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In human and experimental glomerulonephritis, glomerular hypercellularity results both from accumulation of
macrophages and proliferation of resident glomerular cells. The recent identification of macrophage-derived factors that
stimulate mesangial and epithelial cell proliferation suggests that these factors might contribute to the hypercellularity. To
determine the identity of such macrophage-derived growth factors, we studied the effect of leukotrienes (LTs), products
that are released from macrophages and leukocytes, on proliferation of human glomerular epithelial cells in culture. Dosedependent (1-100 nM) stimulation of [3H]thymidine incorporation, an index of cell proliferation, was observed in cells
incubated with the sulfidopeptide LTs, LTC4 and LTD4, but not with LTB4. The response was 248 and 172% of control
values at 100 nM LTC4 and LTD4, respectively. This effect of LTC4 was abolished by FPL 55712. Subsequent binding
studies demonstrated that glomerular epithelial cells possess specific receptors for LTC4. [3H]LTC4 bound rapidly at 8
degrees C to the cells. There was a plateau after 40 min incubation. Maximum specific binding was 70-90% of total
binding. Specific binding was totally reversible with addition of an excess of unlabeled LTC4. Analysis of time-course
association slopes at two concentrations of [3H]LTC4 and of the competition between a single concentration of [3H]LTC4
and increasing concentrations of unlabelled LTC4 allowed calculation of dissociation constants (Kd) of 220 and 217 nM,
respectively. Both LTD4 and […]
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Abstract
In human and experimental glomerulonephritis, glomerular
hypercellularity results both from accumulation of macrophages
and proliferation of resident glomerular cells. The recent
identification of macrophage-derived factors that stimulate
mesangial and epithelial cell proliferation suggests that these
factors might contribute to the hypercellularity. To determine
the identity of such macrophage-derived growth factors, we
studied the effect of leukotrienes (LTs), products that are
released from macrophages and leukocytes, on proliferation of
human glomerular epithelial cells in culture. Dose-dependent
(1-100 nM) stimulation of VHlthymidine incorporation, an
index of cell proliferation, was observed in cells incubated with
the sulfidopeptide LTs, LTC4 and LTD4, but not with LTB4.
The response was 248 and 172% of control values at 100 nM
LTC4 and LTD4, respectively. This effect of LTC4 was
abolished by FPL 55712. Subsequent binding studies demonstrated that glomerular epithelial cells possess specific receptors
for LTC4. 13HJLTC4 bound rapidly at 8°C to the cells. There
was a plateau after 40 min incubation. Maximum specific
binding was 70-90% of total binding. Specific binding was
totally reversible with addition of an excess of unlabeled LTC4.
Analysis of time-course association slopes at two concentrations
of VHILTC4 and of the competition between a single concentration of [3HlLTC4 and increasing concentrations of unlabelled
LTC4 allowed calculation of dissociation constants (Kd) of 220
and 217 nM, respectively. Both LTD4 and LTE4 exhibited
ED5o values that were at least one order of magnitude higher
than for LTC4. Thus, our findings suggest that LTC4 binds to
specific receptors of glomerular epithelial cells, promotes proliferation of these cells, and could contribute to epithelial
hypercellularity found in glomerulonephritis.

Introduction
In human and experimental glomerulonephritis, glomerular
hypercellularity results both from infiltration by cells of the
monocyte-macrophage series and from proliferation of the
resident endothelial, epithelial, and mesangial cells (1-5). Although the precise stimuli for this cellular proliferation are
largely unknown, it has been hypothesized that the glomerular
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cell division results from the secretion of growth factors by the
infiltrating mononuclear cells (6, 7). Indeed, the endothelial
cell hyperplasia that occurs in experimental glomerulonephritis
depends on the local infiltration by macrophages, as demonstrated in studies using anti-macrophage serum (8). Moreover,
the proliferation of mesangial or epithelial cells in culture is
enhanced by macrophage-derived factors (9-11). The stimulation of mesangial cell proliferation has been attributed to
macrophage interleukin-I (12), but the identity of the macrophage-derived factor(s) that increase the growth of epithelial
cells is still unknown (11). The purpose of the present study
was to determine whether leukotrienes (LTs),' a class of
compounds released characteristically by human mononuclear
leukocytes (13), might contribute to epithelial cell proliferation.
Our findings indicate that the sulfidopeptide LTs (LTC4 and
LTD4), but not LTB4, increase DNA synthesis by human
epithelial cells in culture, and that LTC4 binds specifically to
these cells.

