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An endogenous prostaglandin enhances environmental

phthalate-induced apoptosis in bone marrow B cells:

Activation of distinct but overlapping pathways1

Stephanie L. Bissonnette, Jessica E. Teague, David H. Sherr, and Jennifer J. Schlezinger2
Department of Environmental Health, Boston University School of Public Health, Boston, MA 02118

Abstract

Phthalate esters are ubiquitous environmental contaminants that are produced for a variety of
common industrial and commercial purposes. We have shown that mono-(2-ethylhexyl) phthalate
(MEHP), the toxic metabolite of di-(2-ethylhexyl) phthalate, induces bone marrow B cell apoptosis
that is enhanced in the presence of the endogenous prostaglandin 15-deoxy-A1214-prostaglandin J,
(15d-PGJy). Here, studies were performed to determine if 15d-PGJy-mediated enhancement of
MEHP-induced apoptosis represents activation of an overlapping or complementary apoptosis
pathway. MEHP and 15d-PGJ, induced significant apoptosis within 8 and 5 hrs, respectively, in a
pro/pre-B cell line and acted cooperatively to induce apoptosis in primary pro-B cells. Apoptosis
induced with each chemical was accompanied by activation of a combination of initiator caspases
(caspases-2, -8, and -9) and executed by caspase-3. Apoptosis induced with MEHP and 15d-PGJ,
was reduced in APAF1 null primary pro-B cells and accompanied by alteration of mitochondrial
membranes, albeit with different kinetics, indicating an intrinsically-activated apoptosis pathway.
Significant Bax translocation to the mitochondria supports its role in initiating release of cytochrome
c. Both chemicals induced Bid cleavage, a result consistent with a tBid-mediated release of
cytochrome c in an apoptosis amplification feedback loop; however, significantly more Bid was
cleaved following 15d-PGJ, treatment, potentially differentiating the two pathways. Indeed, Bid
cleavage and cytochrome c release following 15d-PGJ, but not MEHP treatment was profoundly
inhibited by Z-VAD-FMK, suggesting that 15d-PGJ;, activates apoptosis via two pathways, Bax
mobilization and protease-dependent Bid cleavage. Thus, endogenous 15d-PGJ,-mediated
enhancement of environmental chemical-induced apoptosis represents activation of an overlapping
but distinct signaling pathway.

Keywords
phthalate ester; 15d-PGJ,; apoptosis; B lymphocytes

1Funding: National Institutes of Health (RO1-ES06086 to DS); National Institute of Environmental Health Sciences (P42ES007381 to
JS). The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institute
of Environmental Health Sciences or the National Institutes of Health.

2address correspondence and reprint requests to: Dr. Jennifer Schlezinger, Boston University School of Public Health, Dept. of
Environmental Health, 715 Albany Street, R405, Boston, MA 02118. E-mail address: jschlezi@bu.edu

This is an author-produced version of a manuscript accepted for publication in The Journal of Immunology (The JI). The American
Association of Immunologists, Inc. (AAI), publisher of The JI, holds the copyright to this manuscript. This version of the manuscript
has not yet been copyedited or subjected to editorial proofreading by The JI; hence, it may differ from the final version published in The
J1 (online and in print). AAI (The JI) is not liable for errors or omissions in this author-produced version of the manuscript or in any
version derived from it by the U.S. National Institutes of Health or any other third party. The final, citable version of record can be found
at www.jimmunol.org


http://www.jimmunol.org

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bissonnette et al.

Page 2

Introduction

Worldwide, over 18 billion pounds of phthalate esters are produced yearly, mainly for use as
plasticizers in polyvinyl chloride products such as car seats, toys, bloodbags and i.v. lines.
Humans are regularly exposed to significant levels (14 and 7 pg/kg/day, respectively) of di-
(2-ethylhexyl) phthalate (DEHP)3, the main plasticizer used in the production of polyvinyl
chloride (1-3). Substantially higher exposures occur during acute medical procedures, resulting
in blood DEHP concentrations ranging from 50-350 uM (4,5). Furthermore, modeling studies
suggest that exposure in children exceeds that in adults (6). It has been suggested that these
environmental phthalate exposures have significant biologic consequences, potentially through
their interaction with nuclear receptors. Mono-(2-ethylhexyl) phthalate (MEHP), the active
metabolite of DEHP and an agonist of peroxisome proliferator activated receptors (PPAR) o
and vy, induces PPARy-DNA binding and recruitment of a specific subset of coactivators,
selectively activates PPARy-inducible genes and induces adipogenesis through PPARYy (7).
MEHP suppresses aromatase expression in a model of reproductive toxicity (8) and induces
Fas-dependent apoptosis in testis (9). DEHP/MEHP exposure results in ovarian, testicular, and
developmental toxicity in rodent models (8-10).

Phthalate esters also target the immune system. Microarray analyses of liver from DEHP-
treated C57BL/6 mice indicates down-regulation of complement components (11). MEHP and
other monophthalates suppress ovalbumin-specific antibody production in BALB/cJ mice
(12). DEHP treatment of C57BI/6 mice induces severe thymic and splenic atrophy (13). In the
spleen, treatment with another PPAR ligand, perfluorooctanoic acid, substantially reduces the
percentage and absolute number of splenic CD19* B cells by 86% (13). However, it is not clear
if these latter outcomes are due to direct effects on mature B cell populations and/or on their
development from bone marrow-derived precursors.

