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Abstract

Although the effect of 4-nonylphenol on cells of immune system have long been recognized, little is known about the effect of 4-nonylphenol
on the induction of apoptosis and related signaling events in the lymphoid cells. In the present study, we used cultured thymocytes of mice to
investigate the ability of 4-nonylphenol to induce the apoptosis of thymocytes and to explore the role of signal transduction pathway leading
to apoptosis. The results showed that the cytotoxic effects of 4-nonyphenol involved DNA fragmentation (DNA ladder), characteristic of
apoptosis. Staining of 4-nonyphenol-treated thymocytes with DNA-binding fluorochrome Hoechst 33258 showed the typical apoptotic nuclei
condensation and fragmentation of chromatin. The rates of apoptosis of the 4-nonylphenol-treated thymocytes increased significantly at 4 and
6 h, which were determined by analysis of hypodiploid cells and FITC-Annexin V and Pl double staining. Flow cytometer analysis also revealed
that the loss of mitochondrial membrane potential and increased activity of caspase-3 occurred concomitantly with the onset of 4-nonyphenol-
induced apoptosis. Furthermore, a caspase-3 inhibitor, z-DEVD-fmk protected thymocytes from apoptosis induced by 4-nonyphenol. These
results suggest that 4-nonylphenol induces thymocyte apoptosis via caspase-3 activation and mitochondrial depolarization.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introductions al., 1984. Studies showed that the concentration of NP
in the aquatic environment, particularly in sediment, could
Nonylphenol (NP) is not produced naturally. It is the reach up to 300 ppbNagao et al., 2001 NP is accumu-
major degradation products of alkylphenol ethoxylate and lated in our bodies through the food chain. Concern has
is one of the most common chemical contaminants. NP increased recently about the NP because it can mimic nat-
presents in ambient air, water, soil, sediments and biota. Itural hormones and the levels present in the environment may
enters aquatic ecosystems through sewage treatment, pulfpe sufficient to disrupt endocrine, immunology, and repro-
mill effluent, industrial effluent, urban and agricultural runoff duction Chapin et al., 1999; Masuno et al., 2003; Ying et
(Ying et al., 2002. NP is not water soluble because of its al., 2003. However, most previous studies, including ours
hydrophobic properties. It also favors anaerobic environ- have focused on the toxicity of NP on development process
ment and is stabilized, thus there are high concentrations ofand reproductive system, especially in aquatic ecosystems
the toxic compound NP in anaerobically stabilized sewage (Kinnberg et al., 2000; Odum and Ashby, 2000; Rankouhi
sludge compared to those of other contaminaGigér et et al.,, 2004; Sweeney, 2002; Wang et al., 20Q3ttle is
known about the toxicological effect of NP on immunocom-
* Corresponding author. Tel.: +86 25 83686441 fax: +86 25 83686441, Petent cells, animal and human immune system. To address
E-mail address: yayihou@nju.edu.cn (Y. Hou). this issue, the present study focuses on the effects of NP

0161-5890/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.molimm.2005.06.031



