www.nephropathol.com

DOI:10.12860/JNP.2013.28 J Nephropathology. 2013; 2(3): 166-180

Journal of Nephropathology

Prostaglandin D, synthase: Apoptotic factor in alzheimer
plasma, inducer of reactive oxygen species, inflammatory

cytokines and dialysis dementia

John K. Maesaka'”, Bali Sodam', Thomas Palaia!, Louis Ragolia',Vecihi Batuman?, Nobuyuki Miyawaki ',
Shubha Shastry', Steven Youmans®, Marwan El-Sabban*

'Department of Medicine, Winthrop-University Hospital, Mineola, N.Y., SUNY Medical School at Stony Brook, N.Y. USA.
“Department of Medicine, Tulane University School of Medicine. USA.

*Department of Biomedical Sciences, New York Institute of Technology, Westbury, N.Y. USA.

‘Department of Anatomy, Cell Biology and Physiological Sciences, American University of Beirut, Beirut, Lebanon.

ARTICLE INFO ABSTRACT

glffifleﬂ%&'_ 1 Background: Apoptosis, reactive oxygen species (ROS) and inflammatory cytokines
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for the fourfold increase in apoptotic rates that we previously noted when pig
proximal tubule, LLC-PK1, cells were exposed to AD plasma as compared to
plasma from normal controls and multi-infarct dementia.

Patients and Methods: The apoptotic factor was isolated from AD urine and identi-
fied as lipocalin-type prostaglandin D, synthase (I-PGDS). L-PGDS was found
to be the major apoptotic factor in AD plasma as determined by inhibition of
apoptosis approximating control levels by the cyclo-oxygenase (COX) 2 inhibitor,
NS398, and the antibody to L-PGDS. Blood levels of L-PGDS, however, were
not elevated in AD. We now demonstrate a receptor-mediated uptake of L-PGDS
in PC12 neuronal cells that was time, dose and temperature-dependent and was
saturable by competition with cold L-PGDS and albumin. Further proof of this
endocytosis was provided by an electron microscopic study of gold labeled L-
PGDS and immunofluorescence with Alexa-labeled L-PGDS.

Results: The recombinant L-PGDS and wild type (WT) L-PGDS increased ROS
but only the WTL-PGDS increased IL.6 and TNFa, suggesting that differences in
glycosylation of L-PGDS in AD was responsible for this discrepancy.

Conclusions: These data collectively suggest that L-PGDS might play an important
role in the development of dementia in patients on dialysis and of AD.

Implication for health policy/ practice/ research/ medical education:
Lipocalin-type prostaglandin D, synthase might play an important role in the development of dementia in pa-
tients on dialysis and of Alzheimer’s disease.
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1. Background

ipocalin-type prostaglandin (PG) D, syn-
Lthase (L-PGDS) is a member of a su-

perfamily of lipocalins that have diverse
physiological functions, including binding and
transporting lipophilic compounds, induction of
sleep, regulation of body temperature, inhibition
of platelet aggregation, vasodilatation, modula-
tion of pain, convulsions, hormone release, im-
munomodulation, inflammation and apoptosis
(1-5). L-PGDS, also known as @ trace protein,
makes up ~3% of proteins in the cerebrospi-
nal fluid (CSF) and is the second most common
protein in the CSF (6,7). It is produced by the
leptomeninges, choroid plexus and parenchymal
oligodenderites in brain and has been localized in
various neuronal cells by immunohistochemical
and mRNA determinations, including lysosomes
in the cytosol, suggesting receptor-mediated en-
docytosis (8-10). While there is ample evidence
for characterization of cell-surface receptor
binding for some lipocalins, the specific receptor
for all lipocalins has not been identified and as a
result, there is limited delineation of the precise
mechanisms for receptor binding, post receptor
mediation of ligand endocytosis and biologi-
cal translation (11). Part of this difficulty in the
characterization of lipocalin receptors lies in the
identification of only a limited number of spe-
cific receptors for lipocalins (11).

The enzymatic role of L-PGDS in the bio-
synthetic pathway of prostanoid metabolism
has been clearly established. In this pathway,
cyclo-oxygenase (COX) 1 and 2 convert arachi-
donic acid to PGH2, which, in the presence of
L-PGDS, converts to PGD,, the most common
prostanoid in brain (8). PGD, in turn converts to
PG]J, and then to 15 deoxy PGA™" ] (15dPG J,),
the primary ligand for peroxisome proliferator-

activator receptor-gamma (PPARy)(12). Fifteen

www.nephropathol.com

Prostaglandin D, Synthase

dPG]J2 has been reported to induce apoptosis in
human astrocytes and cortical neurons (13,14).
We previously demonstrated the induction of
apoptosis by L-PGDS in PC12, LLC-PK1 and
rat mesangial cells that was inhibited by L-PGDS
inhibitors, growth factors such as insulin growth
factor, insulin and erythropoietin in addition to
PGE1, PGE2, and COX 2 and caspase inhibition
(1,3,4). We also reported a fourfold increase in
apoptotic activity in the plasma of patients with
AD as compared to plasma from patients with
multi-infarct dementia and normal age and gen-
der-matched controls (15).