In this vein, others have shown that DEHP suppresses LPS-stimulated proliferation of splenic
B cells (14), and we have shown that bone marrow B cells are susceptible to MEHP-induced
cell cycle arrest and apoptosis (15). MEHP inhibited 2H-thymidine incorporation by primary
murine bone marrow B cells and by a non-transformed murine pro/pre-B cell line. At moderate
MEHP concentrations (150-200 1M), inhibition of 3H-thymidine incorporation resulted
primarily from apoptosis as indicated by PARP cleavage and DNA fragmentation. Similarly,
MEHP-induced apoptosis has been described in the monocyte cell line U937 and also is
accompanied by activation of caspase-3 and DNA fragmentation (16). We observed that
proliferation in either primary pro-B cells or in a pro/pre-B cell line decreased at lower MEHP

3Abbreviations:

DEHP

MEHP

PPAR

Pl

15d-PGJp

RXR

tBid

di-(2-ethylhexyl) phthalate
mono-(2-ethylhexyl) phthalate
peroxisome proliferator-activated receptor
propidium iodide
15—de0xy—A12114—prostaglandin J2
retinoid x receptor

truncated Bid

J Immunol. Author manuscript; available in PMC 2009 August 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bissonnette et al.

Page 3

concentrations (10 and 100 uM, respectively) and this growth inhibition was accompanied by
p27XiP up-regulation and occurred in the absence of apoptosis (14).

Perhaps of still greater physiological significance is the fact that MEHP-induced apoptosis can
be enhanced in the presence of an endogenously occurring chemical, 15-deoxy-A12.14-
prostaglandin J, (15d-PGJy). 15d-PGJ, is a PPARYy agonist (17) and a known apoptotic agent
in lymphocytes (15,18-20). We have shown that co-treatment of pro/pre-B cells with low
MEHP (75 uM) and 15d-PGJ, (1 uM) doses significantly reduced 3H-thymidine incorporation
and enhanced the growth arrest seen with MEHP alone. Furthermore, co-treatment with MEHP
(100 uM) and 2 uM 15d-PGJ, enhanced the percentage of pro/pre-B cells undergoing apoptosis
from 12% to 40%. (15). Importantly, 15d-PGJ, and its precursor, prostaglandin D,, are found
at high concentrations in bone marrow, potentially reaching local concentrations in the
micromolar range (21). These results suggest that B cells in the bone marrow microenvironment
may be particularly susceptible to phthalate-induced toxicity. Consequently, it is important to
define the 15d-PGJ,-induced apoptosis pathway and to determine if bone marrow B cell
apoptosis induced with the combination of 15d-PGJ, and MEHP is mediated by distinct and
complementing apoptosis signaling pathways or represents essentially the cumulative effects
of two PPARYy agonists on a single death pathway. These issues were addressed here by
mapping the signaling pathways activated by these two agents and determining the degree of
signaling overlap.

Materials and Methods

Cell Culture

The caspase-8-specific antibody was from Axxora (San Diego, CA). The cytochrome c-specific
antibody was from BD Biosciences Clontech (Palo Alto, CA). Caspase inhibitors and 15d-
PGJ, were from Biomol (Plymouth Meeting, PA). Antibodies specific for cleaved caspases-3
and -9 and cleaved lamin were from Cell Signaling Technology (Beverly, MA). Antibodies
specific for a-fodrin and caspase-2 were from Chemicon International (Temecula, CA). The
a-tubulin-specific antibody was from EMD Biosciences (San Diego, CA). Plasmocin was from
Invivogen (San Diego, CA). JC-1 was from Molecular Probes (Eugene, OR). The Bid-specific
antibody was from R&D Systems (Minneapolis, MN). Murine rIL-7 was from Research
Diagnostics (Flanders, NJ). Antibodies specific for Bax and HSP60 were from Santa Cruz
Biotechnology (Santa Cruz, CA). Propidium iodide, Protease Inhibitor Cocktail for
Mammalian Cells, and the B-actin-specific antibody were from Sigma Chemical Co. (St. Louis,
MO). MEHP was from TCI America (Portland, OR). All other reagents were from Fisher
Scientific (Suanee, GA).

The stromal cell-dependent, C57BL/6-derived BU-11 cell line has been characterized
previously (15,22,23). BU-11 cells represent B cells at the transition between the pro- and early
pre-B cell stages as they are CD43*/B220*/IgM- with rearranged Ig heavy chain genes. BMS2
is a culture-dish adherent cloned bone marrow stromal cell line that supports BU-11 cell
growth. Stocks of BU-11 cells were maintained on BMS2 cell monolayers in an equal mixture
of DMEM and RPMI 1640 medium with 5% FBS, Plasmocin, L-glutamine and 2-
mercaptoethanol. All cultures were maintained at 37° C in ahumidified, 7.5% CO, atmosphere.
Cell cultures were determined to be mycoplasma negative by PCR (Mycoplasma Detection
Kit; ATCC, Manassas, VA).

Primary bone marrow pro-B cell cultures were prepared from C57BL/6, B6129SF2/J,
Apaf1/9/J heterozygous, Apaf1f°9/J homozygous, and PpidM1-1MMOs mice(Jackson
Laboratories, Bar Harbor, ME) as described previously (23). All animal studies were reviewed
and approved by the Institutional Animal Care and Use Committee at Boston University. Bone
marrow was flushed from the femurs of 4-8 week-old mice. Red blood cells were lysed by
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incubation in 0.17 M NH4CI, 10 mM KHCO3, and 1 mM EDTA at 37°C for 5 min. The
remaining cells were cultured for 5-7 days in primary B cell medium (RPMI containing 10%
FBS, penicillin/streptomycin, L-glutamine, 2-mercaptoethanol, and 16 ng/ml murine riL-7).
This procedure results in a B cell culture in which at least 95% of the cells express CD43 and
B220.