916 G. Yao et al. / Molecular Immunology 43 (2006) 915-926

on the thymocyte, which is an important immunocompetent with the institutional guideline. The thymus was obtained
cell. from normal 3-week-old mice. To prepare a single-cell sus-
Apoptosis is the most common form of cell death of the pension, the cells were teased out from freshly removed
immune system. Without death by apoptosis, the life of the thymus in chilled phosphate-buffed saline (PBS), filtered
immune cells and their precise and specific function would through a sterile wire mesh and centrifuged at 4Q9
be impossible Krammer, 200D Apoptosis is a central reg-  for 5min. Pelleted thymus cells were resuspended in Tris-
ulatory feature of the immune system. Deregulation of the buffered 0.83% NHCI solution to lyse erythrocytes. The
apoptotic process leading to either increased or reduced cellresulting thymus cells were washed in ice-cold PBS (con-
death can contribute to various pathologic conditions such astaining 10% FBS) three times and adjusted to a cell density
autoimmune diseases, AIDS or cancer. of 1x 10° cells/ml. The viability was determined by try-
Thymus, the primary lymphoid organ of mammals plays a pan blue dye exclusion and was routinely more than 95%.
critical role in immune response. It generates large numbersThe thymocytes were seeded in RPMI 1640 (without phe-
of functionally mature antigen specific T cells. These T cells nol red) supplemented with 10% fetal bovine serum (FBS)
then migrate to the peripheral lymphoid tissue to mediate pro- and antibiotics (100 U/ml penicillin and 1@&/ml strep-
tection against invading microbes. Thymocyte apoptosis hastomycin). Then the thymocytes were treated with different
been shown to act in the immune system, including limiting concentrations of NP or vehicle control at37in a humidi-
over-expression of animmune response by deleting unwantedied 5% CQ atmosphere (final volume 1@d/well) and were
lymphocytes and eliminating auto reactive T cells during thy- harvested at various time points after seeding.
mus selection. This may be of primary benefitin maintaining
immunological and physiological homeostasis by eliminat- 2.3. Cytotoxicity assays
ing unnecessary cells through apoptoSikdmes, 2002
Although the immunotoxicity of NP has long been rec- Cell viability was assessed with a Cell Counting Kit (Dojin
ognized, the effects of NP on cell death and its underlying Laboratories, Kumamoto, Japan) accordingdiyama et
mechanisms are not clear. Our previous study has demon-al. (1997) with slight modifications. Briefly, thymocytes
strated that NP induced thymocyte apoptosis in vivad were plated on a 96-well (1QQ/well) microplate at a den-
and Hou, 200% To our knowledge, the signal transduction sity of 1x 10° cells/ml. NP at various concentrations was
mechanism of apoptosis induced by NP in thymocytes in added and the plate was incubated at@7n humidified
vitro has not been reported. The present study was designe®% CQ for 2, 4, and 6h. 1@l of a solution containing
to investigate the ability of NP to induce apoptosis directly WST-8 (4-[3-(2-methoxy-4-nitrophenyl)-2-(4-nitrophenyl)-
in thymocytes and explore its signaling pathway. 2H-5-tetrazolio]-1,3-benzene disulfonate sodium salt) was
added to each well and was incubated for an additional 2 h.
The absorbance was measured at 450 nm on an automated
2. Materials and methods microplate reader (Bio-Rad Model 550).

2.1. Materials 2.4. Analysis of nuclear morphology

The 4-nonylphenol was purchased from Tokyo Kasei  Nuclear morphology was detected using the method of
Kogyo Co. (Tokyo, Japan). Cell Counting Kit was from Arakietal. (1987)NP-treated cells were fixed with methanol
Dojin Laboratories (Kumamoto, Japan). Hoechst 33258 was acetic acid for 10 min followed by staining with Hoechst
purchased from Beyotime Biotechnology Inc. (Nantong, 33258 at 1 mg/ml staining at room temperature in dark for
China). Pl and RNAse A were obtained from Sigma (St 5min. The cells were then washed twice with PBS, examined
Louis, MO, USA). FITC-Annexin V was purchased from and immediately photographed under a fluorescence micro-
Bender Medsystems (Vienna, Austria). JC-1 mitochondrial scope (Nikon Corporation, Chiyoda-ku, Tokyo, Japan) with
membrane potential detection assay kit was from Biotium an excitation wavelength of 330—-380 nm. Apoptotic cells
Inc. (Hayward, CA, USA). CaspGLOW fluorescein active were defined on the basis of nuclear morphology changes,
caspase-3 and caspase-8 staining kit was purchased from Biosuch as chromatin condensation and fragmentation.

Vision (Research, Mountain View, California). IETD-fmk
and z-DEVD-fmk were purchased from Becton Dickinson 2.5. DNA laddering detection
Company (Palo Alto, CA, USA). All other reagents were of

the highest grade commercially available. To examine apoptosis by electrophoresis of nucleosomal
fragments, a standard procedure for precipitating cytosolic
2.2. Thymocyte preparation and culture nucleic acid was used¢nkins et al., 20Q1Briefly, 1 x 10°

