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Complement C5b-9-Mediated Arachidonic Acid
Metabolism in Glomerular Epithelial Cells

Role of Cyclooxygenase-1 and -2
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In the passive Heymann nephritis (PHN) model of
membranous nephropathy, complement C5b-9 in-
duces glomerular epithelial cell (GEC) injury and pro-
teinuria, which is partially mediated by eicosanoids.
This study addresses the role of cyclooxygenase
(COX)-1 and -2 in C5b-9-mediated eicosanoid produc-
tion in GEC. Unstimulated rat GEC in culture primar-
ily express COX-1. When stimulated with sublytic
C5b-9, COX-2 was significantly up-regulated, whereas
COX-1 was not affected. Compared with control, com-
plement-treated GEC produced 32% more prostaglan-
din (PG) E, in the presence of exogenous substrate,
and the increase was abolished with the COX-2-selec-
tive inhibitor, NS-398. Release of arachidonic acid
from GEC phospholipids via C5b-9-induced activation
of cytosolic phospholipase A, was associated with a
marked stimulation of PGE, production, which was
inhibited by 60% with NS-398. The results in cultured
GEC were extended to GEC injury in vivo by examin-
ing COX-1 and -2 expression in PHN. Glomeruli from
rats with PHN expressed significantly more COX-1
and COX-2, as compared with normal rats. PGE, pro-
duction in glomeruli of rats with PHN was about two-
fold greater than in control glomeruli, and the in-
crease was partially inhibited with NS-398. Thus, in
GEC in culture and in vivo , C5b-9-induced eicosanoid
production is regulated by both isoforms of COX. The
inducible COX-2 may be an important novel mediator
of C5b-9-induced glomerular injury. (Am J Pathol
2000, 156:2091-2101)

Membranous nephropathy is a common cause of ne-
phrotic syndrome in adults, and approximately one-third
of affected patients will develop end stage renal failure,
necessitating renal replacement therapy. In membranous
nephropathy, injury of the glomerular capillary wall leads
to impaired glomerular permselectivity and proteinuria.
Passive Heymann nephritis (PHN)" in the rat closely re-
sembles human membranous nephropathy, and PHN
has been used to study the pathogenesis of the human

disorder. In PHN, the complement C5b-9 membrane at-
tack complex induces nonlytic injury of glomerular vis-
ceral epithelial cells (GEC), in association with altered
GEC morphology and proteinuria.”? A number of studies
have demonstrated that metabolites of arachidonic acid
(eicosanoids) play an important role in the pathogenesis
of proteinuria in membranous nephropathy. Specifically,
prostaglandin (PG) and thromboxane (TX) A, production
is enhanced in glomeruli isolated from rats with PHN, and
inhibition of cyclooxygenase (COX) or TX synthase, or
shifting production of dienoic prostanoids to inactive me-
tabolites using fish oil diet, reduces proteinuria in certain
models of membranous nephropathy.®>=® The effect of
TXA, on proteinuria may be through an increase in glo-
merular transcapillary pressure, since this parameter is
elevated in rat membranous nephropathy and appears to
be responsible for a portion of the enhanced urine protein
excretion.”®

We have previously used rat GEC in culture to char-
acterize biochemical changes induced by sublytic
C5b-9, including arachidonic acid metabolism. We have
shown that sublytic C5b-9 activates cytosolic phospho-
lipase A, (cPLA,) in a calcium- and protein kinase C-
dependent manner.°~'" Free arachidonic acid released
by cPLA, is further converted to bioactive eicosanoids,
including prostaglandins (PGs) and TXA, The metabo-
lism of arachidonic acid to PGs is catalyzed by COX."? To
date, two isoforms of COX, namely COX-1 and COX-2,
have been characterized. Although both isoforms have
similar structures, enzymatic properties, and intracellular
distribution, their modes of regulation are distinct. In con-
trast to COX-1, which is constitutively expressed in most
mammalian cells, COX-2 protein is not expressed in most
tissues under normal physiological conditions, but is in-
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duced in certain cell types in response to growth factors,
tumor promoters, hormones, bacterial endotoxin, and cy-
tokines.'? Thus, it has been proposed that COX-1 may be
involved in PG synthesis for maintenance of normal phys-
iology, whereas COX-2 may produce PGs for inflamma-
tory processes or mitogenesis.

Although there is considerable evidence to support a
major pathogenetic role for eicosanoids in membranous
nephropathy, little is known about the regulation and
relative importance of the two COX isoforms in this dis-
ease. In the current study, we used cultured rat GEC to
characterize the expression and regulation of COXs by
C5b-9, and we defined the role of the two isoforms in
complement-mediated arachidonic acid metabolism. We
also extended the results in cultured GEC to in vivo C5b-
9-dependent GEC injury by further characterizing COX-
mediated arachidonic acid metabolism in the PHN model
of membranous nephropathy.

Materials and Methods

Materials

Tissue culture media, Trizol reagent, Random Primer
DNA Labeling System, and RNase T1 were obtained from
Gibco BRL (Burlington, ON). NuSerum was purchased
from Collaborative Research (Bedford, MA). [°H]PGE,
(200 Ci/mmol), [a->2P]dCTP (3000 Ci/mmol), and
[@-32P]CTP (3000 Ci/mmol) were purchased from New
England Nuclear (Boston, MA). PGE,, anti-PGE, anti-
serum, C8-deficient human serum (C8D), purified human
C8, and RNase A were from Sigma Chemical Co. (St.
Louis, MO). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblotting re-
agents were from BioRad Laboratories (Mississauga,
ON). Goat anti-COX-1 antiserum was from Santa Cruz
Biotechnology (Santa Cruz, CA). Rabbit anti-COX-2 anti-
serum was from Cayman Chemical (Ann Arbor, Ml). B-ac-
tin cDNA probe was purchased from Ambion, Inc. (Aus-
tin, TX). Plasmids containing coding regions of rat COX-1
and -2 were kindly provided by Dr. Brian Kennedy
(Merck-Frosst, Point Claire-Dorval, QC),"® and each cod-
ing region was subcloned into the mammalian expression
vector pcDNAS (Invitrogen, Carlsbad, CA).