2. Objectives

In the present report, we present data on the
isolation and identification of I.-PGDS as a dom-
inant inducer of apoptosis in AD plasma. We
provide evidence for a receptor-mediated endo-
cytosis of L-PGDS, which induces apoptosis and
generates reactive oxygen species (ROS) and in-

flammatory cytokines (IC) in PC12 neuronal cells.

3. Materials and Methods

Purification Procedure
Urine Processing

We reasoned that the apoptotic factor we de-
scribed in AD plasma was a small protein that
would be filtered and excreted in urine. Detec-
tion of the apoptotic factor in urine would pro-
vide a virtual unlimited supply of the factor after
being immeasurably purified by the kidneys and
thus facilitate identification. Urine was, there-
fore, collected separately from two patients with
AD whose diagnoses were established by previ-
ously described criteria (15). Protein from 3-5 L
of urine was precipitated with ammonium sul-
fate, 80% (w/v). The precipitate was pelleted at
13,000 x g for 35 min at 4°C. Protein in the pel-

leted fraction was resuspended in 1/35 volume of

Journal of Nephropathology, Vol 2, No 3, July 2013 167



Maesaka JK et al

25 mM Tris-HCI buffer [pH 7.4] and dialyzed in
a 10 kDa M.W. cutoff dialysis membrane (Spec-
trum, Los Angeles, CA) against 3 x 4 L. of the
same buffer for 24 h at 4°C. Insoluble material
was removed by centrifugation as above and the
supernatant filtered through a #1 Whatman fil-
ter paper. The filtered dialysate was positive for
apoptotic activity in cultured LLC-PK1 cells as
determined by terminal deoxynucleotidyl trans-
ferase (TdT)-mediated dUTP nick end-labeling
(TUNEL) assay using the ApopDetek Cell Death
Assay Kit (Enzo, Farmingdale, NY) as previously
described (15,16).

Ion Exchange Chromatography

A 57 x 2.5 cm column was packed with Q
Sepharose Fast Flow media (Pharmacia, Uppsala,
Sweden) and equilibrated with 3 column volumes
of 25 mM Tris-HCI buffer [pH 7.4] at 40 C. The
filtered dialysate was loaded onto the column and
washed with column buffer until absorbance re-
turned to near background. The column was then
developed, using step elution with an increasing
salt concentration of 100, 200, 300, 400, 500 mM
and 2.5 M NaCl gradient in Tris-HCI buffer, pH
7.4, at 8 ml/min until absorbance returned to near
background each time. Apoptotic activity was
detected primarily in the 100 mM NaCl eluate.
Some activity was also noted in the 400 mM elu-
ate. The 100 mM NaCl eluate was concentrated
forty-fold in a 1 kDa M.W. cutoff dialysis mem-
brane against solid PEG 8000 (Sigma, St. Louis,
MO). The concentrate was then transferred to a
10 kDa M.W. cutoff dialysis membrane and dia-
lyzed overnight at 40 C against 4 L of 10 mM
sodium phosphate buffer [pH 7.1].

High Performance Liquid Chromatography
(HPLC) and SDS polyacrylamide gel electro-
phoresis-Identification of apoptotic factor

Three to 6 ml of the concentrated 100 mM
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NaCl eluate was subjected to HPLC chroma-
tography on a 4.6 cm x 250 mm Rainin anion
exchange column (Hydropore 5-SAX; Woburn,
MA). Bound material was eluted by use of a
linear gradient from 0 to 200 mM NaCl in 10
mM sodium phosphate buffer, pH 7.1, over 60
min at a flow rate of 0.5 ml/min, collecting 1 ml
fractions. The protein eluted as a single broad
peak in 4 fractions, each of which had apoptotic
activity by the TUNEL assay. An aliquot of the
peak HPLC fraction at 22 min was subjected to
electrophoresis on a 15% SDS polyacrylamide
gel, transferred to a PVDF membrane, and to
N-terminal amino acid sequence analysis at the
Laboratory for Macromolecular Analysis, Albert
Einstein College of Medicine, Bronx, NY on a
Perkin Elmer-ABI analyzer (Model Procise). A
subsequent Blast P search produced a 12/12
match for beta trace protein-glutathione inde-
pendent L-PGDS with a score of 28.2 bits and
expect value of 1.9 (17).

