin complex 1, acidic, gene 14 67 50357/5.03 52650.9/5.08 1.25 1.32 −2.14*

19 gi|8393696 Stathmin 1 166 ASGQAFELILSPR 15369/5.71 17277.9/5.76 1.11 −1.29 −1.69*

20 gi|30842809 Glia maturation factor, gamma 100 17035/5.49 16768.5/5.56 1.27 1.75* −1.25
21 gi|57012436 Keratin 10 58 61035/5.23 56470.5/5.1 1.17 −1.22 −2.08*

22 gi|56847618 Type I keratin KA16 74 51579/5.11 50745.7/5.05 1.02 −1.58* 1.12

Protein quality control
23 gi|12084772 Chain A, crystal structure of rat alpha 1-Macroglobulin receptor binding domain 83 14257/5.71 15353.8/5.78 1.19 −1.30 −1.55*

24 gi|109471020 Similar to proteasome inhibitor PI31 subunit isoform 1 (predicted) 64 27358/4.93 29835.9/5.08 −1.87 −1.08 −1.51*

25 gi|16758810 Ubiquitin-conjugating enzyme E2N 306 SNEAQAIETAR 15948/6.31 17113/6.13 −1.63 −2.10* −3.33*

26 gi|61557351 COP9 (constitutive photomorphogenic) homolog subunit 8 72 21758/5.04 23221/5.09 1.34 −1.16 −1.92*

Signal transduction
27 gi|8393962 Phosphatidylinositol transfer protein 63 HVEAIYIDIADR 29368/5.94 31887.1/5.97 −1.12 −1.27 −2.55*

28 gi|4139938 Chain A, recombinant rat annexin V, W185a mutant 158 GLGTDEDSILNLLTAR 33790/5.01 35607.2/4.93 1.13 −2.3* −1.21
29 gi|72255531 EF hand domain containing 2 94 27847/5.05 26742.5/5.01 1.23 −1.14 −1.93*

30 gi|14091736 Inositol (myo)-1(or 4)-monophosphatase 1 84 28936/5.31 30491.4/5.17 −1.09 −1.30 −1.43*



182 Z. Shi et al. / Toxicology Letters 192 (2010) 179–188

Ta
b

le
1

(C
on

ti
nu

ed
)

Sp
ot

ID
N

C
B

I
Pr

ot
ei

n
n

am
e

Pr
ot

ei
n

sc
or

e
Se

qu
en

ce
a

O
bs

er
ve

d
M

W
/p

I
Th

eo
re

ti
ca

lM
W

/p
I

Fo
ld

ch
an

ge
in

d
u

ce
d

by
PF

D
oA

(m
g/

kg
/d

ay
)b

0.
02

0.
2

0.
5

31
gi

|6
26

58
19

8
Si

m
il

ar
to

R
an

-s
p

ec
ifi

c
G

TP
as

e-
ac

ti
va

ti
n

p
ro

te
in

(p
re

d
ic

te
d

)
17

9
FL

N
A

EN
A

Q
K

20
93

2/
5.

23
23

58
1.

7/
5.

15
1.

21
−1

.0
7

−1
.4

7*

V
A

EK
LE

A
LS

V
R

FA
SE

N
D

LP
EW

K
TL

EE
D

EE
EL

FK
32

gi
|6

84
09

51
PK

C
q-

in
te

ra
ct

in
g

p
ro

te
in

PI
C

O
T

75
H

N
IQ

FS
SF

D
IF

SD
EE

V
R

29
85

6/
4.

80
31

34
1/

4.
9

1.
52

1.
13

−2
.1

2*

O
th

er
fu

n
ct

io
n

s
33

gi
|1

11
20

73
0

Fr
ag

il
e

h
is

ti
d

in
e

tr
ia

d
97

H
V

H
V

H
IL

PR
21

34
6/

5.
97

17
33

6.
8/

6.
16

1.
24

1.
56

*
1.

32
34

gi
|7

10
51

82
2

U
n

kn
ow

n
(p

ro
te

in
fo

r
M

G
C

:1
16

26
2)

69
Y

EE
LQ

IT
A

G
R

61
36

8/
6.