Culture of GEC

Primary cultures of rat GEC were established from ex-
plants of rat glomeruli.’®"" Characterization of GEC was
published previously.'®"" According to established cri-
teria, the cells demonstrated polygonal shape and cob-
blestone appearance at confluency, cytotoxic suscepti-
bility to low doses of aminonucleoside of puromycin,
positive immunofluorescence staining for cytokeratin,
and presence of junctional complexes and apical mi-
crovilli by electron microscopy. The standard medium
used to maintain GEC cultures, K1, consisted of Dulbec-
co’s modified Eagle’s medium/Ham F-10 (1:1) containing
5.0% NuSerum and hormone supplements. A subclone of
GEC that stably overexpresses cPLA, (fivefold above the

endogenous level), or neo-GEC (control) were used in
this study. These clones were produced and character-
ized previously.'®'" Studies were done with cells be-
tween passages 4 and 70. For total RNA preparation,
GEC were cultured in serum-poor medium (Dulbecco’s
modified Eagle’s medium/Ham F-10 (1:1) with 0.5% fetal
calf serum) for 16 hours before experiments.

Incubation of GEC with Complement

Rabbit antiserum to GEC'® was used to activate comple-
ment on GEC membranes. Briefly, GEC were incubated
with antiserum (5% v/v) in serum-poor medium for 40
minutes at 22°C. GEC were then incubated with normal
human serum (2.5-3.0% v/v in serum-poor medium) or
with heat-inactivated (decomplemented) human serum
(56°C, 30 minutes) in controls, for the indicated times at
37°C. In some experiments, antibody-sensitized GEC
were incubated with C8D (2.5-5.0% v/v) reconstituted
with or without purified human C8 (80 wg/ml undiluted
serum). We have generally used heterologous comple-
ment to facilitate studies with complement-deficient sera
and to minimize possible signaling via complement-reg-
ulatory proteins; however, in previous studies, results of
several experiments involving arachidonic acid metabo-
lism were confirmed with homologous (rat) comple-
ment.’® Sublytic concentrations of complement (=5%
normal human serum) were established previously.™
Previous studies have shown that in GEC, complement is
not activated in the absence of antibody.

Northern Blot Hybridization

Northern blot hybridization was performed as described
previously.' Total RNA was extracted from GEC using
the Trizol reagent according to manufacturer’s protocol.
RNA (15 ng) was separated by gel electrophoresis on
1% agarose gels containing 1.9% formaldehyde and
transferred to a nylon membrane. Coding regions of rat
COX-1 and -2 cDNAs were radiolabeled with
[a-32P]dCTP using the Random Primer DNA Labeling
System. Membranes were hybridized in hybridization
buffer (1% bovine serum albumin, 7% SDS, 0.5 Mol/L
phosphate buffer, pH 6.8, 1 mmol/L EDTA), containing
1-2 X 10° cpm/ml of radiolabeled probe for 16 hours at
42°C, followed by washing in buffer A (0.5% bovine se-
rum albumin, 5% SDS, 40 mmol/L phosphate buffer, pH
6.8, 1 mmol/L EDTA) twice for 20 minutes at 65°C, and
then in buffer B (1% SDS, 40 mmol/L phosphate buffer,
pH 6.8, 1 mmol/L EDTA) 4 times for 20 minutes at 65°C.
Membranes were exposed to X-ray film with an intensify-
ing screen at —70°C for 48 to 72 hours. The amount of
mRNA was quantitated using scanning densitometry
(NIH Image software).

RNase Protection Assay

RNase protection assay was performed using the meth-
ods described by Feng et al, except that pcDNA3 was
used to construct probes for COX-1 and -2.° A 341-bp



fragment of rat COX-1 cDNA produced by BstXI (from bp
1297 to bp 1637 in the coding region) was blunted and
subcloned into the EcoRV site in pcDNAS. A 241-bp
fragment of rat COX-2 cDNA produced by BamHI and
EcoRl (from bp 291 to bp 531 in the coding region) was
subcloned in pcDNAS. Xhol was used to linearize both
COX-1 and COX-2 templates for labeling. 32P-labeled
antisense cRNA probes were synthesized by in vitro tran-
scription, using linearized COX cDNA templates, or B-ac-
tin template, T7 RNA polymerase and [a-*?P]CTP. Total
RNA (5-8 ug) was hybridized with 1 X 10° cpm of each
labeled antisense cRNA probe for 16 hours at 55°C.
Unhybridized probes were digested with RNaseA (0.3
pg/ml) and RNase T1 (90 U/ml) for 1 hour at 30°C. Then,
the RNases were digested with proteinase K (0.5 mg/ml)
for 30 minutes at 37°C. After phenol/chloroform extraction
and ethanol precipitation, the hybrids were denatured at
85°C for 3 minutes and electrophoresed on 6% polyacryl-
amide gels. After drying, gels were exposed to X-ray film
at —70°C for 24 to 48 hours.

Immunoblotting

GEC or rat glomeruli were lysed in Laemmli buffer (62.5
mmol/L Tris, 2% SDS, 10% glycerol, 0.01% bromphenol
blue, pH 6.8) and boiled for 5 minutes. After centrifuga-
tion at 14,000 X g, supernatants were collected, and
protein content was quantified by a modified Lowry
method (Protein DC-assay, BioRad). Equal amounts of
protein were separated by 8% SDS-PAGE under reduc-
ing conditions. Proteins were then electrophoretically
transferred to nitrocellulose membrane, blocked with 5%
dry milk, and incubated with goat anti-COX-1 antiserum
for 2 hours at 22°C, or with rabbit anti-COX-2 antiserum
for 16 hours at 4°C. After 3 washes, membranes were
incubated with respective secondary antibodies conju-
gated with alkaline phosphatase, and alkaline phospha-
tase activity was detected by the addition of bromo-
chloroindolyl phosphate with nitro blue tetrazolium.
Protein content was quantitated using scanning densi-
tometry (NIH Image software).