Contribution of L-PGDS to Apoptosis in AD
Plasma

In order to determine the contribution of L-
PGDS to the apoptotic activity that we described
previously in AD plasma, we determined apop-
totic activity in the plasma of 18 AD subjects with
a clinical diagnosis of AD by methods previously
described in LLC-PK1 cells, kindly supplied by
Dr. Julia Lever, Houston, TX (2). LLC-PK1 cells
were selected because we had previously reported
the apoptotic activity in AD plasma in this cell
line. We incubated LLC-PK1 cells with 60 ul AD
plasma or 50 ug/ml recombinant (r)L.-PGDS as
previously described (3,15) for 2 h with and with-
out 10 mg/ml of the COX2-specific inhibitor,
NS-398 (RBI, Natick, MA), dissolved to 10uM in
DMSO (18). In other experiments, 40 ug of affin-
ity purified antibody to L-PGDS, kindly provided
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by D.C. Chen (Protein Chemistry Core Labo-
ratory, Rockefeller University, New York, NY
USA) was incubated for 2 h with and without 60
ul AD plasma or 50 ug rI.-PGDS and apoptosis
determined by the TUNEL assay (15). L-PGDS
levels in plasma were determined by an antibody
sandwich ELISA as described by Oda et al with
modifications (19). In these assays, the secondary
polyclonal antibody was raised in chicken and the
horseradish peroxidase-labeled goat anti-chicken
IgG antibody was obtained from Aves Labs, Ti-
gard, OR.

Cell Culture

PC12 cells, obtained from ATCC (Manassas,
VA), were grown in RPMI 1640 medium (Life
Technologies, Gaithersburg, MD) that was sup-
plemented with 10 % horse serum, 5% fetal calf
serum, 25 U/ml penicillin, and 25 ug/ml strep-
tomycin in a 5% CO, atmosphere at 37°C. Cells
were fed three times a week by replacing two thirds
of the medium each time. The cells were plated
onto Permanox plastic chamber plates that had
been previously coated with 5ug/cm? for 1 h rat
tail collagen in 0.02N acetic acid to promote neu-
ritic outgrowth. Cells were fed three times a week
by replacing two thirds of the medium each time.
A unicellular suspension was created by passing
the cells through a 21g needle and cells plated at
10° cells/well. The following morning, RPMI that
was supplemented with 1% horse serum and 50
ng/ml mouse nerve growth factor (Boehringer
Mannheim Biochemicals) was substituted for the
medium. The cells were used 4-5 days after plating

when there was neuritic outgrowth.

Uptake of I rL-PGDS
Time and Temperature-Dependent Uptake
Studies

All uptake studies utilized purified rL.-PGDS
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that was labeled with '*T (Amersham, Piscataway,
NJ). One hundred ug of purified rL-PGDS was
dissolved in 200 ul PBS, Ph 7.4, and iodinated
with 1 mCi "I by the Iodo bead method, using
3.175 mm diameter size beads (Pierce Chemical,
Rockford, IL). After 15 min incubation, the reac-
tion mixture was separated from the beads and
dialyzed overnight by using a Sephadex G-25
column to separate the iodinated rL-PGDS from
free '*I. This iodination procedure yielded ~30
Ci/mmol tL-PGDS. All timed uptake studies
were performed 4-5 days after plating PC12 cells
in six-chamber plates, by adding 0.5 ml RPMI
medium containing sufficient 1251 L-PGDS and
2.5 ug cold L-PGDS at room temperature. The
reaction was stopped by adding 1 ml ice cold sa-
line at 3, 5, 10, 15, 30 and 60 seconds and at 3, 5
10, 15, 30, 60 and 120 minutes. Because of the
tendency of the cells to detach from the plate
surface, the cells were detached from the plate
surface to create a cell suspension, transferred
to microcentrifuge tubes and centrifuged at 1500
RPM for 4 min in a microcentrifuge. The super-
natant was then decanted and the cells gently re-
suspended by pipeting repeatedly in 1 ml ice cold
saline. After a total of three saline washes, the
cells were suspended in 1 ml of 1N NaOH and
incubated for 30 min at 37°C. The NaOH was
transferred to counting vials and 10 ul removed
for protein analysis by bicinchoninic acid (20).
One ml NaOH was added to rinse the micro-
centrifuge tube and added to the counting vial.
To test the effect of temperature on uptake of
L-PGDS similar studies were performed with 15
min incubations at 4°C, room temperature and
37°C. Radioactivity was measured in a LKB Wal-

lace 1282 compugamma CS universal counter.
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Dose-Dependent Uptake Studies
Under the same conditions as the time-depen-

dent studies, the RPMI medium containing '*I-

labeled recombinant I.-PGDS (tL.-PGDS) alone
and with progressively increasing concentrations
of cold rL-PGDS, ranging from 100, 500, 1000
to 2000 uM, were incubated for 15 min at 4°C.
The cells were washed 3 times with ice cold saline
and then 1N NaOH as above.