90
59

21
2.

7/
8.

06
−1

.1
3

−1
.4

6*
1.

09
35

gi
|6

26
56

59
9

Si
m

il
ar

to
in

tr
afl

ag
el

la
r

tr
an

sp
or

t
p

ro
te

in
IF

T2
0

(p
re

d
ic

te
d

)
88

14
07

8/
5.

12
15

25
9/

5.
07

1.
34

1.
12

−2
.0

5*

36
gi

|2
03

07
8

N
u

cl
eo

la
r

p
ro

te
in

B
23

.2
11

9
V

D
N

D
EN

EH
Q

LS
LR

29
03

2/
4.

65
28

36
7.

7/
4.

55
1.

23
−1

.2
3

−2
.5

*

37
gi

|4
70

59
18

5
D

iv
al

en
t

ca
ti

on
to

le
ra

n
t

p
ro

te
in

C
U

TA
66

TQ
SS

LV
PA

LT
EF

V
R

17
03

5/
6.

33
16

40
2.

6/
6.

29
1.

23
1.

06
−1

.7
2*

38
gi

|2
06

63
82

7
C

h
ai

n
A

,r
at

tr
an

st
h

yr
et

in
co

m
p

le
x

w
it

h
th

yr
ox

in
e

73
A

LG
IS

PF
H

EY
A

EV
V

FT
A

N
D

SG
H

R
12

08
3/

5.
65

13
58

9.
8/

5.
76

1.
35

−1
.4

9
−2

.7
8*

39
gi

|6
83

41
96

5
N

-t
er

m
in

al
A

sn
am

id
as

e
10

0
35

08
9/

5.
91

34
57

9.
7/

5.
84

−1
.1

0
1.

74
*

1.
22

40
gi

|9
02

96
19

8
Li

ve
r

ca
n

ce
r-

re
la

te
d

p
ro

te
in

20
5

LG
PY

N
EE

LR
28

74
6/

5.
06

27
16

5.
2/

4.
98

1.
07

−1
.1

0
−1

.6
6*

IH
V

ID
H

SG
V

R
LS

EE
EA

Q
A

SA
IS

V
G

SR

a
Th

e
se

qu
en

ce
of

m
at

ch
ed

p
ep

ti
d

es
id

en
ti

fi
ed

by
M

S/
M

S
(i

on
cr

os
s

co
n

fi
d

en
ce

in
te

rv
al

C
I%

>9
0%

).
b

Fo
ld

ch
an

ge
s

w
er

e
ca

lc
u

la
te

d
by

co
m

p
ar

in
g

th
e

in
te

n
si

ty
of

p
ro

te
in

be
tw

ee
n

co
n

tr
ol

an
d

tr
ea

tm
en

t
sa

m
p

le
s

(n
=

3)
.

*
p

<
0.

05
.

Fig. 2. Representative 2-DE image for protein expression maps from rat testis (sil-

ver stained-gel). Spots of proteins that exhibited statistically significant differences
between control and PFDoA-treated rats are indicated with a red ring and numeral.
Each protein is annotated in Table 1.

nmol of ATP per min per mg of protein (nmol ATP/min/mg protein). The levels of
LPO, SOD activity, and mitochondrial cytochrome c oxidase (COX) activity were mea-
sured in the samples using a commercial LPO and SOD kit (Jiancheng Bio-technology
Inc., Nanjing, China) and COX kit (Genmed Scientifics Inc., USA) according to the
manufacturer’s recommendations.