NP-treated thymocytes were pelleted (209, 5min) and

Mice (3-week-old and weighing 20-30 g) were obtained lysed at #C for 15 min (25Qul, 0.4% Triton-X, 20 mM Tris,

from Animals Center of Jingling Hospital of Nanjing Univer- and 0.4 mM EDTA). Nuclei were then pelleted (13,00Q,
sity. The animal experiments were carried out in compliance 5min, 4°C) and the supernatant were transferred to a clean
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microfuge tube. Nucleosomal fragments were precipitated tosis Salvioli et al., 1997. Briefly, 1 x 10° thymocytes were
overnight with an equal volume of isopropanol after adjust- incubated with 2.;.g/ml JC-1 in the dark for 10 min at room
ment to 0.5M NaCl. The pellet was washed twice in 70% temperature in complete medium. Then, cells were washed
ethanol, dried briefly, and resuspended ind0E (10 mM twice in PBS, resuspended in 4@DPBS and analyzed by
Tris—HCI, 0.1 mM EDTA, pH 8.8). The extracted DNAwas flow cytometry. Immediately prior to the FCM analysis, the
separated on a 1.5% agarose gel containing.g/l ethid-  cell suspension was suctioned three times through a needle
ium bromide and visualized on an UV-transilluminator and and then filtered through a %n nylon mesh to minimize
photographed. Fragmented DNA, shown as DNA ladder in cell aggregation. For assessment of individual samples for

the gel, indicates apoptotic cell death. JC-1 staining, a total of 10,000-gated events were analyzed
per sample by flow cytometer. The sample running rates were
2.6. Analysis of hypodiploid cells approximately 100-300 events/s. A 488 nm filter was used for

excitation of JC-1. Emission filters of 535 and 595 nm were

Analysis of hypodiploid cells was performed using Pl ysed to quantify the population of thymocytes with green
staining (icoletti et al., 1991 In brief, thymocytes (k 10° (JC-1 monomer) and orange (JC-1 aggregates) fluorescence,
cells) in 1 ml RPMI 1640 were added to each well of 12- respectively. Frequency plots were prepared for FL-1 (green)
well plates and treated at 3T with various concentrations  and FL-2 (orange) to determine the percentage of the popu-
of NP for 2, 4, and 6h, respectively. The cells were fixed |ation stained green and orange. In addition, all samples were
in 75% ethanol for 30 min at room temperature. Then they viewed by fluorescence microscopy to confirm JC-1 labeling
were stained with propidium iodide staining buffer (Trixon patterns. Confirmation of apoptotic cells was done by mor-
X-100, EDTA, RNAse A, PI) for 10 min at dark. The fluores-  phological assessment of cytospin preparations of cells.
cence of Pl was monitored by a FACSCalibur flow cytometer
(Becton-Dickson, Immunocytometry System, San Jose, CA)
with an excitation wavelength of 488 nm and an emission
wavelength of 625 nm. Apoptotic cells were determined on
a PI histogram as a hypodiploid. For each sample, 20,000
cells were analyzed. The data were analyzed using Cellques
software (Palo Alto, CA, USA).

2.9. Inhibition of caspase-mediated apoptosis using
z-DEVD-fmk and IETD-fmk

To determine whether NP induced apoptosis was mediated
by caspase activation, the cells were treated with a caspase 3
inhibitor, z-DEVD-fmk or a caspase-8 inhibitor, IFTD-fmk
(Schlesinger et al., 2000Briefly, thymocytes cultures were
treated with z-DEVD-fmk at 50 uM for the indicated dura-
tion. To block the activity of caspase-8, pM IETD-fmk

A NP _|n(\j/u;;e_|(_ic';r|;3|/rgoc{:es ta_popt05|s other th(?? necro_s's'(synthenic peptide inhibitor of activation of caspase-8) was
nnexin- ouble stain assay was used to examine _ 1410 the thymocytes cultures.

NP-induced thymocyte apoptosis, not necrosis according to a
procedure described bermes et al. (1995Briefly, thymo- o )
cytes cultured in the presence or absence of NP were washed- 10 Determination of active caspase-3 and caspase-8

in cold PBS and resuspended in binding buffer (HEPES ) )

buffered PBS supplemented with 2.5mM CgOprior to In order to determine the potential role of the caspase-
the addition of FITC-labeled Annexin V for 10 min at room 3 @nd caspase-8 proteases in the pathways of NP-induced
temperature. Propidium iodide (Pl) was added at a final apoptosis, the activities of caspase—B and -8 were measured
concentration of g/ml 5 min before a final wash in PBS by GaspGLOW fluorescein active caspase-3 and caspase-8
and immediate analysis of the cells on the flow cytometer. Staining Kit, respectively, according tdoetzenecker et al.
Flow cytometry was performed on thymocytes gated on the (2004) and An et al. (2004) Briefly, thymocytes (& 10°