For experiments, pro/pre-B cells were cultured (0.5-1 x 10° cells/ml medium) overnight in
RPMI with 5% FBS and treated with Vh (ethanol:DMSO, 50:50, 0.1%), MEHP (150 uM), or
15d-PGJ; (10 uM) for 0.5 - 8 hrs. Cells were pre-treated with Vh (DMSO, 0.1%) or Z-VAD-
FMK (30 uM) for 30 min. Primary pro-B cells were cultured overnight (4 x 10° cells/ml
medium) in primary B cell medium with 7.5% FBS and treated with VVh (ethanol:DMSO, 50:50,
0.1%), MEHP (150-200 uM) or 15d-PGJ, (2-10 uM) for 8-32 hrs.

Analysis of Apoptosis

B cells were harvested into cold PBS containing 5% FBS and 10 pM azide. Cells were
resuspended in 0.25 ml hypotonic buffer containing 50 pg/ml propidium iodide (PI), 1%
sodium citrate and 0.1% Triton X-100 and analyzed with FL-2 in the log mode on a Becton
Dickinson FACScan flow cytometer. The percentage of cells undergoing apoptosis was
determined to be those having a weaker PI fluorescence than cells in the Gy/G4 phase of the
cell cycle (15,22,23).

Analysis of Mitochondrial Membrane Potential

Thirty min prior to harvest, JC-1 (1.4 uM, Molecular Probes, Eugene, OR) was added to each
well. BU-11 cells were transferred to FACS tubes without washing and analyzed immediately
by flow cytometry. Only cells in the live gate were analyzed. The percentage of cells with low
mitochondrial membrane potential (A¥,/°") was determined to be those having an increased
green fluorescence with or without a loss of red fluorescence (24).

Immunoblotting

B cells were harvested and washed once in cold PBS. For analysis of cleavage of caspases or
their substrates, cytoplasmic extracts were prepared as described previously (22). For analysis
of cytochrome c release, BU-11 cells were resuspended immediately in permeabilization buffer
(10 mM Hepes, pH 7.4, 210 mM mannitol, 70 mM sucrose, 5 mM succinate, 0.2 mM EGTA)
containing 1.4 ul/ml of a 10% digitonin solution in DMSO. Following a 5 min incubation on
ice, the same volume of permeabilization buffer without digitonin was added. The mixture was
vortexed briefly and then centrifuged at 14,000 rpm for 30 min. The supernatant was used to
determine cytochrome c release. For analysis of Bax translocation, mitochondrial fractions
were prepared as described previously (22). Protein concentrations were determined by the
Bradford method.

Proteins (5-60 ng) were resolved on 6% (a-fodrin), 12% (caspases-2, -8, and -9) or 15% (Bax,
Bid, caspase-3, cytochrome ¢, and lamin) gels, transferred to a 0.2 um nitrocellulose membrane,
and incubated with primary antibody. Primary antibodies included monoclonal mouse anti-a-
fodrin (MAB1622), polyclonal rabbit anti-Bax (SC-493), polyclonal rat anti-Bid (MAB860),
monoclonal rat anti-caspase-2 (MAB3501), polyclonal rabbit anti-cleaved caspase-3 (9661),
polyclonal rat anti-caspase-8 (ALX-804-447), polyclonal rabbit anti-caspase-9 (9504), and
polyclonal rabbit anti-cytochrome ¢ antibody (S2050). Immunoreactive bands were detected
using HRP-conjugated secondary antibodies (Biorad, Hercules, CA) followed by ECL. To
control for equal protein loading, blots were re-probed with a B-actin-specific antibody
(A5441), a-tubulin-specific antibody (CP06), or HSP60-specific antibody (sc-1722) and
analyzed as above. To quantify changes in protein expression, band densities were determined
using the UVP Bioimaging System and the Labworks 4 program (UVP, Inc., Upland, CA).
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The band density of the protein of interest was divided by the band density of the control
protein. To normalize for differences between experiments, the band density ratio for
experimental samples then was divided by the ratio in the naive sample from that experiment.

Statistical analyses were performed with Statview (SAS Institute, Cary, NC). Data are
presented as means + or + standard errors (SE). At least three experiments were performed in
each BU-11 protocol. Experiments with primary pro-B cells were performed with a minimum
of three pools of bone marrow cells, and each pool of bone marrow cells was maintained
separately. One-factor ANOVAS were used to analyze the data, with the Dunnett’s or Tukey-
Kramer multiple comparisons test to determine significant differences.

Rapid induction of apoptosis in cultured pro/pre-B cells by MEHP and enhancement by an
endogenous prostaglandin

We have shown that bone marrow B cells are susceptible to apoptosis induced by structurally
diverse PPARYy agonists, including ciglitazone, GW7845, 15d-PGJ, and MEHP (15,22). While
some studies support the hypothesis that PPARy agonists induce apoptosis through their
receptor, growing evidence suggests that many PPARYy agonists induce apoptosis via an extra-
receptor mechanism and that the mechanism induced can be specific to the agonist (19,
25-27). Indeed, 15d-PGJ, has been suggested to induce apoptosis via multiple mechanisms
including inhibition of NF-xB or stimulation of reactive oxygen production (19,28). Two
PPARYy antagonists (GW9662 and T007097) had little effect on the anti-proliferative effect of
MEHP or 15d-PGJ; in the developing B cell model used here (data not shown), a result
consistent with, but not proving a PPARy-independent signaling pathway.