2.8. RNA extraction and analysis of gene expression

Total testis RNA was extracted using the TRIZOL reagent (Invitrogen Corp.,
Carlsbad, CA) according to the manufacturer’s instructions. The cDNA was then
synthesized via reverse transcription (RT) using an oligo-(dT)15 primer (Promega,
Madison, WI) and the M-MuLV reverse transcriptase (Promega, Madison, WI) in
accordance with the manufacturers’ recommendations. Real-time PCR reactions
were performed with the Stratagene Mx3000P qPCR system (Stratagene, La Jolla,
CA). SYBR Green PCR Master Mix reagent kits (Takara, Dalian, China) were used
according to the manufacturer’s instructions for quantification of gene expression.
Rat-specific primers were designed for the genes of interest (Supplementary Data).
The housekeeping gene �-actin was used as an internal control. The Ct value was
obtained in the amplification reaction. Ct represents the cycle at which the fluores-
cence signal is first significantly different from background. The relative expression
ratio (R) of a target gene was calculated based on the description of Barlow et al.
(2003).
2.9. Statistical analysis

For the analysis of protein intensity in 2-DE, fold changes were calculated by
comparing the control and treatment groups. The significant differences between
the protein expression of the control and treatment groups was analyzed as
described above. For serum progesterone level, lipid peroxidation, enzyme activ-
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ty, and gene expression, the raw data were analyzed using SPSS for Windows 13.0
oftware (SPSS, Inc., Chicago, IL). All values are expressed as average ± S.E.M. Differ-
nces between the control and treatment groups were determined by Dunnett’s post
oc two-sided t-test. Differences were considered significant when the probability
as less than 0.05 (p < 0.05).

. Results

.1. Serum progesterone levels

The effects of chronic PFDoA exposure on serum progesterone
evels in male rats were analyzed (Fig. 1). Following 110 days of
FDoA treatment, the serum progesterone levels were significantly
ecreased by 53% and 67% in the 0.2- and 0.5-mg-dosed rats, respec-
ively (p < 0.01).

.2. Protein profiles

Following PFDoA exposure of rats, testes samples were ana-
yzed via a 2-DE approach to investigate the alteration of protein
xpression in the testes. Approximately 600 protein spots were
etected in the 2-DE and 374 spots were successfully matched
cross the whole set of images. Comparison of the intensities of
atched protein spots in the control and treatment groups revealed

5 differentially expressed spots (p < 0.05). We successfully iden-
ified 40 proteins using MS analysis (Fig. 2). The differentially
xpressed proteins in the rat testes from the control and treat-

ent groups are listed in Table 1 . Four spots were identified

s fragments of enzymes related to the mitochondrial respira-
ory chain. These proteins were cytochrome c oxidase subunit
a (COX5a) and subunit Via (COX6a), ubiquinol-cytochrome c
eductase hinge protein (UQCRH), and subunit d of mitochon-

ig. 3. Protein expression and mRNA levels of cytochrome c oxidase subunit Va (COX5a) an
oxidase in testis of rats exposed to PFDoA. (A) Changes in protein spots 1 and 2 in the

epresent the average ± S.E.M. from six rats per group. Asterisks indicate a statistically sig
s 192 (2010) 179–188 183

drial H-ATPase. Among these proteins, for animals exposed to
PFDoA at 0.2 and 0.5 mg/kg/day, UQCRH expression was signifi-
cantly decreased by 2.33- and 3.35-fold, respectively. The protein
levels of COX6a and subunit d of mitochondrial H-ATPase were
markedly reduced by PFDoA at all doses. In addition, some pro-
teins involved in oxidative stress exhibited significant differences
between the control and treatment groups. For example, compared
to the control rats, SOD levels were significantly decreased by 2.48-
and 2.93-fold at 0.2- and 0.5-mg-dosed rats, respectively. How-
ever, the levels of indoleamine 2,3-dioxygenase (IDO) was actually
upregulated by PFDoA at the 0.02 and 0.5 mg/kg/day doses. Further-
more, 110 days of PFDoA exposure also led to altered expression
of sperm activity-related proteins. For example, compared to the
control, the levels of tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein (YWHA) and A-kinase anchor
protein 4 (AKAP4) were significantly decreased by 3.24- and 2.97-
fold, respectively, in the highest dose group. Changes in several
cytoskeletal proteins such as stathmin 1 were noted. In addi-
tion, changes in expression of proteins that participate in protein
degradation, cell signaling transduction, lipid transfer, copper
homeostasis, and protein modification were also observed in cer-
tain dose group.