basis of their forward and side light scatter with any cell cells).af_ter d.lfferent treatments were incubated with fluo-
debris excluded from analysis. Apoptotic cells were defined féscein isothiocyanate-conjugated z-DEVD-fmk and IFTD-

as FITC/PI- cells. The gated thymocytes were then plotted fmk. After incubation for 30 min at 37C, the fluorescence

for Annexin V-FITC and Pl in a two-way dot plot to assess Was analyzed by flow cytometry. Alternations in the fluores-
percentage of apoptotic thymocytes. cence intensity were determined by comparing the levels of

the treated cells to those of the controls.

2.7. FITC-Annexin V and PI double staining

2.8. Determination of the mitochondrial membrane
potential by JC-1 fluorescence 2.11. Statistical analysis

JC-1 is a cationic dye that exhibits potential-dependent  Results were presented as the m&gE.M. Statisti-
accumulation in mitochondria, indicated by a fluorescence cal significance between groups was analyzed by one-way
emission shift from green (525 nm) to red (590 nm). The most ANOVA followed by the Student—-Newman—Keuls multiple
widely implemented application of JC-1is for the detection of comparisons tests. R-value of <0.05 was considered sig-
mitochondrial depolarization during the early stages of apop- nificant.
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3. Results
3.1. Effect of NP on the viability of thymocytes

To evaluate cytotoxicity of NP, viability tests were per-
formed using Cell Counting Kit. As it is shown iRig. 1,
treatment of thymocytes with NP up to i/ did not affect
cell viability significantly for 2h. However, a significant
increase in cell death was observed when cells were treated
for 4 and 6 h, respectively.

M 1 2 3 4 5 6 7 8 9 10 11 12

3.2. DNA fragmentation of thymocytes 2h 4h 6h

To investigate the mechanism by which NP caused cyto- Fig. 2. Agarose gel electrophoresis of DNA fragments in thymocytes cul-

toxicity i ltured th t the DNA ined tured for 2, 4 and 6 h. Thymocytes were pretreated with different concen-
oxicity n culture ymocytes, the was examined. trations of NP. Fragmented DNA was collected and assesses by agarose gel

According to HughesHughes et al., 2000DNA laddering electrophoresis containing ethidium bromide. Data shown are representative
is commonly used to establish if a decrease in cell viability of three separate experiments: M stands for DNA marker; 1, 5, 9 stand for

to due to apoptosis rather than necrosis. As Shovﬁignz control; 2, 6, 10 stand for 0AM NP; 3, 7, 11 stand for LM NP; 4, 8, 12
agarose gel electrophoresis of soluble DNA of NP-treated Stand for 1.M NP.

thymocytes revealed DNA fragmentation, characteristic of
apoptotic cells (DNA ladder). The results indicated that the
exposure of thymocytes to 0.1, 1, AWM NP lead to DNA
fragmentation in 4 and 6 h, suggesting that NP induced cel
death by apoptosis. But no DNA fragmentation was observed
inany cellsin 2 h NP treatmerfig. 2). The results are consis-
tent with observations of decreased cellularity of thymocytes
by NP treatment.

crographs of cultured thymocytes treated with 0.1, 1 and

10nM NP for 2, 4 and 6 h, respectively. In control cul-
| tures, nuclei of thymocytes appeared with regular contours
and were round and large in size. Rarely thymocytes with
smaller nuclei and condensed chromatin were seen. A 2h
NP treatment did not lead to nuclei morphologic changes,
as shown inFig. 3. In contrast, most nuclei of NP-treated
thymocytes appeared hypercondensed (brightly stained) in 4
and 6 h. Note that the numbers of apoptotic nuclei containing
condensed chromatin increased significantly as the result of
prolonged incubation time.