Measurement of PGE, and TXA, Generation
by GEC

For measurement of PGE, production in the presence of
exogenous arachidonic acid, GEC were incubated with
antibody and complement, and then with arachidonic
acid (15 wmol/L) in measurement buffer (145 mmol/L
NaCl, 5 mmol/L KCI, 0.5 mmol/L MgSO, 0.5 mmol/L
CaCl,, 1 mmol/L Na,HPO,, 5 mmol/L glucose, 20 mmol/L
Hepes, pH 7.4) for 20 minutes at 37°C. For measurement
of PGE, generation resulting from release of endogenous
arachidonic acid, culture medium was supplemented
with arachidonic acid (7.5-10 umol/L) for 24 to 48 hours
before experiments. GEC were incubated with antibody
and complement in serum-poor medium. Supernatants
were collected in 100 umol/L indomethacin to prevent
further metabolism, and were used for PGE, measure-
ment. In some experiments, lipids were extracted from
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cells and supernatants for PGE, measurements, as de-
scribed previously.’® The amount of PGE, released into
supernatants was equivalent to that from cells plus su-
pernatants, indicating that most of the PGE, was re-
leased from cells into supernatants. PGE, was measured
by radioimmunoassay using anti-PGE, antibody and
[®*H]PGE,, according to the manufacturer’s protocol. The
range of the standard curve in the assay was 15-500
pg/0.1 ml of PGE,. Samples were incubated with
[®*H]PGE, and anti-PGE,, antibody for 1 hour at 4°C, after
which time unbound PGE, was removed by the addition
of activated charcoal. The radioactivity of the supernatant
was counted in a B-scintillation counter, and PGE, con-
centration was calculated from standard formulas. In
some experiments, cells were lysed with 1% Triton X-100,
and protein content was measured to normalize PGE,
concentration according to protein content. For measure-
ment of TXA,, cells were stimulated as above, and the
concentration of TXB, (the stable metabolite of TXA,) in
supernatants was determined by enzyme immunoassay
kit (Cayman Chemical). The range of the standard curve
in the assay was 7.8 to 1000 pg/ml of TXB..

Transient Transfection of Cos-1 Cells

Culture of Cos-1 cells was described previously."" Tran-
sient transfection of Cos-1 cells was performed by the
diethylaminoethyl-dextran method.’ Briefly, cells in
35-mm culture dish were transfected with 0.5 pg of plas-
mid DNA encoding rat COX-1 or COX-2. Three days after
the transfection, cells were incubated with measurement
buffer containing arachidonic acid (15 wmol/L) and NS-
398 for 30 minutes at 37°C. PGE, in supernatants was
measured by radioimmunoassay.

Induction of PHN

Anti-Fx1A was prepared as described previously.'® Male
Sprague-Dawley rats (150-175 g; Charles River, St. Con-
stant, QC, Canada) were injected with 450 ul of sheep
anti-Fx1A antiserum. This batch of antiserum caused min-
imal proteinuria in the heterologous phase (day 5) but
induced significant proteinuria in the autologous phase
(day 14). On day 14, rats were sacrificed and glomeruli
were isolated by differential sieving,'® yielding a glomer-
ular preparation that was >95% pure. For Western blot-
ting, glomeruli were lysed in Laemmli buffer as described
above (Immunoblotting). For the RNase protection assay,
glomerular RNA was prepared using the Trizol reagent.
To measure PGE, generation, glomeruli from each rat
were resuspended in 2 ml of measurement buffer and
divided into two aliquots. One aliquot was incubated with
NS-398 for 15 minutes at 37°C and then centrifuged for 2
minutes at 1,000 X g at 22°C. The second aliquot was
treated in an identical manner, except that dimethylsulf-
oxide was used instead of NS-398 (control). Superna-
tants were transferred to another set of tubes, which
contained indomethacin (final concentration, 100 wmol/L)
to terminate the reaction, and 100 ul of each supernatant
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was used for the measurement of PGE, by radioimmuno-
assay.

Statistics

Data are presented as mean = SEM. The t statistic was
used to determine significant differences between two
groups. One-way analysis of variance (ANOVA) was
used to determine significant differences among groups.
Two-way ANOVA was used to determine significant dif-
ferences in multiple measurements among groups.
Where significant differences were found, individual com-
parisons were made between groups using the ¢ statistic,
and adjusting the critical value according to the Bonfer-
roni method.

Results

C5b-9 Induces COX-2 mRNA and Protein
in GEC

The first series of experiments were designed to deter-
mine whether sublytic C5b-9 regulates expression of
COX mRNA. Unstimulated neo-GEC expressed COX-1
mMRNA at a level readily detectable by Northern hybrid-
ization (using 15 g of total RNA), whereas COX-2 mRNA
was not detectable under the same conditions (Figure
1A). When neo-GEC were stimulated with a sublytic con-
centration of complement by serial exposure to anti-GEC
antibody and normal serum, COX-2 mRNA was up-regu-
lated significantly, peaking approximately 2 hours after
the initiation of C5b-9 assembly and continuing for at
least for 4 hours. When heat-inactivated (decomple-
mented) serum was used instead of normal serum (con-
trol incubations), COX-2 mRNA up-regulation was trivial,
indicating that COX-2 up-regulation is most likely medi-
ated by complement activation. The small up-regulation
of COX-2 induced by heat-inactivated serum (at 40 min-
utes) may be attributed to some minor stimulatory com-
ponent(s) in the serum, such as growth factors. At the
same time points, there were no consistent complement-
dependent changes in COX-1 mRNA levels. When the
amounts of MRNA were quantified by densitometry at 100
minutes, cells treated with complement had COX-1
mRNA levels similar to control, whereas complement-
treated cells had ~4 times more COX-2 mRNA than
control (Figure 1A). In addition to the well-described
COX-2 transcript of approximately 4.2 kb, a larger tran-
script (~5.0 kb) was also observed in Northern blots. The
origin of the 5.0-kb transcript has not been clearly estab-
lished, but posttranscriptional regulation, such as alter-
nate polyadenylation described in other cell types,'” may
account for this phenomenon. These results suggest that
expression of the two COX isozymes in GEC is differen-
tially regulated by complement (Figure 1A).