3.3. Enzyme activity and lipid peroxidation

To further confirm that alterations in expression of enzymes

involved in the mitochondrial respiratory chain and oxidative stress
identified via our proteomic method, the related enzyme activities
were measured. Indeed, PFDoA exposure significantly decreased
mitochondrial COX activity in rat testes in a dose-dependent man-
ner (Fig. 3D). This enzyme activity was significantly decreased by

d cytochrome c oxidase subunit VIa (COX6a), and enzymatic activity of cytochrome
2-DE (Table 1). (B and C) Changes in mRNA levels. (D) COX activity levels. Values
nificant difference: *p < 0.05, **p < 0.01.
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Fig. 4. Protein expression and mRNA levels of H-ATPase subunit d and superoxide dismutase (SOD), and enzymatic activity of H-ATPase and SOD in testis of rats exposed to
P s in m
T eroxi
A

6
a
m
S
5
(
o
g

FDoA. (A) Changes in protein spot 4 (H-ATPase subunit d; see Table 1). (B) Change
able 1). (E) Changes in mRNA levels of SOD. (F) SOD activity. (G) Testicular lipid p
sterisks indicate a statistically significant difference: *p < 0.05, **p < 0.01.

2% and 73% compared to the control at doses of 0.2 (p < 0.05)
nd 0.5 mg/kg/day (p < 0.01), respectively. H-ATPase activity was
arkedly inhibited by PFDoA at all three dosages (p < 0.05; Fig. 4C).
OD activity in testes tissues was also markedly decreased by
3% and 69% in the 0.2-mg-dosed (p < 0.05) and 0.5-mg-dosed rats
p < 0.01), respectively (Fig. 4F). A significant increase in the level
f LPO in rat testes was observed in the 0.2-mg- or 0.5-mg dosed
roups (p < 0.05; Fig. 4G).
RNA levels of H-ATPase. (C) H-ATPase activity. (D) Changes in protein spot 5 (SOD;
dation (LPO) levels. Values represent the average ± S.E.M. from six rats per group.

3.4. Gene expression

Based on the proteomic results, we examined the expression of

genes related to mitochondrial respiratory chain, oxidative stress,
and sperm activity to compare the correlation between protein
expression and gene expression (Figs. 3–5). Expression of COX5a
(Fig. 3B), COX6a (Fig. 3C), and AKAP4 (Fig. 5H) in testes was sig-
nificantly increased in the 0.02- and 0.5-mg-dosed groups. The



Z. Shi et al. / Toxicology Letters 192 (2010) 179–188 185

F e hing
1 idyleth
5 NA le
t ant d

U
d
s
e
(

ig. 5. (A–N) Effects of chronic PFDoA exposure on ubiquinol-cytochrome c reductas
(Fth1), A-kinase anchor protein 4 (AKAP4), c-src tyrosine kinase (CSTK), phosphat
-monooxygenase activation protein (YWHA) expression at both the protein and mR
he average ± S.E.M. from six rats per group. Asterisks indicate a statistically signific
QCRH mRNA level was markedly increased by PFDoA at all
oses (Fig. 5B), and the mRNA levels of H-ATPase subunit d was
ignificantly reduced (Fig. 4B). Obvious downregulation of SOD
xpression was observed for the 0.02- and 0.5-mg-dosed groups
Fig. 4E). Although the mRNA levels of ferritin heavy polypep-
e protein (UQCRH), indoleamine 2,3-dioxygenase (IDO), ferritin heavy polypeptide
anolamine binding protein 1 (PEBP1), and tyrosine 3-monooxygenase/tryptophan
vels in rat testes. Protein changes are further described in Table 1. Values represent
ifference: *p < 0.05, **p < 0.01.
tide 1 (Fth1) were significantly increased at doses of 0.2 and
0.5 mg PFDoA/kg/day compared to vehicle treatment (Fig. 5F), no
marked differences in the mRNA levels of IDO were exhibited
between any groups (Fig. 5D). In addition, expressions of tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein
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YWHA) (Fig. 5N) and phosphatidylethanolamine binding protein
(PEBP1) (Fig. 5L) were elevated by PFDoA at the highest dose. The
RNA level of c-src tyrosine kinase (CSTK) was markedly decreased

n the 0.02- and 0.5-mg-dosed groups compared to the control
roup (Fig. 5J).