Determination of Membrane-Bound and Cy-
tosolic L-PGDS

In order to separate membrane-bound from
cytosolic rL-PGDS, PC12 cells were incubated
for 15 min with the same '*I t[.-PGDS and 2.5
ug unlabeled rL-PGDS in RPMI medium at
37°C and washed 3 times with ice cold saline as
above. The cells were then suspended in 1 ml of
an acid wash solution (50 mM glycine and 100
mM NaCl, pH 5.0) for 5 minutes to remove the
membrane-bound fraction of '*I rI.-PGDS. Af-
ter gentle mixing, the cells were centrifuged and
the supernatant transferred to a counting vial.
This process was repeated and the supernatant
was added to the same counting vial for deter-
mination of membrane-bound r[.-PGDS. The
cells were then treated with 1N NaOH for de-
termination of protein and cytosolic rL-PGDS

as above.

Competition Studies

Competition of uptake of rI.-PGDS was per-
formed by incubating 1251 rI.-PGDS alone and
with increasing concentrations of unlabeled al-
bumin or unlabeled t[.-PGDS at concentrations
of 100, 250, 500, 1000 and 2000 uM or 100, 500,
1000 and 2000 uM, respectively, for 15 minutes

at 4°C. The cells were then washed with ice cold
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saline followed bylN NaOH for determination

of protein and radioactivity as above.

Electron microscopy of gold-labeled rL-
PGDS

Tissue was fixed in 2% paraformaldehyde,
0.1% glutaraldehyde, 0.15 M sodium cacodylate
buffer, pH 7.4, dehydrated in a graded series of
ethanol, infiltrated in LR-White resin (London
Resin Co. Ltd., Hampshire, England), and po-
lymerized with UV irradiation at 282 nm. Thin
sections were picked up on nickel formvar coated
grids, blocked in 0.01M glycine, 1% nonfat dry
milk, 0.5% gelatin in 0.1M phosphate buffer, pH
7.4, exposed to a 1:100 dilution of a rabbit poly-
clonal antibody against L-PGD2S, and finally
exposed to 10nm gold labeled anti-rabbit anti-
body( EMS, Ft. Washington, PA) diluted 1:20 in
phosphate buffered saline, pH 7.4. Sections were
then fixed with 2% glutaraldehyde, stained with
2% uranyl acetate, and scoped on a Zeiss EM10

transmission electron microscope.

Fluorescent labeling of L-PGD2S for deter-
mination of endocytosis

An Alexa Fluor 488 protein labeling kit,
A-10235 (Molecular Probes, Eugene, OR)
was used to label rL-PGDS for immunohis-
tochemistry studies as per instructions by the
manufacturer. PC12 cells were plated on glass
slides and cultured as described above, fixed
with cold methanol and incubated with 50 ug/
mL L-PGDS for 2 h. The slide was rinsed with
PBS, blocked with 10% goat serum, and incu-
bated with purified primary L-PGDS antibody
(polyclonal rabbit, 5 ug/ml) at room tempera-
ture for 60 min. The slide was then washed with
PBS and re-incubated with secondary antibody
(anti rabbit IgG-FITC, 10 ug/ml), (Santa Cruz
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Biotechnology, Santa Cruz, CA). The cells were
mounted with water-soluble mounting media
and examined by fluorescent microscopy, using
a FITC wavelength filter. (Nikon Eclipes E400,
Columbia, MD, USA).

Analysis for Reactive Oxygen Species

PC12 cells were suspended in HANK’s buf-
fer and loaded with 5 uM DCF-DA (5(and-6)-
chloromethyl 12’7 dichlorodihydrofluorescein)
(Molecular Probes, Eugene, OR) for 15 min at
37°C. The cells were then washed 3 times with
HANK’s buffer, resuspended at 106 cells/ml,
incubated with 50 ug rL.-PGDS or WTL-PGDS,
and 10 mg/ml albumin for 2h at 37°C and read
on a PTI fluorometer (Photon Technology In-
ternational, Canada) at 498 nm excitation and
522 nm emission while the cells were main-
tained in suspension with a stirring pellet in the

cuvette.