To demonstrate that C5b-9 assembly was actually re-
quired for COX-2 mRNA up-regulation, we incubated
antibody-treated neo-GEC with C8D, with or without re-
constitution with purified C8. C8D without C8 forms
C5b-7, which was previously shown to be biologically
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Figure 1. COX-2, but not COX-1, is up-regulated by C5b-9 in GEC. A:
Neo-GEC were incubated with anti-GEC antiserum (5% v/v) for 40 minutes
at 22°C and then with normal serum (NS, 2.5% v/v, to form C5b-9) or
heat-inactivated serum (HIS, 2.5% v/v, control) for the indicated times at
37°C. As a positive control, GEC were incubated with phorbol myristate
acetate (PMA, 100 nmol/L) + cycloheximide (CHX, 10 ug/ml). Total RNA (15
pg/lane) was analyzed by Northern blot hybridization. Ethidium bromide
staining of the gel (285 RNA) demonstrates equal RNA loading. The bottom
panels show quantification of mRNA by densitometry at 100 minutes. *P <
0.05 NS versus HIS (n = 3). B: Neo-GEC were incubated with anti-GEC
antiserum, and then HIS, NS, C8-deficient serum (C8D), or C8D+C8 for 100
minutes. Total RNA (8 ug/lane) was analyzed by RNase protection assay. C:
Neo-GEC were incubated with anti-GEC antiserum, and then with HIS or NS
for the indicated times. Cell protein (100 pg/lane) was analyzed by Western
blotting. The bottom panels show quantification of protein by densitometry
at 3 hours. **P = 0.02, NS versus HIS (n = 4).



inactive in GEC."® When evaluated by RNase protection
assay, GEC incubated with C8D did not show significant
COX-2 mRNA up-regulation, as compared with heat-in-
activated serum. However, when C8D was reconstituted
with purified C8, up-regulation of COX-2 mRNA was ev-
ident, indicating that formation of C5b-9 is required for
COX-2 up-regulation (Figure 1B). Quantification of COX-2
mRNA by densitometry showed that the relative amounts
of COX-2 mRNA were heat-inactivated serum (HIS), 1.0;
normal serum (NS), 2.2; C8D, 1.1; C8D+C8, 1.7 (average
of 2 experiments). It was noted that the effects of C8D
reconstituted with C8 were less potent, as compared with
normal serum, probably because there appears to be
some general loss of complement activity during the
immunodepletion of C8 (unpublished observation).

We next examined if the complement-mediated COX
mRNA regulation is reflected in protein expression. When
neo-GEC were incubated with antibody and complement,
COX-2 protein expression was up-regulated, as com-
pared with GEC incubated with heat-inactivated serum
(control). This up-regulation was transient, typically peak-
ing at ~3 hours of stimulation (Figure 1C). COX-1 protein
expression was not affected by complement for up to 24
hours of stimulation (Figure 1C). When the amounts of
protein were quantified by densitometry at 3 hours, cells
treated with complement had similar amounts of COX-1
protein, as compared with control, whereas complement-
treated cells had ~1.6 times more COX-2 protein, as
compared with control (Figure 1C).

Role of COX Isozymes in Complement-
Dependent Arachidonic Acid Metabolism
in GEC

The results of mMRNA analysis and immunoblotting sug-
gested that COX-1 was the dominant COX isozyme in
resting rat GEC in culture and in GEC incubated with
heat-inactivated serum, but that COX-2 expression was
up-regulated by sublytic C5b-9. To understand the role of
the two COX isozymes in arachidonic acid metabolism in
GEC, we next addressed the enzymatic activities of COX
isozymes. In these experiments, exogenous arachidonic
acid (15 wmol/L) was provided as substrate for COX.
After stimulation of neo-GEC with sublytic concentrations
of complement for 3 hours, PGE, generation in the pres-
ence of exogenous arachidonic acid was increased by
32%, as compared with GEC that were incubated with
heat-inactivated serum (control; Figure 2A). A similar in-
crease in PGE, was observed after 24 hours of stimula-
tion with complement, but the change was not statistically
significant (not shown). These results indicate that GEC
treated with complement have an increase in total COX
enzyme activity. To determine which isozyme was re-
sponsible for the complement-mediated increase in COX
activity, we examined the effect of the COX-2 selective
inhibitor, NS-398. When exogenous arachidonic acid was
added together with NS-398 (10~ M), the complement-
mediated increase in PGE, generation was abolished,
indicating that increased COX activity was due to the
up-regulation of COX-2 (Figure 2A), consistent with an
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Figure 2. GEC incubated with complement have increased COX enzymatic
activity. A: Subconfluent (80-90% confluent) monolayers of neo-GEC in
6-cm culture dishes were incubated with antibody and complement as in
Figure 1. At 3 hours, GEC were washed and incubated with buffer containing
arachidonic acid (15 umol/L), with or without NS-398 (1 umol/L), for 20
minutes at 37°C. PGE, in cells and supernatants was measured by radioim-
munoassay. Values are mean = SEM of 3 experiments performed in dupli-
cate. Significant differences were present among groups (P < 0.002 ANOVA;
*P < 0.02 NS versus HIS, **P < 0.005 NS versus NS+NS-398). PGE, produc-
tion in the control group (ie, HIS) was 1.4 = 0.3 ng per plate. B: Cos-1 cells
were transiently transfected with rat COX-1 or COX-2 cDNA. Three days after
transfection, cells were incubated with exogenous arachidonic acid (15
umol/L), with or without NS-398. PGE, released into the supernatants was
measured by radioimmunoassay. Values are mean * SEM of 3 experiments
performed in duplicate. Significant differences were present among groups
(P < 0.0005 two-way ANOVA; *P < 0.0005 versus no NS-398).