3.3. Morphological characterization of thymocytes
apoptosis by Hoechst 33258 staining

Apoptosis was further confirmed by analyzing the nuclear ) o o
morphology of NP-treated thymocytes. Nuclear morphol- 3-% Apoptosis determination by hypodiploid cells
ogy was evaluated with membrane-permeable blue Hoechst?4’sis

33258.Fig. 3showed Hoechst 33258 fluorescence photomi- _ ) _
To further confirm that NP induced apoptosis, the cells

were stained with Pl and analyzed for hypodiploid cells by

. 801”;:\‘,"' flow cytometry. The fraction of cells in apoptosis was identi-
B 1uM fied ina DNA histogram as a sub-G1 hypodiploid population.
Fig. 4showed the hypodiploid sub-G1 phase in cells treated
2.0 4 with NP, confirming its apoptotic effect. The results indi-
cated that thymocytes treated with NP for 4 and 6 h had
z i5 sub-diploid peak and the percentage of cells with fragmented
s - DNA increased compared with control. However, thymocytes
g treated with NP for relatively shorter time (2h) appeared
E 1.0 to have no effect on sub-G1 hypodiploid population. Once
again, this observation substantiated the conclusion that NP
0s induced thymocyte apoptosis.
3.5. Annexin-V FITC/PI assay
0.0

In the early stages of apoptosis, phosphatidylserine (PS)
is translocated from the inner side of the plasma mem-
Fig. 1. NP decreased the number of viable thymocytes. The cell viability was brane to the outer layer. Annexin V, a calcium dependent

determined by Cell Counting Kit. The results are presented as #&ah. phospholipid-binding prOtein_ With a high affinity for PS, can
with triplicate measuremenitP < 0.05 vs. control. therefore be used as a sensitive probe for the exposure of PS
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0.1uM

1uM

1ouM
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(M) (N) (0)
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Fig. 3. Morphological changes in the nuclei (typical of apoptosis) of cultured thymocytes. Thymocytes treated by various concentrations of Birdféri2,

+DEVD-fmk

1uM

(P) R)

+ IETD-fmk

and stained with Hoechst 33258. Selected fields illustrating occurrence of apoptosis were shown. Cells with condensed chromatin were defistéd as apopt

thymocytes.

on the cell membrane and hence as a marker of apoptosismonomer in the cytosol (green) and accumulates as aggre-
As shown inFig. 5, analysis of the cell population showed gates in the mitochondria, which appear red. In apoptotic
distinct sets of population. Annexin-Vand PI~ cells were and necrotic cells, JC-1 exists in monomeric form and stains
use as controls. Annexin*vand P~ cells were designated the cytosol greerFig. 6a was representative JC-1 stains of
as apoptotic and Annnexin\and Pt cells were designated  apoptotic and non-apoptotic thymocytesHig. 6a(1), most

as necroticFig. 5 showed that the number of Annexin V- thymocytes showed red and green fluorescence, which indi-
positive and propidium iodide-negative cells was increased cated thatthey were live cells without NP treatment. However,
significantly by the treatment of cells with NP for 4 or 6h in Fig. 6a(2), most thymocytes showed green fluorescence,
compared with control, indicating that the translocation of suggesting NP-induced thymocyte apoptdsig. 6b showed
phosphatidylserine, an early event of the apoptotic process.typical FL-1/FL-2 dot plots for JC-1 staining thymocytes with
However, the Annexin Vand Pr cells did not increase sig-  and without apoptosiszig. 6b(1) showed thymocytes with-

nificantly versus control for 2 h. out apoptosis, which had red fluorescing J-aggregates. The
green fluorescing monomers showed in RegionHigneb(2)

3.6. Assessment of changes in mitochondrial membrane indicated apoptotic cell$:ig. 6c showed the percentages of

potential apoptotic thymocytes analyzed by flow cytometer in differ-

ent NP treated groups. The results showed that the NP did

The loss of mitochondrial membrane potential is a hall- not cause significantly alteration in 2 h. The increase of the
mark for apoptosis. It is an early event coinciding with percentages of apoptotic thymocytes was observed in all the
caspases activation. In non-apoptotic cells, JC-1 exists as aloses after treatment for 4 and 6 h. In 4 h, approximately
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3.78% of thymocytes were apoptotic cells in control. The The results showed that the number of apoptotic nuclei stain-
rate of apoptotic thymocytes increased to 8.55% withuL ing decreased significantlfig. 3, N and O). The percent-
NP treatment. When the concentrations of NP increased to lage of cells with fragmented DNA detected by PI staining
and 10uM, the percentages of apoptotic thymocytes raised decreasedqig. 4, N and O). The rate of apoptotic thymocytes
to 11.18 and 12.52%, respectively. The analysis of apoptotic determined by Annexin-V FITC/Pl assay also decreased
cells in 6 h displayed the similar tendency, and the percent- (Fig. 5 N and O). JC-1 staining also demonstrated that NP-
ages were 4.45, 9.03, 15.60 and 25.10% with 0, 0.1, 1 andinduced apoptotic thymocytes were inhibited by z-DEVD-