. Discussion

In the present study, decreased serum progesterone levels were
bserved. Furthermore, 40 differentially expressed proteins were
dentified in the testes of rats exposed to PFDoA using the proteomic

ethod. These proteins are primarily involved in mitochondrial
espiratory chain, oxidative stress, and sperm activity, as well as
ytoskeleton, protein quality control, and intracellular signal trans-
uction. In addition, PFDoA not only altered the activities of SOD,
itochondrial H-ATPase, and COX but also altered the LPO levels in

estes of treated animals. Alterations in mRNA levels of some genes
nvolved in sperm activity, mitochondrial function, and oxidative
tress were also detected in testes of rats exposed to PFDoA. These
esults firstly demonstrate that multiple pathways are important
or the testicular toxicity of PFDoA using proteomic analysis.

In this study, a significant decline in the levels of serum proges-
erone, a precursor for testosterone synthesis, was observed at 0.2
nd 0.5 mg/kg/day. This decreased progesterone provides an expla-
ation for the testosterone decline in the same animals treated with
FDoA at 0.2 and 0.5 mg PFDoA/kg/day for 110 days in the previ-
us study (Shi et al., 2009). In addition, 14 days PFDoA exposure
ed to the decline in serum testosterone levels in male rats (Shi et
l., 2007). These results clearly demonstrate that PFDoA disrupts
teroidogenesis in male rats.

In the proteomic analysis, we found that four proteins involved
n the mitochondrial respiratory chain were significantly altered
y PFDoA. UQCRH plays an important role in the electron trans-
er steps of the respiratory chain by facilitating cytochrome c1
nd cytochrome c interaction (Modena et al., 2003). Reduction of
QCRH protein levels in the 0.2 and 0.5 mg PFDoA/kg/day groups

mplies that PFDoA may disrupt mitochondrial electron transfer.
OX is responsible for generating a proton gradient across the inner
itochondrial membrane through performing the reduction of O2

o H2O2 (Brzezinski and Gennis, 2008). H-ATPase initiates ATP syn-
hesis in mitochondria by driving proton gradients (Weber, 2006).
urthermore, COX and H-ATPase functions have been shown to
e dependent on their intact subunits (Weber, 2006). Therefore,
he reduction in protein levels of COX5a/COX6a and subunit d of
-ATPase following PFDoA exposure implies that PFDoA not only
isrupts mitochondrial proton gradient formation but also inhibits
itochondrial energy production. The significant reduction of COX

nd H-ATPase activity at all three dosages also further supports the
roteomic results of decreased COX5a/COX6a and H-ATPase sub-
nit d. This evidence indicates that PFDoA affects mitochondrial
unction possibly through disrupting the mitochondrial respiratory
hain and energy formation in testes. Since the normal mitochon-
rial respiration and energy production are essential to produce
rogesterone in Leydig cells (Allen et al., 2006), decline of UQCH,
OX5a/COX6a, and H-APTase subunit d at protein level may play

mportant roles in decreased progesterone. In addition, though
FOA and PFDA may affect mitochondrial respiration in isolated
iver cells, these two PFAAs stimulate the mitochondrial energy pro-
uction (Langley, 1990; Starkov and Wallace, 2002; Kleszczyński et
l., 2009). Moreover, PFDA stimulated latent H-ATPase activity in

solated rat liver mitochondria (Langley, 1990). Thus, PFDoA may
xhibit different effect on mitochondrial energy system from PFOA
nd PFDA. This discrepancy may be associated with the different
issue (testis vs. liver), the different experiment type (in vivo vs. in
itro) and the different structure between PFDoA and PFOA/PFDA.
s 192 (2010) 179–188