Interestingly, we have shown that exposure to a combination of MEHP and 15d-PGJ; results
in enhanced apoptosis in a pro/pre-B cell model (15). A higher percentage of primary pro-B
cells (>95% B220*/CD43* following culture of bone marrow cells in rIL-7 for >5 days)
undergo apoptosis when co-treated with MEHP and 15d-PGJ, than when treated with either
chemical alone (Fig 1A). This enhancement could be due to convergence of independent
apoptosis signaling pathways or enhanced stimulation of a common pathway. Assessing the
nature of the MEHP- and PGJ,-induced apoptosis pathway(s) is particularly important since
basal PGJ, levels in the bone marrow microenvironment (21) may lower the threshold for the
environmental chemical-induced apoptosis, effectively increasing the risk associated with
environmental chemical exposure.

To this end we examined the kinetics with which MEHP and 15d-PGJ, induce death in cultured
pro/pre-B cells. BU-11 cells were treated with VVh (ethanol:DMSO (50:50), 0.1% final volume),
MEHP (150 pM) or 15d-PGJ, (10 uM) for up to 16 hr and analyzed for cell death by hypotonic
Pl staining and flow cytometry. The onset of apoptosis, as measured by the percentage of cells
containing a sub-Gg/G; DNA content, was similar for MEHP and 15d-PGJs, beginning within
the first 4 hrs of treatment (Fig. 1B). However, once induced, the execution of apoptosis was
significantly more rapid in cells treated with 15d-PGJ, than MEHP. Approximately 50% of
the cells had a sub-Gp/G1 DNA content within 7 and 16 hr of treatment with 15d-PGJ, and
MEHP, respectively. To demonstrate that the formation of the sub-Gy/G; population was a
result of apoptosis, we examined the effect of treatment with the pan-caspase inhibitor Z-VAD-
FMK on MEHP- and 15d-PGJso-induced death. BU-11 cells were pretreated for 30 min with
Vh or Z-VAD-FMK (30 uM) prior to treatment with MEHP or 15d-PGJ, for 16 or 6 hrs,
respectively. Cells were analyzed for cell death by hypotonic PI staining and flow cytometry.
MEHP- and 15d-PGJy-induced formation of the sub-Gy/G1 population was completely
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abrogated by pre-treatment with Z-VAD-FMK (Fig. 1C-D), a result consistent with the
hypothesis that these chemicals induce B cell death via a protease-dependent apoptotic process.

Caspase-3 is considered to be the primary apoptosis executioner with the broadest substrate
repertoire of the effector caspases and is responsible for cleaving and activating those proteins
responsible for the classic nuclear features associated with apoptosis, including nuclear
condensation, chromatin margination and DNA fragmentation (29). To confirm activation of
caspase-3 following exposure to MEHP and 15d-PGJ,, BU-11 cells were treated as above and
analyzed for caspase-3 activation by immunoblotting for cleaved, active caspase-3 and for
endogenous cleaved a-fodrin, a specific caspase-3 substrate (29). MEHP and 15d-PGJ,
induced the formation of the 17 kDa active caspase-3 fragment within 2-4 hrs, and this was
accompanied by cleavage of a-fodrin (Fig. 2), thereby confirming that caspase-3 was
catalytically active. Thus, treatment of bone marrow B cells with either MEHP or 15d-PGJ,
results in induction of the classic, terminal features of apoptosis. Although the onset of
apoptosis appears to be similar for each chemical with regard to initiating caspase-3 activation,
the significantly more rapid execution of apoptosis following treatment with 15d-PGJ,
suggests different apoptotic mechanisms may be at play.

Activation of caspases belonging to both the intrinsic and extrinsic apoptotic pathways by
MEHP and 15d-PGJ,

Historically, caspase cascades have been assigned to one of two non-mutually exclusive
pathways based on participation of a particular initiator caspase in the apoptotic process. It is
increasingly being recognized that significant crossover between the intrinsic and extrinsic
pathways can occur (30,31). The activation of a full complement of caspases in the extrinsic
and intrinsic pathways may enhance a weak apoptotic signal or accelerate the apoptotic process.
Activation of a positive-feedback loop would be consistent with the high degree of bone
marrow B cell sensitivity to these agents. Indeed, in pro/pre-B cells, the aryl hydrocarbon
receptor agonist 7,12-dimethylbenz[a]anthracene and the PPARy agonist GW7845 were found
to activate initiator caspases-2 and -8 in a executioner caspase-3-dependent manner (22,23).
Therefore, studies were designed to investigate the full complement of intrinsic and extrinsic
apoptosis pathway caspases activated by MEHP and 15d-PGJs.

The likely initiator caspase in apoptosis induced by chemicals such as chemotherapeutics is
caspase-9, an initiator caspase in the intrinsic pathway that is activated following
permeabilization of the mitochondria (32). To examine the activation of caspase-9 in MEHP-
and 15d-PGJ,-induced pro/pre-B cell apoptosis, BU-11 cells were treated with Vh
(ethanol:DMSO (50:50), 0.1% final volume), MEHP (150 uM) or 15d-PGJ; (10 uM) for up
to 8 hrs and analyzed by immunaoblotting for full-length and cleaved caspase-9. A loss of full-
length caspase-9 and the appearance of cleaved, active caspase-9 (37, 39 kDa) were evident
following treatment with either MEHP or 15d-PGJ, (Fig. 3A-B).

Caspase-2 also may act as the apical caspase in the intrinsic pathway, being activated upstream
of the mitochondria and leading to the release of cytochrome c, or alternatively it may be
activated downstream of caspase-9 (33). In BU-11 cells treated as described above, a loss of
cytoplasmic full-length caspase-2 and the appearance of cleaved caspase-2 fragments (32, 33
kDa) occurred along with the activation of caspase-9 (Fig. 3C-D).