10uM of NP, respectively. fmk, suggesting z-DEVD-fmk abolished the apoptotic effects
induced by NP [ig. 6). But, for thymocytes treated with
3.7. Caspase-3 and caspase-8 activity NP and ITED-fmk, the morphological changes of the cells

were not inhibited and the numbers of apoptotic cells did not
The caspase cascade is activated during apoptosis. Thergdécreased compared with thymocytes treated with NP alone
fore, we examined the activity of caspase-3 in thymocytes (Figs. 3-5Q and R).
with or without NP treatment. Treatment of thymocytes with
NP caused pronounced activation of caspase-3 as indicated
by increase in the fluorescence intenskig( 7). The results 4. Discussions
demonstrated that the activity of caspase-3 begin to increase

after 4 and 6h of exposure to NP. Both 4 and 6h expo-  concerns have been raised recently about the toxicol-
sure showed similar kinetics to the occurrence of apoptosis ogy effect of NP. NP is a biodegrade product of nonylphe-
(Fig. 7). Unlike caspase-3, the activity of caspase-8 remained o] polyethoxylates and practically ubiquitous in the natural
unchanged in all groups in 2, 4 and 6 h (data not shown).  \yor|d. In addition, NP can mimic natural hormones and dis-
rupt the functions of endocrine, immune, and reproductive
3.8. Effects of various protease inhibitors on system of living beingsl(aws et al., 2000; Ying et al., 20p2
NP-induced apoptosis The result of the current study indicated that NP induced
cell death of thymocytes~g. 1). Using a number of tech-
For further confirmation for the involvement of caspase-3, niques, we demonstrated that (1) chromatin condensation by
thymocytes were treated with NP and z-DEVD-fmk together. Hoechst 33258 stain, (2) DNA fragmentation (DNA ladder)

; T
= 2,
T T
! ! (o]
94 = q9e
[ &3
2 =
- =
[=]
o o ..,
L [} T T T T IT T TITIT
100 10! 102 103 104~ 100 10! 102 103 To4
(b) FLI-H FLI-H

Fig. 6. Representative photos, dot plots and percentages of histogram analysis of thymocytes by JC-1 staining: (a) polarized mitochondréakare marke
punctuate orange-red fluorescence staining. On depolarization, the orange-red punctuate staining is replaced by diffuse green monomer Aporestienc

cells, showing primarily green fluorescence, are easily differentiated from healthy cells, which show red and green fluorescence. 1 represenisithewo
apoptosis. 2 stands for the NP-treated sample with apoptotic thymocytes. (b) Representative dot plots of JC-1 staining of thymocytes areshbsnoRedi
thymocytes exhibiting green fluorescing monomers, which were apoptotic, cells. (c) The percentages of cells containing polarized or de potdrettieni

were determined by histogram analysis of the ratio of the two fluorescence intensities analyzed by FCM. The numbers indicated the thymocydes expresse
green monomer fluorescence only. Data represent means of three independent experiments. Results were presentedteS. tad/m@an interpretation of