increase in COX-2 protein (Figure 1C). Nevertheless, in
the presence of exogenous arachidonic acid, ~75% of
total PGE, production in complement-treated cells was
due to constitutive COX-1 activity, and COX-2 contrib-
uted ~25% (Figure 2A, NS). A downward trend in PGE,
production was induced by NS-398 in GEC incubated
with HIS (Figure 2A). This result suggests that these GEC
may contain a small amount of COX-2 activity and/or that
NS-398 cross-reacted with COX-1 (see below).

NS-398 (10°° M) was shown previously not to affect
human or ovine COX-1 activity.'®2° We verified the se-
lectivity of NS-398 using Cos-1 cells transfected with rat
COX-1 or COX-2 cDNA. When untransfected Cos-1 cells
were incubated with exogenous arachidonic acid, the
amount of PGE, released to the supernatant was trivial
(~12 pg/0.1 ml), indicating that untransfected Cos-1 cells
do not have significant endogenous COX activity. In con-
trast, Cos-1 cells transfected with COX-1 or COX-2 cDNA
released significant amounts of PGE, into supernatants
when incubated with exogenous arachidonic acid (823 =
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166 pg/0.1 ml, n = 6, and 585 = 85 pg/0.1 ml, n = 6,
respectively). At 1077 or 107 M NS-398, COX-1 activity
tended to decrease by ~10%, whereas COX-2 inhibition
was ~50 to 60% (Figure 2B). Although it was possible to
achieve almost complete inhibition of COX-2 with 107° M
NS-398, this concentration of NS-398 also inhibited
COX-1 significantly (~40%).

In the above experiments, exogenous arachidonic
acid was provided as substrate for COX. In the next
series of experiments, we studied the effect of stimulus-
dependent release of endogenous arachidonic acid on
PGE, generation. Previously, we reported that in GEC,
sublytic C5b-9 activated cPLA,, leading to release of
arachidonic acid and PGE, generation,'®"" whereas ex-
pression of other PLA, isoforms, such as group IIA or
group V secretory PLA,s, appears to be negligible, with
or without stimulation by complement.?! We have also
reported that production of other eicosanoids, including
PGF,,, and TXA,, was also stimulated by complement.??
To re-evaluate the role of cPLA, and endogenous arachi-
donic acid release in complement-mediated eicosanoid
production in view of the newly recognized regulation of
COX-2 by complement (Figure 1), we examined the pro-
file of PGE, generation in GEC that stably overexpress
cPLA,. """ When antibody-sensitized neo-GEC (vector-
transfected cells) were stimulated with complement for
up to 24 hours, only a small upward trend in PGE, gen-
eration was noted, as compared with control (heat-inac-
tivated serum; Figure 3A). This result was consistent with
previous studies and can be explained by the relatively
small amount of arachidonic acid release due to the low
expression level of endogenous cPLA, in GEC.™ In con-
trast, arachidonic acid release is amplified in comple-
ment-treated GEC that overexpress cPLA,,'° and these
cells released about five-to sixfold more PGE, after 3 and
24 hours of complement stimulation, as compared with
neo-GEC (Figure 3A). Thus, release of arachidonic acid
due to the activation of cPLA, by complement is the
critical rate-limiting step for eicosanoid generation.

We then examined which isoform of COX is coupled to
cPLA,-mediated arachidonic acid release. When GEC
that overexpress cPLA, were stimulated with comple-
ment for 3 hours in the presence of NS-398 (10° M),
~60% of PGE, generation was inhibited. NS-398, 10~°
M, inhibited complement-stimulated PGE,, production al-
most completely (Figure 3B). In complement-stimulated
GEC that overexpress cPLA,, TXA, production as mea-
sured by its stable metabolite TXB, (326 * 52 pg/0.1 ml,
n = 10) was increased, as compared with control cells
(51 = 10 pg/0.1 ml, n = 8). This complement-mediated
TXA, generation was also inhibited by NS-398 (107° M)
by ~30% (240 *= 55 pg/0.1 ml, n = 9), indicating that
COX-2 also mediates complement-induced TXA, gener-
ation.

To demonstrate that eicosanoid production was actu-
ally due to assembly of C5b-9, antibody-sensitized GEC
were incubated with C8D with or without purified C8. C8D
alone did not affect PGE, generation; however, C8D+C8
stimulated PGE, generation comparably to normal serum
(Figure 3C). PGE, generation stimulated by C8D+C8
was also inhibited by NS-398 (Figure 3C). Taken to-
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Figure 3. Effect of NS-398 on generation of PGE, from endogenous arachi-
donic acid. A: GEC that stably overexpress ¢cPLA, (GEC-cPLA,) or neo GEC
(vector-transfected) were incubated with antibody and complement (as in
Figure 1) for 3 or 24 hours. PGE, in supernatants was measured by radio-
immunoassay. Values are mean *= SEM of 3 experiments performed in
duplicate. Significant differences were present among groups (P < 0.0001
ANOVA; *P < 0.0001 NS versus HIS). B: GEC that overexpress cPLA, were
incubated with antibody and complement (3% NS) for 3 hours with or
without NS-398, and PGE, in supernatants was measured by radioimmuno-
assay. Values are mean = SEM of 3 experiments performed in duplicate.
Significant differences were present among groups; P < 0.0001 ANOVA; *P <
0.0001 NS versus HIS, **P < 0.0001 NS versus NS+NS-398 (10™° M), **P <
0.0001 NS versus NS+NS-398 (10~ M). C: GEC that overexpress cPLA, were
incubated with antibody and 5% C8D, C8D+C8, or C8D+C8+NS-398 (1
umol/L) for 3 hours. PGE, in supernatants was measured by radioimmuno-
assay. Values are mean = SEM of 3 experiments performed in duplicate.
Significant differences were present among groups: P = 0.02 ANOVA; *P <
0.04 C8D+C8+NS-398 versus C8D+C8.



gether, these results indicate that after stimulation with
C5b-9, at least 50 to 60% of the arachidonic acid re-
leased from GEC phospholipids by cPLA, is metabolized
via the C5b-9-inducible COX-2. A smaller portion of ara-
chidonic acid metabolism may be due to COX-1, but it
was not possible to determine this precisely, because at
doses of NS-398 that inhibited COX-2 completely, there
was also cross-inhibition of COX-1.