Analysis for Inflammatory Cytokines
Panomics Cytokine Array 1.0 (Panomics,
Redwood City, CA) was used for these experi-
ments. Briefly, 2 ml of conditioned medium was
added to the membrane arrays after a 1h pro-
tein blocking step. The array was then washed
and a biotin-conjugated anti-cytokine mix added
for 2 h. The membrane was washed again and
reacted with Streptavidin-HRP for 1h and the
signal detected with ECL. The membrane was
then exposed to Xray film. Densitometry on the
spots was determined with SigmaGel. 11.-6, IL-
8, MCP-1, TGF-B1, TNF-a and IL.-1 were mea-
sured in the supernatants using commercial hu-
man or porcine ELISA kits (Quantikine: R&D
Systems, MN, USA) according to the manufac-
turer’s protocol. The sensitivity of the ELISA
is less than 0.7 pg/ml, 4.4 pg/ml and 1 pg/ml
for IL-6, I1L.-8, TNF-a and IL.-1 assays, respec-

www.nephropathol.com

Prostaglandin D, Synthase

tively. Cytokine concentration in the unknown
samples were determined by interpolation into a
standard curve developed with known amounts
of recombinant human cytokines., Experiments
were conducted in triplicate using 96-well mi-
cro plates and results were read in a micro plate
reader. Cells were trypsinized and counted to
express the amount of cytokine as pg/ml me-

dium or 106 cells.

Statistical analysis

All data are expressed as the mean = SEM of
at least 3 experiments performed in duplicates.
Statistical analysis of the data was done by un-
paired Student’s t test except for IL.-6 and TNFao,
which were analyzed by the GraphPad Prism, ver-
sion 4 for Macintosh, using the Newman-Keuls
multiple comparison test. Statistical significance
was defined as p<0.05.

4. Results

Isolation and identification of apoptotic factor
The demonstration of apoptotic activity in
ammonium precipitated proteins from the Al-
zheimer urine greatly simplified identification of
an apoptotic factor in Alzheimer plasma. An ali-
quot of the four fractions from the broad HPLC
peak with apoptotic activity demonstrated a single
broad band at ~29 kD when subjected to electro-
phoresis on a 15% SDS-PAGE gel, figures 1 and
2. As noted above, the single band was identified
as beta trace protein-lipocalin-type L-PGDS with
a score of 28.2 bits and expected value of 1.9.
(17) The protein was over-expressed and purified
from Escherichia coli and a western analysis of
the WTL-PGDS and the rI.-PGDS revealed the
WT L-PGDS to be more heavily glycosylated by
migrating to ~29 kD as compared to ~20 kDa
for the tL.-PGDS, figure 2. (3,4) These results are
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identical to the results previously reported from
this laboratory (4).
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Figure 1.
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Figure 2.

Estimation of L-PGDS contribution to Apop-
totic Activity in AD Plasma

As noted in figure 3a, incubation of plasma
from 18 subjects with AD had a mean apoptotic
rate of 35.1 * 3.1% which was significantly higher
than the control of 9.4 £ 0.43 %, p<0.001 and re-
duced to means of 14.3 + 0.30%, p< 0.001, by NS
398, and 12.1 £ 0.27%, p< 0.001, by affinity-puri-
fied antibodies to L-PGDS as compared to con-
trol and AD plasma. The failure of both inhibitors
to reduce mean apoptotic rates to control values,

p<0.001, suggests the presence of an apoptotic
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factor(s) other than L-PGDS in AD plasma. On
the other hand, while tI.-PGDS increased mean
apoptosis from a control mean of 7.2 = 0.22% to
22.9 £ 0.35%, p <0.001, the incubation of NS-398
and antibody to L-PGDS with r.-PGDS inhibited
apoptosis to mean apoptotic rates of 5.5 * 0.1%
and 9.5 £ 1.3%, respectively. Apoptosis after inhi-
bition by NS398 was lower than control, p<0.002,
whereas inhibition by the antibody was higher than
control, p<0.001, figure 3b. Despite these differ-
ences in apoptotic activity between control and
AD plasma, however, the mean plasma levels of
L-PGDS levels of 190.2 = 67.9 ng/mL in 18 con-
trols subjects was not statistically different from the
mean of 185.6 £ 45.4 ng/mlL in a total of 31 AD
subjects, suggesting that the larger, glycosylated iso-
forms of L-PGDS in AD plasma was apoptotically
more active than the rI.-PGDS are present in AD
plasma. Non-aqueous solvents used as vehicles did
not inhibit or exhibit apoptotic activity.
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Figure 3a.
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Figure 3b.
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Time and Dose-Dependent Uptake of L-PGDS

As noted in figure 4, there was a rapid up-
take of rL-PGDS, reaching its peak in 3 seconds
and remaining at this level for 120 minutes. The
same peak levels were noted at 18 h after expo-
sure, data not shown. There was also a dose-de-
pendent uptake of rI-PGDS, uptake increasing
progressively as rL-PGDS dose increased from
100 to 2000uM with saturation occurring at 1000
uM at 4°C, figure 5. Kinetic analyses suggest a
uM Kd that is consistent with a low affinity, high

capacity receptor.
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Figures 5.