the references to colour in this figure legend, the reader is referred to the web version of the article.)
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by gel electrophoresis and (3) DNA cleavage (sub-diploid drial membrane collapses. The collapse is thought to occur
peak) by PI stain and biochemical marker (exposure of PS through the formation of pores in the mitochondria by dimer-
on the cell membrane) by Annexin-V FITC/PI double stain. ized Bax or activated Bid, Bak, or Bad proteins. Activa-
These findings are in agreement with our previous wggo( tion of these pro-apoptotic proteins is accompanied by the
and Hou, 2004 In addition, Nair-Menon et al. demonstrated release of cytochrome c into the cytoplasMafer and
that exposure of splenic lymphocytes of rats and mice to Oberbauer, 2003 In this study, we investigated the effects
octylphenol, an endocrine disrupter with estrogenic activity of NP on the mitochondrial membrane potential in order
like NP, induced apoptosid@ir-Menon et al., 1996 In fact to elucidate the mechanism. According to studies of Brad-
NP was shown to induce apoptosis in other types of cells, bury, green fluorescence is indicative of compromised mito-
such as, neuronal cells, PC12 cells, and Sertoli cAtéi(et chondria with a low transmembrane potential by JC-1 stain
al., 2004; Wang et al., 2003; Negishi et al., 2R03 (Bradbury et al., 2000 In the present study, the percent-
The mitochondrial permeability transition is an impor- age of thymocytes with green fluorescence increased after
tant step in the induction of cellular apoptosis. During this NP treatment. In 6 h, the population of thymocytes with
process, the electrochemical gradient across the mitochon-green fluorescence after uM NP treatment increased to
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Fig. 7. NP increased caspase-3 activity. Thymocytes were treated with NP and vehicle for 2, 4 and 6 h. The caspase activity was determined byrflow cytomet
The 10,000 cells were acquired and the results were shown as a histogram. Data are representative of three experiments. Results were presented as
meant S.E.M.

9.03% versus 4.45% in control. When the concentrations is in agreement with study of Kudo, which demonstrated
of NP were 1 and 1M, the percentages of thymocytes that nonylphenol-induced neural stem cells via activation of
with green fluorescence dramatically increased to 15.60 andcaspase-3{udo et al., 2005
25.10%, respectively. Although disruption of mitochondrial However, there is increasing evidence that apoptosis
membrane potential is thought to be a common event in therelates to a variety of signal transudation events lading to
induction of apoptosis by many chemicalBrgyan et al., stimulation of calcium flux, cCAMP production, PLC activa-
1997; Mathur et al., 2000; Barbu et al., 200 the best of  tion, inositol phosphate generation. The extent to which each
our knowledge, our observation is the first report on the dis- pathway contributes to the thymocyte apoptosis induced by
ruption of mitochondrial membrane potential by NP-induced NP remains to be explored. Further studies are also needed
apoptosis. to test if estrogen receptors participate in the response.
Activation of the caspase cascades has been demonstrated Apoptosis is a regulated physiological cell death, which
to be essential in the signaling pathway in the induction of is essential for maintenance of tissues homeostasis and cru-
apoptosis in many cellSflte et al., 2003; Ivins et al., 1999 cial for defense against diseases and cancers. It is known
In this study, the results indicated that NP induced activation that apoptosis has an essential role in the immune system.
of caspase-3in association with induction of thymocyte apop- Aberrations in genes encoding pro- or anti-apoptotic pro-
tosis in both 4 and 6 h. Furthermore, we demonstrated thatteins or defects in apoptotic process in thymocytes have been
abrogation/inhibition of caspase-3 protease activity with z- implicated in the initiation of conditions such as immunodefi-
DEVD-fmk significantly suppressed NP-induced apoptosis. ciency, autoimmunity and cancédfferman and Korsmeyer,
This result offers a strong support for the significant medi- 2003; Dulos and Bagchus, 200Therefore, it is likely that
ator role of caspase-3 in molecular events of NP-induced an alteration of the immune system by environmental estro-
thymocyte apoptosis. The activities of caspase-8 remainedgens, including NP, could change the individual’s ability of
unchanged in all NP treated groups (data not shown). And regulating immune homeostasis and host resistance to infec-
block of caspase-8 with its specific inhibitor, IETD-fmk, tion and tumor growth.
did not protected thymocytes from NP-induced apoptosis In summary, our findings demonstrated that the 4-NP
(Figs. 3-5 Q and R), implying that NP-induced thymo- directly induces thymocyte apoptosis through the activation
cyte apoptosis was independent of caspase-8. The resulbf the mitochondrial and caspase-3 pathway. The findings
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are in good agreement with our previous study, which

demonstrated that 4-NP induced thymocyte apoptosis in vivo

(Yao and Hou, 200y These results suggested that expo-
sure to nonylphenol might affect immune system through
the induction of apoptosis in immnuocompetent cells, like
thymocytes.
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