Finally, the initiator caspase in the extrinsic pathway is caspase-8, and its activation usually
occurs following ligation of a death receptor and formation of the death inducing signaling
complex (34). Alternatively, active caspase-3 can cleave and activate caspase-6, which in turn
may activate caspase-8 in a positive feedback loop (30,31). BU-11 cells were treated as
described above and analyzed for formation of caspase-8 fragments (43/41, 18 kDa) by
immunoblotting. Caspase-8 was cleaved soon after treatment (2-3 hr) with MEHP (Fig. 3E) or
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15d-PGJ, (Fig. 3F). The lack of change in mMRNA expression of several TNF receptor family
ligands (TNFa, Fas ligand, and TRAIL) in BU-11 cells treated with MEHP or 15d-PGJ,
supports the hypothesis that caspase-8 activation is a downstream event in these apoptotic
pathways and does not initiate an extrinsic apoptosis signaling pathway (data not shown). The
concurrent activation of caspases in both the intrinsic and extrinsic apoptotic pathways suggests
that a positive feedback loop stimulates apoptosis induced by these chemicals; however, the
activation of a similar complement of caspases by both chemicals does not explain the
difference in the rate of execution of apoptosis.

Requirement for and mechanism of cytochrome c release in MEHP- and 15d-PGJs-induced

apoptosis

The hallmark of activation of the intrinsic apoptosis pathway is the release of cytochrome ¢
into the cytoplasm (reviewed in (34,35)). Therefore, we examined pro/pre-B cells for
alterations in the mitochondria following treatment with MEHP and 15d-PGJ,. BU-11 cells
were treated with Vh (ethanol:DMSO (50:50), 0.1% final volume), MEHP (150 uM) or 15d-
PGJ, (10 uM) for up to 8 hrs and analyzed for cytochrome c release by immunoblotting
cytoplasmic extracts of digitonin-permeabilized cells. As expected, cytochrome ¢
concentrations in the cytoplasm increased following treatment with either MEHP or 15d-
PGJ, (Fig. 4A-B) and prior to (i.e. within 4 hr of treatment) formation of an apoptotic cell
population, as measured by Pl (see Fig 1). Further, to test the hypothesis that cytochrome ¢
release was responsible for initiating the apoptotic cascade, the incidence of MEHP- and 15d-
PGJ,-induced apoptosis was examined in primary pro-B cells that are defective in the APAF1
protein and thereby are unable to form the apoptosome that is necessary for caspase-9 activation
(32). Primary pro-B cells were prepared from mice hetero- or homozygous for the APAF1f0d
mutation, treated with VVh, MEHP (200 pM) or 15d-PGJ, (10 pM) for 32 or 8 hr, respectively,
and analyzed for apoptosis by hypotonic Pl staining and flow cytometry. A significant increase
in apoptosis was observed in primary pro-B cells from APAF179 heterozygous mice following
treatment with either MEHP or 15d-PGJs, and this was suppressed significantly in primary
pro-B cells from APAF179 homozygous mice (Fig. 4C-D). The suppression of apoptosis most
likely was incomplete because APAF1f09 mice still express a low level of APAF1 that allows
the mice to survive to adulthood; complete abrogation of APAF1 expression results in perinatal
lethality (36). The results indicate that release of cytochrome ¢ and formation of the apoptosome
is required for optimal MEHP- and 15d-PGJ,-induced apoptosis.

Multiple inducer-specific pathways for initiation of cytochrome c release from the
mitochondrion have been hypothesized (35). One hypothesized mechanism for cytochrome ¢
release is opening of the permeability transition pore, which leads to a loss of mitochondrial
membrane potential. To begin to investigate the mechanism of cytochrome c release, BU-11
cells were treated as above for 1-16 hrs and analyzed for mitochondrial membrane potential
loss by JC-1 staining and flow cytometry. Significant loss of mitochondrial membrane potential
occurred within 2 and 6 hrs of treatment with MEHP and 15d-PGJ,, respectively (Fig. 5A and
5B). In order to examine the contribution of the permeability transition pore to the apoptotic
process, the incidence of MEHP- and 15d-PGJ,-induced apoptosis was examined in primary
pro-B cells defective in cyclophilin D, a protein component of the transition pore. Primary pro-
B cells were prepared from wildtype B6129SF2/J and Ppid™1-1Mmos mjce treated with Vh,
MEHP (200 uM), or 15d-PGJ, (10 uM) for 32 or 8 hrs, respectively, and analyzed for apoptosis
by hypotonic PI staining and flow cytometry. A significant increase in apoptosis was observed
in primary pro-B cells from wildtype mice following treatment with either MEHP or 15d-
PGJ, that was not significantly reduced in cyclophilin D null primary pro-B cells (Fig. 5B-C).
Therefore, it is unlikely that the mitochondrial permeability transition pore plays an essential
role in MEHP or 15d-PGJ,-induced cytochrome c release or apoptosis, a result consistent with
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those showing a role for the permeability transition pore in necrosis rather than apoptosis
(37).

A second hypothesized mechanism for cytochrome c release is the direct mobilization and

activation of Bax, homodimerzation of which leads to pore formation in the outer mitochondrial
membrane (38). To examine the distribution of Bax, BU-11 cells were treated as above for 1
- 8 hrs, and analyzed for Bax expression by immunoblotting of cytoplasmic and mitochondrial
fractions prepared from digitonin-permeabilized cells. Expression of Bax in the mitochondria
increased significantly following treatment with either MEHP or 15d-PGJ,, while it decreased
in the cytoplasm (Fig. 6A-B), suggesting a plausible mechanism for cytochrome c release.