Uptake of L-PGDS at 37°C for 15 min was
largely in the cytosol as compared to being mem-
brane bound, figure 6a, and was temperature-
dependent as uptake progressively increased as
incubation temperatures were increased from 4°
to 22° to 37°C, figure 6b.
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Competition Studies

Competition studies performed with increas-
ing concentrations of unlabeled albumin and r-
PGDS demonstrated a progressive decrease in
1 ¢I.-PGDS uptake from 100 uM to a nadir at
1000 uM for unlabeled I.-PGDS and 2000uM for

unlabeled albumin, figure 7.

Figure 7.
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Endocytosis of PGDS by electronmicrosco-
py and immunofluorescence.

In order to demonstrate further the endocyto-
sis of PGDS, we performed electron microscopic
studies of gold-labeled PGDS and uptake of fluo-
rescent-labeled PGDS. On electronmicroscopy rl.-
PGDS was localized on the membrane surface and
within lysosomes 7a and 7b of PC12 cells, figure 7c
and 7d. Endocytosis of PGDS was further demon-
strated by fluorescent-labeling of rPGDS, figures.
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Induction of reactive oxygen species by L-PGDS

The induction of ROS by 50 ug r.-PGDS or
WTL-PGDS and 10 mg/ml. albumin was evalu-
ated after a 2 h exposure to either form of L-
PGDS or albumin using DCF-DA fluorescent
probe for ROS production. Both the rI.-PGDS,
figure 9, WTIL-PGDS and albumin increased
ROS production after 2 h, data not shown.
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Induction of inflammatory cytokines by L-
PGDS
The generation of IC by proteins such as al-
bumin and light chains prompted the present
investigations into the generation of IC by rL-
PGDS (1,3,21). After an overnight exposure of
PC12 cells to 50 ug rL-PGDS or WT L-PGDS,
we demonstrated an increase in IL6 and TNF«
by the WT L-PGDS, p<0.01, but not rL.-PGDS,
p>0.05, figures 10a and 10b. Albumin increased
IL-6, p<0.05, but not TNFu production, p>0.05.
IL8 and MCP1 did not increase over baseline by
either source of L-PGDS.
2.8+

20+

1584

1.0

IL-6, ngM0® Gells

0.5+

oo

Control r-PGDS

Figure 10 a.

TNF-a,pg/10° cells

wt-PGDS5

Contral r-PGOS

Figure 10 b.

5. Discussion

The present studies provide data on the iso-
lation and identification of L-PGDS as the pre-
dominant apoptotic factor in AD plasma, which
we reported to be fourfold greater in AD plasma

than in plasma from normal age and gender-
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matched controls and from multi-infarct demen-
tia (15). This conclusion is supported by the sig-
nificant inhibition of the apoptotic activity noted
in AD plasma by COX-2 inhibition and the anti-
body to L-PGDS. Since the COX-2 inhibitor and
antibody to L-PGDS did not reduce apoptosis to
control levels when incubated with AD plasma,
however, apoptotic factor(s) other than L-PGDS
appears to exist in AD plasma.

We previously demonstrated induction of
apoptosis by L-PGDS in PC12 neuronal cells,
LLC-PK1 and rat glomerular mesangial cells that
appears to involve the prostaglandin pathway, in-
cluding arachidonic acid conversion to PGH2 by
COX-1 and 2, the conversion of PGH2 to PGD2
by L-PGDS, eventual conversion of PGD2 to
15dPGJ2, a major ligand for the transcription
factor, PPARy, and apoptosis. We have shown
that apoptosis induced by L-PGDS can be inhib-
ited by COX-1 and/or 2 inhibition, inhibition of
L-PGDS by selenium or its specific antibody, and
by erythropoietin, PGE1, PGE2, and PGF2q,
and by growth factors such as insulin, insulin-like
growth factor and platelet derived growth factor
(1,3,4). Moreover, our recent studies suggest that
phorbol ester-induced apoptosis is mediated by
PGDS phosphorylation and activation of calci-
um-dependent protein kinase C, and is accom-
panied by an inhibition of phosphatidylinositol
3-kinase/protein kinase B signaling pathways
(22). The role of apoptosis in the pathogenesis
of AD remains to be resolved. Several studies
have supported an apoptotic or apoptotic-like
mechanism in AD and other neurodegenerative
diseases, although others do not support such a
mechanism (23-25). The general consensus, how-
ever, does not seem to view apoptosis as a major
contributor to the development of AD.