Expression and Activity of COX Isozymes
in PHN

It is important to determine whether results obtained in
cultured GEC are relevant to in vivo GEC injury, ie, the
PHN model of membranous nephropathy. In PHN, admin-
istration of heterologous anti-brush border antiserum (an-
ti-Fx1A) leads to formation of glomerular subepithelial
IgG deposits, activation of complement, assembly of
C5b-9 in GEC plasma membranes, and GEC injury,
which manifests as proteinuria.™? Several studies have
demonstrated an important role for eicosanoids, particu-
larly the products of COX, in the glomerular permselec-
tivity defect in PHN.®-¢

To determine which of the two COX isoforms may be
involved in eicosanoid generation in PHN, we first exam-
ined the expression of COX-1 and -2 in glomeruli of
normal rats and rats with PHN. Fourteen days after ad-
ministration of anti-Fx1A antiserum, rats with PHN devel-
oped massive proteinuria (urine protein 352 = 75 mg/
day, n = 8, versus 9 = 2 mg/day in age-matched normal
rats, n = 8). On day 14, glomeruli isolated from control
(normal) rats showed clear expression of COX-1 mRNA,
whereas the level of COX-2 mRNA was relatively low but
detectable (Figure 4). Glomeruli from rats with PHN
showed that COX-1 mRNA increased ~1.5-fold, as com-
pared with control, while COX-2 mRNA also increased
~1.5-fold, although this change failed to reach statistical
significance (Figure 4A). When protein expression of
COX-1 and -2 was examined by Western blotting, rats
with PHN showed ~1.4 times more COX-1 protein as
compared with control and ~1.8 times more COX-2 pro-
tein (Figure 4B). Thus, by analogy to complement-treated
GEC in culture, COX-2 is up-regulated in glomeruli of rats
with PHN, and there is low basal expression of COX-2 in
glomeruli and in cultured GEC. Similar to cultured GEC,
COX-1 was expressed constitutively in glomeruli, but un-
like GEC in culture, there appeared to be some COX-1
up-regulation in PHN.

It is well established that glomeruli from rats with PHN
generate more PGE, and TXA,, as compared with normal
rats.*~® However, the contribution of each COX isoform to
eicosanoid production has not been defined. To deter-
mine the contribution of COX-2 to eicosanoid generation,
we incubated glomeruli in vitro with or without NS-398 and
monitored the generation of PGE,. In keeping with previ-
ous reports, basal production of PGE, was evident in
control glomeruli (Figure 5). Glomeruli from rats with PHN
generated ~2 times more PGE,, as compared with glo-
meruli from control rats (Figure 5). NS-398 (1077 M) in-
hibited PGE, generation in PHN glomeruli significantly,
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Figure 4. Expression of COX-1 and 2 in glomeruli from normal rats and rats
with PHN (2 or 3 animals per group are presented). Rats were sacrificed on
day 14, and glomeruli were prepared by differential sieving (see Materials
and Methods). A: Total RNA (8 ug/lane) was analyzed by RNase protection
assay. B: Glomerular protein (100 ug/lane) was analyzed by Western blot-
ting. The bottom panels show quantification of mRNA (A) or protein (B) by
densitometry. *P < 0.05 PHN versus control (7 = 6). **P = 0.03, PHN versus
control (7 = 10-12). * P = 0.02, PHN versus control (n = 11-13).

but not completely, whereas at 107° M, there was almost
complete inhibition (Figure 5). At 1077 M, NS-398 tended
to decrease PGE, production in control glomeruli,
whereas inhibition was significant at 10~° M. Therefore, a
substantial portion of eicosanoid generation in PHN is
mediated via COX-2, and the remainder may be medi-
ated via COX-1. However, as in cultured GEC, it was not
possible to quantitate precisely how much PGE, was
generated by each COX isoform because NS-398 inhibi-
tion of COX-2 is not complete at 10~ M, and at the 10~°
M concentration, which inhibits COX-2 more effectively,
NS-398 also inhibits COX-1 (Figure 2B). PGE, generation
in control glomeruli may also be mediated, in part, via
COX-2 (Figure 5).
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Figure 5. Effect of NS-398 on PGE, generation in glomeruli isolated from
normal rats and rats with PHN (day 14). Glomeruli were prepared as in
Figure 4. A: Glomeruli were incubated in vitro with NS-398 (10”7 M) or
vehicle (dimethylsulfoxide) for 15 minutes, and PGE, released into the buffer
was measured by radioimmunoassay. Values are mean £ SEM of 3 control
rats and 5 rats with PHN. Significant differences were present among groups
(P < 0.005 ANOVA; *P < 0.01 PHN versus control, *P = 0.02 PHN versus
PHN+NS-398). B: Glomeruli were incubated as in A, except NS-398 was
added at 107> M. Values are mean * SEM of 4 control rats and 8 rats with
PHN. Significant differences were present among groups: P < 0.0001
ANOVA; *P < 0.0001 PHN versus control, **P = 0.0001 PHN versus PHN+NS-
398, **P = 0.0006 control versus control+NS-398.