Abnormal mitochondrial respiration produces abundant reac-
tive oxygen species (ROS). If these ROS cannot be fully cleared
by antioxidants, the oxidative stress response will be initiated
(Orrenius et al., 2007). In the present study, five antioxidative stress
proteins including SOD, Fth1, D-dopachrome tautomerase (DDT),
glyoxalase domain containing 4 (Glod4), and IDO were identified
by proteomic analysis. The declines of SOD protein in the 0.2- and
0.5-mg-dosed groups indicate that PFDoA disrupts SOD function
and possibly led to the inhibition of testicular antioxidative ability
since SOD, which clears the ROS superoxide radicals, is considered
the first line of cell defense against oxidative stress damage (Afonso
et al., 2007). The significant decrease of SOD activity in the 0.2-
and 0.5-mg-dosed groups further confirmed the reduction of SOD
protein and inhibition of its antioxidative capabilities following
PFDoA exposure. Thus, the ability of the testicular cells to clear away
superoxide radicals may be weakened by PFDoA exposure. Fth1
sequesters iron that is able to react with ROS in order to avoid the
formation of highly toxic species (Levi and Arosio, 2004). Therefore,
decreased Fth1 protein in this study may augment the testicu-
lar oxidative stress response in PFDoA-treated rats. DDT, another
antioxidant, has been shown to protect cells from the damage of
oxidative stress (Hiyoshi et al., 2009). Reduced protein levels of
DDT in this study may also contribute to the inhibition of antioxida-
tive capability in testis. The decrease of Glod4 in animals receiving
the highest PFDoA dose implies a compromised ability to detox-
ify the peroxidative products, which are usually produced during
an oxidative stress response, thereby possibly enhancing the tox-
icity of oxidative stress (Thornalley, 2003). Unexpectedly, we also
observed a marked increase in the protein levels of IDO, an antiox-
idant scavenger (Christen et al., 1990), in testes from rats in the
0.02- and 0.5-mg-dosed groups, suggesting that PFDoA causes com-
plex effects on the testicular antioxidative system in rats. Increased
LPO levels in testis following PFDoA exposure, however, indicated
that oxidative damage had occurred since LPO elevation has been
served as an important indicator of oxidative stress (Orrenius et
al., 2007; Parthasarathy et al., 2008). Thus, the increase in IDO may
not be sufficient to prevent this deleterious response. Since oxida-
tive stress may disrupt testicular progesterone and testosterone
synthesis (Kostic et al., 2000), oxidative damage may be another
reasonable explanation for the decreased serum progesterone and
testosterone levels (Shi et al., 2009) in the 0.2- and 0.5-mg-dosed
groups. Collectively, we speculate that superfluous ROS originating
from decreased antioxidative ability and abnormal mitochondrial
respiration in testis after PFDoA exposure leads to increased LPO
levels and reduced serum pregnenolone levels.

Six differential proteins that function in sperm activity were
altered by PFDoA exposure. AKAP4, a specific sperm flagellum pro-
tein, is reported to stimulate sperm motility by recruiting PKA to
the fibrous sheath and facilitating local phosphorylation (Eddy et
al., 2003; Miki et al., 2002). The decreased AKAP4 protein following
PFDoA exposure suggests that this chemical may disrupt PKA-
induced phosphorylation by affecting the interactions between
AKAP4 and PKA, leading to alterations in sperm motility. Acid phos-
phatase 1, soluble isoform A (PP1A) may disrupt AKAP4 function by
restricting the interaction between AKAP4 and PKA (Chakrabarti et
al., 2007). Thus, increased PP1A may further inhibit the ability of
AKAP4 to mobilize PKA and disrupt AKAP4 function. PFDoA may
lead to reduced fertility via inhibition of AKAP4 function. Indeed,
AKAP4 knockout mice are infertile due to the lack of sperm motil-
ity (Miki et al., 2002). In addition, the decreased protein levels of
YWHA and DJ-1 in the 0.5 mg PFDoA/kg/day treatment group fur-