In the present study, we demonstrate internal-
ization of L-PGDS in PC12 neuronal cells by a
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pathway consistent with receptor-mediated en-
docytosis. The uptake of L-PGDS peaks rapidly
within 3 seconds after exposure of PC12 cells to
the ligand and remains at this level after 18 hours.
The uptake is dose-dependent, is reduced at 4°C
and is predominantly within the cytosol as com-
pared to the membrane at 37°C. Competition of
cellular uptake between radiolabeled L-PGDS
and unlabeled L-PGDS or albumin reveals satu-
rability of receptor sites that is consistent with
other lipocalin receptors and demonstrates low
affinity, high capacity characteristics (11). Im-
munofluorescence studies of Alexa-labeled L-
PGDS further confirm endocytosis of the ligand
and electron microscopic analysis of gold-labeled
L-PGDS demonstrates the ligand to be mem-
brane-bound and within lysosomes, suggesting
a receptor-mediated endocytosis of the ligand.
The present studies, however, do not identify the
receptor to L-PGDS in PC12 cells. Specific re-
ceptors have been identified for lipocalins such
as for retinol binding protein by megalin, o-1-
microglobulin, B-lactoglobulin, odorant binding
protein and lipocalin-1 where binding character-
istics have been defined more precisely (11,26,27).
Receptors can be characterized as being general
for a number of ligands or specific to one partic-
ular lipocalin but even of the known lipocalin re-
ceptors, there is still discrepancy over molecular
weights, binding characteristics or binding affini-
ties (11). There is, moreover, awareness that the
functional diversity of the lipocalins and failure
to identify and characterize the molecular basis of
the receptor(s) responsible for binding and endo-
cytosis create an exciting conundrum for future
investigations to resolve.

The induction of ROS and IC by overloading
of proteins such as albumin or light chains has
been the subject of great interest (28-30). Their

contribution to the progression of organ failure,
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including AD, has gained increasing support and
interest (31,32). In the present study, we demon-
strate the induction of ROS by immunofluores-
cence studies that reflect a generalized increase in
ROS but with an emphasis on H O, (33). H,O,
induces a concentration-dependent increase in
phosphorylation of extracellular signal-regulated
kinases 1 and 2 (ERK1/2) and the kinase Akt/
PKB or c-jun N-terminal kinase (JNK), which
were partially or totally dependent on extracellu-
lar calcium, respectively, and on Phosphatidylino-
sitol 3-kinase PI3-kinase (34). The induction of
apoptosis by L-PGDS appears to occur through
an induction of ROS and not via Peroxisome
Proliferator-Activated Receptory, PPARy, the
downstream product of prostaglandin D2 path-
way. H O, could also lead to the generation of
hydroxyl radicals via the Fenton reaction, which
may have important consequences that involve
DNA disruption, the release of intracellular cal-
cium, induction of apoptosis and cell death. It
can also initiate lipid peroxidation of arachidonic
acid with the release of AD-related isoprostanes.
(35,36) The potential role of L-PGDS in the gen-
eration of isoprostanes through lipid peroxida-
tion of arachidonic acid via an ROS mechanism
needs to be tested. On the other hand, nitric
oxide might lead to the generation of the highly
toxic ONOO- in the setting of a reduction in
the ONOO- scavenger, uric acid, in AD where
hypouricemia due to a defect in renal tubular
transport of uric acid has been reported from
our laboratory (37). Because of the instability of
ROS in autopsied tissues, measurements of ROS
have been limited in autopsied brains of AD
subjects. In brain homogenates from autopsied
samples, however, there has been de novo gen-
eration of ROS that was further increased by the
addition of ferrous sulfate (38). The net result of

ROS damage leading to neuronal cell death, how-
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ever, must be balanced by an antioxidant system
that protects against these toxic reactive species,
specifically catalase, superoxide dismutase and
glutathione peroxidase. Although there is some
inconsistency in the levels of these antioxidants
reported in AD brain, reduction in the levels of
all three antioxidants has been reported in key ar-
eas of AD brain (21). It would appear that the in-
creased generation of ROS and reduction in en-
dogenous antioxidants provide an environment
that favors neuronal damage.

An extension of the induction of ROS by L-
PGDS is the activation of transcription factors
that lead to IC. ROS such as H202 and NO are
known activators of the transcription factor, NF-
kB, and production of IC (39). The increase in
IL6 and TNFa« noted in the present study after
exposure to L-PGDS is consistent with this path-
way for IC production. An unexpected outcome
was the failure of the rI-PGDS to induce these
IC as compared to WTL-PGDS. This difference
in activity might result from the formation of gly-
cosylated isoforms of L-PGDS that was distin-
guishable from the tL.-PGDS on SDS PAGE and
western analysis, figure 2. There was a fourfold
increase in apoptotic rates and induction of IC
by the WTL-PGDS as compared to equal doses
of rI.-PGDS. It would appear that the glycosyl-
ated isoforms of L-PGDS are more toxic than
the recombinant form of L-PGDS.