A third hypothesized mechanism of cytochrome c release, that may occur apically or
secondarily, is induction of pore formation by Bax/Bak in the outer mitochondrial membrane
by Bid that has been cleaved by a protease (39). To test this possibility, BU-11 cells were
treated with Vh (ethanol:DMSO (50:50), 0.1% final volume), MEHP (150 uM) or 15d-PGJ,
(10 uM) for up to 8 hrs and analyzed for full length and cleaved Bid (tBid, 15 kDa) by
immunoblotting. Formation of tBid was evident following treatment with either MEHP (Fig.
7A) or 15d-PGJ;, (Fig. 7B). However, a greater proportion of the total Bid pool was cleaved
following treatment with 15d-PGJ, over time, as there was a ~90% reduction in full length
Bid following treatment with 15d-PGJ, for 6 hrs but only a ~40% decrease following treatment
with MEHP for 8 hrs (Figs. 7A-B). These results suggest that the extent of Bid cleavage may
represent a key difference in the apoptosis pathways activated by MEHP and 15d-PGJs.

Bid may be cleaved by a number of different proteases, including caspases-2, -3 and -8,
calpains, cathepsins and granzyme B (39). If Bid cleavage contributes significantly to the 15d-
PGJ,-induced apoptotic process, then treatment with the general caspase inhibitor, Z-VAD-
FMK, should inhibit Bid cleavage and subsequent release of cytochrome c into the cytoplasm.
BU-11 cells were pretreated for 30 min with VVh or Z-VAD-FMK (30 puM) prior to treatment
with 15d-PGJ, for 4-6 hrs. Cytoplasmic extracts from digitonin-permeabilized cells were
analyzed for the presence of full-length Bid and mitochondrial release of cytochrome c. Z-
VAD-FMK significantly suppressed both 15d-PGJ,-induced Bid cleavage and accumulation
of cytoplasmic cytochrome c (Figs. 8A-B). For comparison, while Z-VAD-FMK reduced the
15d-PGJ,-induced release of cytochrome ¢ by ~90%, cytochrome c release induced by MEHP
was reduced only ~30% (Fig 8B). Thus, Bid cleavage and tBid-mediated release of cytochrome
¢ most likely represent a mechanism that amplifies the apoptotic signal following treatment
with 15d-PGJ,, but not MEHP.

Discussion

B cells in the developing immune system are sensitive to MEHP, a metabolite of an
environmental phthalate ester. MEHP both suppresses proliferation and induces apoptosis of
primary bone marrow B cells and cells of a non-transformed B cell line representing the pro/
pre-B cell stage (15). We hypothesize that bone marrow B cells are particularly sensitive to
apoptotic agents due to a relatively low threshold of apoptosis induction in early B cells which
are deleted from the immune repertoire through apoptosis induction if their surface Ig receptors
bind self antigens with high affinity (40). Indeed, we have shown that a robust and positively
reinforced apoptotic pathway can be activated by a number of chemicals, as shown here for
MEHP. Furthermore, the potential for chemical mixtures to amplify toxicity, as seen with the
combination of MEHP and 9-cis-retinoic acid or 15d-PGJ; (15), requires further investigation.
Here we have begun to investigate the apoptotic pathways induced by both MEHP and 15d-
PGJ; in order to gain insight into the cooperative role each may play in the induction of
apoptosis in the bone marrow.
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As we have shown here and previously (15), both MEHP and 15d-PGJ, induce classic terminal
features of apoptosis, including caspase-3 cleavage and activity, as well as DNA fragmentation.
The data are consistent with the induction of an intrinsic, mitochondria-driven apoptotic
pathway by both MEHP and 15d-PGJ; (Fig. 9, Pathway 1, solid arrows). Cytochrome c release
was accompanied by caspase-9 activation following treatment with either chemical. Assembly
of an apoptosome, a death complex composed of cytochrome ¢, APAF1, and caspase-9, was
required to drive apoptosis (32), as evidenced by the significant reduction in apoptosis in
primary pro-B cells from APAF179 mutant mice. The likely mechanism of permeabilization
of the mitochondrial membranes is translocation and pore formation by Bax (38,41,42), as both
MEHP and 15d-PGJ, induced the translocation of Bax to the mitochondria. These data support
the hypothesis that stimulation of Bax-mediated cytochrome c release by both agents from the
mitochondria and formation of the apoptosome results in the initial activation of caspase-9.
Consequently, activation of a different complement of caspases likely does not explain the
difference in the rate of execution of apoptosis seen with MEHP and 15d-PGJ,.

Bax activation may occur through interactions with tBid, and formation of tBid was observed
following treatment with MEHP or 15d-PGJ,. We hypothesize that Bid cleavage is a
downstream rather than an initiating event in MEHP-induced apoptosis and may contribute to
a caspase-dependent positive feedback loop (Fig. 9, pathway 2, short-dashed arrows). Studies
in several systems suggest that the intrinsic mitochondrial pathway activates caspase-8 through
caspases-3 and -6 (30,31). Active caspase-8 then may cleave Bid, allowing it to translocate to
the mitochondria (43). Caspase-2 can be cleaved directly by caspase-3 and may act as an
amplifier by cleaving and activating Bid (33). Finally, caspase-3 itself may cleave and activate
Bid (44). Activation of all of these caspases was evident following treatment with MEHP, and
they likely contribute to the observed Bid cleavage.