Complement-Conditioned Medium Does Not
Up-Regulate COX-2

It has been demonstrated that COX-2 can be up-regu-
lated by various growth factors and cytokines, and it was
reported that complement stimulates the release of
growth factors, such as basic fibroblast growth factor.”
To evaluate the possibility that factors released from GEC
on incubation with complement contribute to up-regula-
tion of COX-2 in an autocrine/paracrine fashion, we ex-
amined the effect of complement-conditioned medium on
COX-2 up-regulation. Media of GEC that had been incu-
bated with antibody and normal serum, or heat-inacti-
vated serum failed to induce a significant change in
COX-2 protein level (Figure 6). Analogous results were
obtained when examining mRNA levels by Northern blot
hybridization (Figure 6). These results indicate that auto-
crine/paracrine factors are unlikely to be responsible for
COX-2 up-regulation.

Discussion

The current study demonstrates that sublytic C5b-9 in-
duces COX-2 mRNA and protein expression in GEC, the

target of injury in experimental membranous nephropa-
thy. The time course of COX-2 induction in cultured GEC
was relatively rapid and transient (Figure 1), and was
similar to the pattern described in fibroblasts, although
the amount of inducible COX-2 mRNA and protein ex-
pression in GEC was relatively small.*® Induction of
COX-2 protein was associated with an increase in COX-2
enzymatic activity. Thus, in complement-treated GEC,
addition of exogenous arachidonic acid resulted in an
increase in PGE, production, which was blocked by the
COX-2-selective inhibitor, NS-398 (Figure 2). In addition,
unstimulated GEC expressed COX-1 mRNA and protein
constitutively, and the level of COX-1 expression was not
affected by C5b-9 (Figure 1). In keeping with our previ-
ous results showing that sublytic C5b-9 stimulates cPLA,
activity®™ " the present study demonstrates that activa-
tion of cPLA, is the critical rate-limiting step for comple-
ment-mediated PGE, generation in GEC (Figure 3A). At
concentrations of complement that did not stimulate
PGE, production significantly in neo GEC, PGE, synthe-
sis was amplified in GEC that stably overexpress cPLA,
(Figure 3A). Furthermore, this PGE, generation was in-
hibited significantly in the presence of NS-398, indicating
that a substantial portion of eicosanoid generation from
endogenous arachidonic acid was mediated via COX-2
(Figure 3, B and C).

There are several possible mechanisms that may ac-
count for the complement-mediated COX-2 up-regulation
in GEC. Kilgore et al showed that C5b-9 up-regulates
chemokine expression in human endothelial cells via nu-
clear factor-kB (NF-«kB) activation.?* The promoter region
of the rat COX-2 gene contains NF-«kB binding sites
(—404 to —395, 5'-GGGGATTCCC-3'):?® consequently,
transcriptional regulation of COX-2 via complement-me-
diated activation of the NF-kB pathway is one possible
mechanism. Bustos et al reported that endothelial cells
exposed to xenoreactive antibodies and complement
showed up-regulation of COX-2.26 The authors did not
specifically implicate C5b-9, and the time course of
COX-2 mRNA induction was markedly delayed, com-
pared with the current study, reaching a maximum at 24
hours. This delayed COX-2 induction required production
of interleukin-1e, which acted as an autocrine factor.
Considering the relatively rapid time course of COX-2
induction in GEC, it is unlikely that COX-2 induction in
GEC was secondary to the production of other autocrine
factor(s), and our results do not support the contribution
of such factors (Figure 6). We have previously shown that
C5b-9 activates extracellular signal-related kinase-2
(ERK-2) in GEC.° Because various mitogen-activated
protein kinases (MAPKs), including ERK-2, have been
implicated in the transcriptional regulation of COX-2,27:28
activation of MAPK pathways by C5b-9 is another possi-
ble mechanism for COX-2 up-regulation. Further studies
will be required to address these possibilities.

Under certain conditions, a single cell can simulta-
neously express the two isoforms of COX, and several
investigators have hypothesized that prostanoid synthe-
sis through COX-1 and -2 may involve different arachi-
donic acid substrate pools, which may be coupled to
distinct PLA,s and different extracellular stimuli,’®2°-32
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Figure 6. Effect of complement-conditioned medium on COX-2 protein (A)
and mRNA (B). GEC were incubated with antibody and normal serum (NS)
or heat-inactivated serum (HIS) as in Figure 1. At 3 hours (A) or 100 minutes
(B), cells were harvested and conditioned media were collected. Condi-
tioned media were added to untreated GEC, and the cells were further
incubated for 3 or 6 hours (A) or 100 minutes (B). The two left lanes in each
panel (Direct Effect) demonstrate that complement (NS) increased COX-2
protein (A) and mRNA (B) at 3 hours and 100 minutes, respectively. Media
collected from the cells that had been incubated with NS or HIS (conditioned
media) had no significant effect on levels of COX-2.

For example, in both mitogen-stimulated fibroblasts and
endotoxin-stimulated macrophages, PGE, production
was dependent on the induced expression and activity of
the COX-2 gene and protein, despite the presence of
constitutive, enzymatically active COX-1.2" In contrast,
the rapid PGD,, production in mast cells activated by the
aggregated IgE receptor was dependent only on the
presence and activity of constitutive COX-1.%° Based on
measurements of PGE, production in the presence of
exogenous arachidonic, in the current study, we have
estimated that after GEC are stimulated with complement
for 3 hours, COX-1 constitutes ~75%,and COX-2 ~25%
of total COX activity (Figure 2). However, after incubation
with complement, PGE, generation due to endogenously
released arachidonic acid was inhibited with a COX-2-
selective inhibitor by at least 60% (Figure 3B), suggesting
that endogenous arachidonic acid is preferentially me-
tabolized by COX-2, ie, that there is preferential coupling
between complement-induced cPLA, activation, release
of arachidonic acid from phospholipids, and metabolism
via COX-2. Nevertheless, it is likely that arachidonic acid
released by cPLA, was also metabolized via COX-1. The
specificity of currently-available COX-2- selective inhibi-
tors for COX-2, as compared with COX-1, when evalu-
ated by physiologically-relevant methods (eg, human
whole blood assay), is limited, such that the concentra-
tions of inhibitors that block COX-2 completely also par-
tially inhibit COX-1.3% Therefore, it is not possible to de-
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termine the exact percentage of contribution of each
isoform in complement-mediated PGE, generation.