L-PGDS is a secreted, membrane-associated
protein that is the second most abundant protein
(~3%) in CSF (6,7). It is primarily synthesized
in epithelial cells of the choroid plexus, oligo-
dendrocytes in white matter, leptomeninges and
male gonads (9,10). L-PGDS levels increase pro-
gressively as renal function decreases and have
been shown to be a better marker of glomerular
filtration rate than creatinine (40). Blood levels
of L-PGDS are also increased 35 to 150 fold
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over normal values in dialysis patients, increase
geometrically like creatinine with progressive
kidney disease and are elevated in blood and
urine of hypertensive patients (41,42). CSF and
blood levels of L.-PGDS are normal in neurolog-
ical diseases such as multiple sclerosis (6), while
low CSF levels have been associated with brain
tumor (43). L-PGDS has been implicated in vari-
ous functions, including the induction of sleep,
regulation of body temperature, convulsions, in-
hibition of platelet aggregation, vasodilatation,
modulation of pain, hormone release and aller-
gic and inflammatory response (2,5). Because of
elevated blood levels in renal failure and dialysis
patients, L-PGDS has been implicated as a con-
tributor to progression of renal failure and dialy-
sis dementia (44).

The upregulation of COX-2 in AD brain and
the observation that PGD2 is the most common
prostaglandin in brain suggest that L-PGDS di-
verts the prostaglandin pathway to PGD?2 rather
than to other metabolites such as PGI2, PGE2,
thromboxane A2 and PGF2ax (8,45,46). The
expected generation of downstream products
of PGD2 such as the activation of PPARy by
15dPG]J2, production of ROS and IC by as yet
unknown mechanisms and the role of receptor-
mediated endocytosis in rendering L-PGDS cy-
totoxic require further investigations.

Dialysis dementia is a condition that is char-
acterized by progressive dementia, psychoses,
speech disturbances, multifocal seizures and
death within 6 months after onset of symptoms
in patients who had been on hemodialysis for
more than 2 years (47). This form of dementia
was attributed to contamination of dialysate with
aluminum in the water supply or by intestinal ab-
sorption of aluminum by aluminum-containing
phosphate binders that were used to control the

putative effects of elevated plasma phosphate in
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these patients (47,48). Support for such a propos-
al was the dramatic reduction in this form of de-
mentia after eliminating aluminum from the wa-
ter supply and as phosphate binders (48). Interest
in dialysis dementia waned after elimination of
aluminum exposure of dialysis patients but there
has not been a systematic study to determine the
prevalence and extent of dialysis dementia. Al-
though, dialysis dementia probably represents the
final pathway for multiple factors that contribute
to this condition, it is tempting to invoke the role
of L-PGDS in this unresolved problem. Other
potentially reversible causes such as drugs, elec-
trolyte disturbances, infections, trace elements,
vitamin deficiency, or intracranial diseases such
as infections, bleeding or tumor should be con-
sidered.

Blood levels of L-PGDS have been reported
to be 35 to 150 fold higher in patients on dialysis
as compared to normal controls (42). With a mo-
lecular weight approximating 29 kDa, L-PGDS
can be considered a middle molecule that would
not readily pass through the dialysis membrane
and thus explain higher blood levels noted in di-
alysis patients. The wild type L-PGDS has been
shown to have greater apoptotic activity than
recombinant L-PDS with a molecular weight of
about 20 kDa, suggesting that glycosylation of I.-
PGDS provides not only greater apoptotic activ-
ity but greater induction of IC as demonstrated
in this study.

It would be interesting to note that interest in
dialysis dementia might have waned because de-
mentia may have decreased significantly after the
introduction of erythropoietin into the therapy
of anemia for the majority of patients on dialy-
sis. It has been well documented that there is a
rapid improvement in cognitive function after
administration of erythropoietin, suggesting an

improvement in neuronal endplate function (49)
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. Other data suggest that cellular protective ef-
fects of erythropoietin that may have attenuated
or eliminated neuronal cell death in these pa-
tients. Erythropoietin has been shown to reduce
brain shrinkage when administered prior to brain
damage by blunt trauma or ischemia (50,51).
Darbepoetin was also shown to inhibit apoptosis
induced by L-PGDS, anoxia and camptothecin in
LLC-PK1, pig proximal tubule, and mouse glo-
merular mesangial cells, but did not inhibit apop-
tosis induced by H O, (1). The present studies
suggest that the apoptosis induced by L-PGDS
is largely due to generation of H O, and not via
the PPARy pathway. The inhibition of apoptosis
induced by erythropoietin, therefore, appears to
be an upstream effect of L-PGDS, before pro-
duction of H,O,.

6. Conclusion

Based on these data, it would appear that
dialysis dementia might have decreased signifi-
cantly after the advent of erythropoietin. Eryth-
ropoietin inhibited the toxic effects of markedly
increased levels of L-PGDS in dialysis plasma,
inhibiting apoptosis by reducing H202 produc-
tion, possibly attenuating the putative effects of
IC and entering into other protective cellular

mechanisms.
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