While Bid cleavage occurred following treatment with either MEHP or 15d-PGJ,, a
significantly greater portion of the Bid pool was cleaved following treatment with 15d-PGJ,.
Results suggest that, while caspase-dependent cleavage of Bid, as part of a positive feedback
loop, occurs with 15d-PGJ, as with MEHP (Fig. 9, pathway 2, short-dashed arrows), another
mechanism also is at work. Because the vast majority of the Bid pool was cleaved following
treatment with 15d-PGJ,, we were able to experimentally intervene to investigate the role of
tBid in this system. Z-VAD-FMK completely suppressed 15d-PGJ,-induced Bid cleavage and
significantly, although incompletely, suppressed 15d-PGJ,-induced cytochrome c release.
Two results argue against the conclusion that this cleavage of Bid results solely from activation
of a caspases-9 -3, -2, -8-dependent positive feedback loop: 1) The same complement of
caspases is activated following treatment with either 15d-PGJ, or MEHP and yet Bid cleavage
is significantly more substantial following treatment with 15d-PGJ,. 2) 15d-PGJ,-induced but
not MEHP-induced cyctochrome c release is highly dependent upon Z-VAD-FMK-sensitive
protease activation. Z-VAD-FMK commonly is used as a caspase-specific inhibitor, it also can
inhibit papain-like proteases such as cathepsins, which can cleave Bid (39,45,46). Thus, we
hypothesize that 15d-PGJ, stimulates the cleavage of Bid via two pathways: 1) mitochondria-
independent activation of a Bid-cleaving protease, potentially cathepsin (Fig. 9, pathway 3,
long-dashed arrows), and 2) the subsequent activation of a positive feedback loop mediated by
caspases-9, -3, -2 and -8 (Fig. 9, pathway 2, short-dashed arrows). The results with Bid found
here support and extend those of Nencioni et al. (19), who found that 15d-PGJ,-induced
cytochrome c release in Jurkat T cells is at least partially protease-dependent, but caspase-8-
independent.

Can the apoptotic mechanisms determined here occur at concentrations of MEHP and 15d-
PGJ, that are relevant in vivo? While relatively high concentrations of a single phthalate,
MEHP, were used in these in vitro studies, humans are exposed to multiple phthalates
simultaneously (1). A cumulative toxic effect has been described for testis simultaneously
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exposed to multiple phthalates (47). Furthermore, a recent study has shown that culture
conditions result in up to a 99% loss of the electrophilic 15d-PGJ, such that uM concentrations
of added 15d-PGJ, result in only pM concentrations within the cell, concentrations in line with
those shown to exhibit biological effects in vivo (48).

Co-exposure to multiple classes of toxicants within a mixture enhances toxicity. High synthesis
rates of PGD,, the precursor of 15d-PGJ,, in the bone marrow may produce a significant
concentration of 15d-PGJ, in this tissue (21), providing a mechanism to enhance MEHP-
induced apoptosis in the bone marrow. Further, studies have shown that co-exposure of bone
marrow B cells to MEHP and 9-cis-retinoic acid, a vitamin A metabolite and RXRa ligand,
results in synergistic effects on apoptosis (14). This synergy, compounded with the increases
in apoptosis expected in the presence of another endogenous chemical, 15d-PGJ,, may result
in significant levels of apoptosis induced by low environmental chemical doses. Beyond
enhancement of MEHP toxicity by endogenous compounds, exposure to exogenous mixtures
has significant potential to amplify toxicity. Exposure to DEHP/MEHP often occurs
concomitant with exposure to tributyltin, a recently identified, high affinity ligand for retinoid
X receptor (RXR) a and PPARYy (49). Initial studies have shown that early B cells are
susceptible to tributyltin-induced apoptosis at nanomolar concentrations and that co-treatment
at sub-apoptotic concentrations enhances MEHP-induced effects on proliferation®.

A source of prostaglandin in the bone marrow, the environmentally relevant multi-phthalate/
PPARYy agonist/RXRa agonist mixture exposure scenario, and the potential sensitivity of bone
marrow B cells to growth/death perturbing signals strongly suggest that these multiple chemical
exposures have a significant effect on the development of these, if not other, bone marrow
hematopoietic cells. Continued studies are required to determine if priming of the Bid pool for
cleavage by exposure to 15d-PGJ, is the mechanism by which this chemical may sensitize cells
to MEHP-induced toxicity. Because evidence to date does not support a role for PPARYy in the
anti-proliferative effects of its agonists, the surprising result that multiple combinations of
PPARYy and RXRa agonists interact to enhance suppression of B cell proliferation requires
further study.
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Figure 1.

MEHP and 15d-PGJ, cooperatively induce apoptosis in cultured pro/pre-B cells and primary
pro-B cells. (A) Suspension cultures of primary pro-B cells prepared from wildtype C57BL/6
mice were treated with Vh, MEHP (150 uM) and/or 15d-PGJ, (2 uM) for 32 hr. (B) Suspension
cultures of BU-11 cells were treated with ethanol:DMSO (50:50, Vh, 0.1%), MEHP (150 uM)
or 15d-PGJ, (10 uM) for the times indicated. (C-D) Suspension cultures of BU-11 cells pre-
treated for 30 min with DMSO (Vh, 0.1%) or Z-VAD-FMK (30 uM) and then treated with
ethanol:DMSO (50:50, Vh, 0.1%), MEHP (150 uM) or 15d-PGJ, (10 uM) for 16 or 6 hr,
respectively. Cell death was analyzed by hypotonic PI staining followed by flow cytometry.
Data are presented as means + SE from at least 3 independent experiments or 4 independently
prepared and maintained pools of primary pro-B cells. *Statistically greater than VVh-treated
(p<0.05, ANOVA, Dunnett’s). **Statistically different from all other treatment groups
(p<0.05, ANOVA, Tukey-Kramer).
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Figure 2.
MEHP (A) and 15d-PGJ, (B) treatment activate caspase-3 in cultured pro/pre-B cells.