In the kidney, it has been established that COX-1 is
constitutively expressed in collecting duct cells and en-
dothelial cells lining arteries and arterioles, and it contrib-
utes to the regulation of water reabsorption and vascular
tone, respectively.3® However, the expression and roles
of COX isozymes in the glomerulus are not well under-
stood. In normal adult human glomeruli, COX-2 was
found in podocytes by immunohistochemistry, but COX-1
was not detected.®® In normal adult rat glomeruli, COX-1
and COX-2 either were not detected or were detected
weakly by immunohistochemistry, Western blotting or in
situ hybridization.®” Nevertheless, we and others have
demonstrated that isolated normal rat glomeruli can
clearly synthesize PGE, and other prostanoids, indicat-
ing that there is basal arachidonic acid turnover and
basal COX activity. In glomeruli, however, it is not possi-
ble to determine the cell type responsible for basal pro-
stanoid production.

By analogy to GEC in culture, COX-2 was up-regulated
in the PHN model of C5b-9-dependent GEC injury in vivo,
but in addition, there was up-regulation of COX-1 (Figure
4). Glomeruli from rats with PHN generated about twofold
more PGE,, as compared with normal rats, and this PGE,
generation was partially inhibited by NS-398, indicating
that most likely both COX isoforms contributed to C5b-9-
mediated eicosanoid production in vivo (Figure 5). We
cannot provide a definite explanation for the discrepancy
in COX-1 regulation between GEC in culture and glomer-
uli of rats with PHN. Nevertheless, several investigators
have reported that COX-1 expression can be regulated
by certain stimuli. In the human monocytic leukemia cell
line THP-1%8 and the rat pheochromocytoma cell line
PC12,3° COX-1 was up-regulated with differentiation. In
the mouse osteoblastic cells line MC3T3-E1 cells, COX-1
was up-regulated by basic fibroblast growth factor.*® The
precise mechanisms of COX-1 up-regulation are not un-
derstood. In these cases, COX-1 induction was delayed,
as compared with COX-2 or immediate early oncogenes
as c-fos, suggesting that up-regulation of COX-1 is con-
trolled by mechanisms distinct from those of COX-2, such
as synthesis of new proteins.®8~1° Possibly, the chronic
exposure of GEC to C5b-9 in PHN (14 days, Figure 4)
caused up-regulation of COX-1, which was not seen in
the shorter experiments in culture (3-24 hours, Figure 1).
Hirose et al also reported that the both isoforms of COX
were up-regulated in rat anti-Thy-1 glomerulonephritis, a
complement- and inflammatory cell-dependent rat model
of glomerular mesangial injury.*’ Curiously, COX-2 ap-
peared to be expressed exclusively in GEC, whereas
COX-1 appeared to be expressed in glomerular epithelial
and/or endothelial cells. It is also possible that COX-1 is
up-regulated in cells other than GEC in glomeruli of rats
with PHN.

A number of studies have examined the effects of PG
or TXA, synthesis inhibition on glomerular permselectivity
in PHN. In two studies, the nonspecific COX inhibitor,
indomethacin, or the TX synthase inhibitor, DP-1904, re-
duced autologous phase proteinuria significantly.® Indo-
methacin and the TX synthase inhibitor, OKY-046, re-
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duced proteinuria in a model of PHN in the isolated
perfused kidney.® In all of these studies, renal function
was not affected significantly by the inhibitors. Substitu-
tion of eicosapentanoic and other -3 fatty acids for
arachidonic acid can be achieved by enriching diets with
fish oil. This maneuver shifts production of certain endog-
enous eicosanoids away from dienoic prostanoids to in-
active metabolites. Administration of fish oil to rats with
PHN suppressed production of TXA,, and reduced pro-
teinuria significantly.® Together, the above studies sup-
port a role for arachidonic acid metabolites as mediators
of proteinuria in PHN. Based on the present study, it may
be useful to determine in the future if COX-2 selective
inhibitors reduce proteinuria in membranous nephropa-
thy, without affecting the normal physiological processes
dependent on COX-1. However, such a study would re-
quire a COX-2 inhibitor that is considerably more specific
than NS-398. While this manuscript was in preparation,
Blume et al reported that the COX-2-selective inhibitor,
flosulide, reduced proteinuria in rats with PHN.*? How-
ever, the inhibition of proteinuria by flosulide was not
associated with inhibition of glomerular eicosanoid gen-
eration. Actually, a high dose of flosulide inhibited protein
expression of both COX-1 and -2, suggesting that the
anti-proteinuric effect of flosulide may have been medi-
ated by mechanisms other than inhibition of COX enzy-
matic activity. Furthermore, it should be noted that the
actions of COX enzymes in kidney disease appear to be
complex. For example, a recent report by Schneider et al
showed that indomethacin and, to a lesser degree, COX-
2-selective inhibitors significantly augmented monocyte/
macrophage recruitment to glomeruli in two rat experi-
mental models of glomerulonephritis, suggesting an
important role for COX products as endogenous repres-
sors of chemokine expression.*® Also, mice deficient in
COX-2 showed a postnatal maturation arrest of nephrons,
developed glomerulosclerosis, and eventually died of
uremia,**“*°® whereas administration of a COX-2-selective
inhibitor to pregnant mice produced a similar pheno-
type.?® Thus, a more precise understanding of the roles
of COXs in different pathophysiologies and developmen-
tal stages will be necessary to use isoform-selective COX
inhibitors safely and effectively.
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