ther suggests that high PFDoA concentration may inhibit sperm
motility since these two proteins play important roles in sup-
porting both sperm motility and overall male fertility (Huang et
al., 2004; Okada et al., 2002). PEBP1 specifically binds phospho-
lipids and acts as a decapacitation factor in sperm maturation,
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hus playing an important role in maintaining normal fertilizing
bility (Nixon et al., 2006). The significant decline of PEBP1 lev-
ls following PFDoA exposure implies that PFDoA may disrupt
ertility possibly through inhibition of sperm decapacitation. In
eneral, capacitation is thought to be highly correlated with pro-
ein tyrosine phosphorylation induced by protein tyrosine kinase
PTK), such as CSTK, and the presence of albumin (Visconti et al.,
995). The observed decreased levels of CSTK and albumin indicate
hat PFDoA may exhibit negative effects on sperm capacitation. This
esult also suggests that PFDoA may impact fertility, since capac-
tation is a prerequisite for fertilization. Collectively, our results
uggest that PFDoA yields adverse effects on male fertility pos-
ibly through disrupting sperm activity, although sperm viability
arameters were not analyzed in this study.

Some cytoskeleton-associated proteins, including Rho, GDP dis-
ociation inhibitor beta (RhoGDI-�), keratin 10, stathmin 1, and
lia maturation factor-gamma (GMFG) were also altered by chronic
FDoA exposure. These proteins play important roles in support-
ng testicular structure and function including spermatogenesis
nd testicular cell morphology through cytoskeleton reorganiza-
ion (Guillaume et al., 2001; Kierszenbaum and Tres, 2004; Lui et al.,
003; Tsuiki et al., 2000). Our observed changes in the expression
f these proteins following chronic PFDoA exposure suggest that
ytoskeleton reorganization may participate in the PFDoA-induced
oxic effects on testicular function.

In addition, proteins associated with protein quality con-
rol such as ubiquitin-conjugating enzyme E2N and constitutive
hotomorphogenic homolog subunit 8, both of which mediate

ntracellular proteolysis (Glickman and Ciechanover, 2002), were
lso identified as altered following PFDoA exposure. Furthermore,
he expression levels of several proteins involved in intracellular
ignal transduction were also changed by chronic PFDoA exposure.
ince protein quality control system and the signaling molecules
re easily affected by various biological processes, the changes of
ignaling transduction may result from the cooperation of multiple
athways including dysfunction of mitochondrial respiration and
xidative stress in the testes of PFDoA-treated rats. Above results
lso suggest that alteration in proteolysis pathway and signal trans-
uction may play a role in testicular toxicity of PFDoA.

In order to explore the relationship between transcription and
ranslation, the transcriptional levels of the eleven proteins that
ere significantly altered by PFDoA exposure were examined. The
RNA levels of most of the genes did not exhibit changes similar to

hose observed for their protein levels in testis. SOD and H-ATPase
ubunit d, however, displayed a generally consistent downregu-
ated trend in both mRNA and protein levels, which were also
n accordance with SOD and H-ATPase activity alterations. These
esults indicated that these two enzymes are more sensitive to
FDoA than the other proteins analyzed in this study. These results
lso imply that mitochondrial disruption and oxidative stress may
lay important roles in the testicular toxicity that results from
FDoA exposure. As was shown in other recent studies performing
arallel proteomic/gene expression studies on the effects of dioxin
Pastorelli et al., 2006) on rats or interferons on the SHK-1 cell line
rom Atlantic salmon (Martin et al., 2007), the relationship between

RNA transcription and the abundance of protein is not always a
irect one as many regulatory mechanisms can affect these pro-
esses. Our results suggest that the gene expression response to
FDoA involves diverse regulatory mechanisms from transcription
f mRNA to the formation of functional proteins.

In conclusion, this proteomic analysis provides an overview

f proteome changes in the testes of rats chronically exposed
o PFDoA. Our results demonstrate that testicular toxicity of
FDoA may be associated with the alteration of expression of pro-
eins involved in mitochondrial respiratory chain, oxidative stress,
perm activity, cytoskeleton, and intracellular signaling transduc-
s 192 (2010) 179–188 187

tion in rat testes. The mitochondrial disruption and oxidative stress
play important roles in progesterone and testosterone inhibition of
PFDoA. SOD and H-ATPase subunit d may be sensitive molecular for
PFDoA toxic action in testis. These findings provide new insight into
the molecular mechanism of PFDoA action in testis. The role of the
proteins identified in this study will be the main focus of future
studies on the mechanisms of PFDoA toxicity.
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