Suspension cultures of BU-11 cells were treated with ethanol:DMSO (50:50, Vh, 0.1%),
MEHP (150 uM) or 15d-PGJ, (10 uM) for the times indicated. Cytoplasmic extracts were
prepared and analyzed for formation of caspase-3 fragments (17 kDa) and cleaved a-fodrin
(120, 150 kDa) by immunoblotting. Representative data from at least 3 independent
experiments are presented.
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Figure 3.
MEHP and 15d-PGJ, treatment activates caspases in the intrinsic and extrinsic pathways.

Suspension cultures of BU-11 cells were treated with ethanol:DMSO (50:50, Vh, 0.1%),
MEHP (150 uM) or 15d-PGJ, (10 uM) for the times indicated. Cytoplasmic extracts were
prepared and analyzed for caspase-9 (A-B; 37, 39 kDa), caspase-2 (C-D; 32, 33 kDa), and
caspase-8 (E-F; 43/41, 18 kDa) fragments by immunablotting. Representative data from at
least 3 independent experiments are presented.
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Figure 4.

MEHP and 15d-PGJ, induce cytochrome c release in cultured pro/pre-B cells, and death is
attenuated in APAF179 mutant primary pro-B cells. (A-B) Suspension cultures of BU-11 cells
were treated with ethanol:DMSO (50:50, Vh, 0.1%), MEHP (A; 150 uM) or 15d-PGJ, (B; 10
uM) for the times indicated. Cytochrome c release was analyzed by immunaoblotting of
cytoplasmic extracts from digitonin-permeablized cells. (C-D) Suspension cultures of primary
pro-B cells isolated from mice hetero- or homozygous for the APAF1f°9 mutation were treated
with ethanol:DMSO (50:50, Vh, 0.1%), MEHP (C; 200 uM, 16hr) or 15d-PGJ; (D; 10 pM,
8hr). Cell death was analyzed by hypotonic PI staining followed by flow cytometry. The
percentage of apoptotic cells measured in a naive population for each pool was subtracted prior
to the data analysis. Data are presented as means = SE from at least 3 independent experiments
or 4 independently prepared and maintained pools of primary pro-B cells. *Statistically greater
than Vh-treated (p<0.05, ANOVA, Tukey-Kramer). **Statistically less than wildtype, MEHP-
or 15d-PGJo-treated (p<0.05, ANOVA, Tukey-Kramer).
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Figure 5.

MEHP and 15d-PGJ, induce loss of mitochondrial membrane potential, but lack of cyclophilin
D does not protect against cell death. (A) Suspension cultures of BU-11 cells were treated with
ethanol:DMSO (50:50, Vh, 0.1%), MEHP (150 uM) or 15d-PGJ5 (10 uM) for the times
indicated. Mitochondrial membrane potential was analyzed by JC-1 staining followed by flow
cytometry. (B-C) Suspension cultures of primary pro-B cells isolated from wildtype
B6129SF2/J and PpidiM1-IMmos mice were treated with \VVh, MEHP (200 uM, 16hr) or 15d-
PGJ, (10 uM, 8hr). Cell death was analyzed by hypotonic Pl staining followed by flow
cytometry. The percentage of apoptotic cells measured in a naive population for each pool was
subtracted prior to the data analysis. Data are presented as means + SE from at least 3

J Immunol. Author manuscript; available in PMC 2009 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bissonnette et al.

Page 19

independent experiments or 4 independently prepared and maintained pools of primary pro-B
cells. *Statisically greater than Vh-treated (p<0.05, ANOVA, Dunnett).
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Figure 6.

MEHP (A) and 15d-PGJ, (B) induce translocation of Bax to the mitochondria. Suspension
cultures of BU-11 cells were treated with ethanol:DMSO (50:50, Vh, 0.1%), MEHP (150 uM)
or 15d-PGJ, (10 uM) for the times indicated. Cytoplasmic and mitochondrial fractions were
prepared from digitonin-permeabilized cells and analyzed for Bax expression by
immunoblotting. Representative data from at least 3 independent experiments are presented.
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Figure 7.
MEHP (A) and 15d-PGJ, (B) induce Bid cleavage. Suspension cultures of BU-11 cells were

treated with ethanol:DMSO (50:50, Vh, 0.1%), MEHP (150 uM) or 15d-PGJ, (10 uM) for the
times indicated. Cytoplasmic extracts were prepared and analyzed for full length (22 kDa) and
cleaved Bid (15 kDa) by immunoblotting. Expression levels of full-length Bid were quantified
as described in the Methods. Data are presented as means = SE from at least 3 independent
experiments. *Statistically less than Vh-treated (p<0.05, ANOVA, Dunnett’s).
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Figure 8.

Z-VAD-FMK suppresses 15d-PGJ,-, but not MEHP-, induced Bid cleavage (A) and

MEHP  15d-PGJ,
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cytochrome c release (B). Following a 30 min pretreatment with VVh or Z-VAD-FMK (30 uM)
and treatment with Vh, 15d-PGJ, (10 uM), or MEHP for 6 hr, cytoplasmic extracts from
digitonin-permeabilized cells were prepared and analyzed by immunoblotting for full-length
Bid and cytochrome c. Protein expression levels were quantified as described in the Methods.
Data are presented as means = SE from at least 3 independent experiments. *Statistically
different than Vh-treated (p<0.05, ANOVA, Tukey-Kramer). **Statistically different than
15d-PGJ; alone (p<0.05, ANOVA, Tukey-Kramer).
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Figure 9.

Hypothesized pathways of MEHP- and 15d-PGJ,-induced apoptosis.
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