Methods
Preparation of epithelial cell cultures. Cortical tissue was prepared
from human cadaver kidneys that were judged to be unsuitable for
transplantation, and homogeneous populations of glomerular epithelial
cells were obtained by collagenase digestion of the isolated glomeruli,
as described previously (14). These cells were cultured at 370C in
Waymouth's medium (Flow Laboratories, Irvine, United Kingdom)
containing 20% pooled human serum under an humidified atmosphere
of 5% CO2 in air. They were purified further using cloning rings in
order to isolate groups of homogeneous cells, and were identified by
their morphologic and synthetic characteristics: they are polyhedral,
and synthesize predominantly type IV collagen and heparan sulfate
(I 1). For receptor binding assays, the epithelial cells were scraped away
from their flasks (14), whereas studies of DNA synthesis were performed
on adherent cells.
Measurement of DNA synthesis. Synthesis of DNA by cultured
human epithelial cells was determined on day I of the third subculture
in multidish wells (Nunclon; Nunc, Roskilde, Denmark) before the
cells reached confluence. 1 ACi of [3H]thymidine (5 Ci/mmol, Radiochemical Center, Amersham, United Kingdom) was added to each
well, which contained 3 ml of RPMI medium (Flow Laboratories)
buffered with 20 mM Hepes, pH 7.2, together with the compound to
be tested. After 4 h of incubation at 37°C under 5% CO2 humidified
atmosphere, the incorporation of [3H1thymidine was stopped by addition
of 10 gmol of unlabelled thymidine for 30 min. After washing, TCAprecipitable radioactivity was measured by liquid scintillation spectroscopy (1211 Rackbeta; LKB, Bromma, Sverige) as described previously
(15). Moreover, in order to verify that enhanced thymidine incorporation
1. Abbreviations used in this paper: DTT, dithiothreitol; LT(s), leukotrienes; LTC4, LTD4, LTE4, and LTB4, leukotrienes C4, D4, E4, and
B4; PGE2, prostaglandin E2.

reflected modification of cell proliferation, the number of cells present
in each well was determined 24 h after addition of the different LTs
tested, or the vehicle alone. Statistical analysis of the data was
performed using t test for unpaired variables.
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Measurement ofLTC4 binding. Binding studies were performed in
0.1 ml 20 mM Tris-HCl buffer, pH 7.4, containing 125 mM NaCl, 10
mM KCI, 10 mM sodium acetate, 5 mM glucose, 10 mM CaC12, 1
mM serine-borate, 1 mM dithiothreitol (DTT; Sigma Chemical Co.,
St. Louis, MO), and 0.1 mM phenylmethylsulfonylfluoride (Sigma
Chemical Co.). Solutions of DTT and phenylmethylsulfonylfluoride
were prepared immediately before use. Preliminary experiments showed
that addition of 1 mM DTT to the incubation medium did not modify
[3H]LTC4 binding. The amount of epithelial cell protein varied
between 40 and 80 ug/tube. The concentration of [3H]LTC4 (39 Ci/
mmol; New England Nuclear, Boston, MA) was 4.9-14.6 nM. Varying
amounts of unlabeled ligands (LTC4, LTD4, and LTE4; provided by
J. Rokach, Merck-Frost, Kirkland, Canada) or of the LT antagonist,
FPL 55712 (Fisons Pharmaceutical, Loughborough, United Kingdom)
(16), were added for competition studies. Incubations were performed
at 80C for periods between 2 and 50 min. At the end of the incubation
period, bound and free [3H]LTC4 were separated by vacuum filtration
through Millipore HA filters (0.45 gnm). The filters were then washed
under vacuum three times with 5 ml of ice-cold 20 mM Tris-HCI
buffer, pH 7.4. The radioactivity remaining on the dried filter was
measured in 8 ml scintillation solvent (ACS II, Radiochemical Center).
Nonspecific binding was defined as that measured in the presence of
an excess (3 uM) of unlabeled LTC4. Specific binding was calculated
as the difference between total and nonspecific binding. To determine
the extent of [3H]LTC4 metabolism during binding experiments,
epithelial cells and their medium obtained after 40 min incubation
were filtered under vacuum through Whatman GF/C glass fiber filters.
The filters were washed three times with ice-cold Tris-HCl buffer, and
the radioactivity remaining on the filter was extracted immediately
with 1 ml methanol at -20°C. Metabolites of [3H]LTC4 were purified
using reverse-phase high performance liquid chromatography (17) and
identified by comparison of their retention times with those of authentic
standards.

Results
Incorporation of [3H]thymidine. The rate of synthesis of DNA
by human glomerular epithelial cells varied in response to the
different LTs tested (Fig. 1). Addition of LTC4 resulted in a
dose-dependent stimulation of [3H]thymidine incorporation at
concentrations between 1 and 100 nM. LTD4 also promoted
an increase of [3H]thymidine incorporation at similar concentrations, but the degree of stimulation was less than with LTC4
(172 vs. 248% of control). LTB4 was inactive even at 100 nM.
Preincubation with medium containing FPL 55712, 2 tig/ml
(3.8 gM), clearly reduced the effect of LTC4. Moreover,
addition of LTC4 and LTD4 (0.1 ,uM) for 24 h resulted also
in an increase of the cell number present in each well (163
and 129% of control, respectively) (Table I), which confirmed
that enhanced thymidine incorporation reflected increased cell

proliferation.
Characteristics of [3H]LTC4 binding. [3H]LTC4 binding
reached a plateau within 40 min and remained stable up to
50 min (Fig. 2). At equilibrium, nonspecific binding represented
10-30% of total binding. Under these conditions, addition of
3 uM unlabeled LTC4 produced a rapid dissociation of the
ligand-receptor complex. The half-time of dissociation graphically derived from Fig. 2 was 1 min, and the total radioactivity
bound reached the level of nonspecific binding within 4 min.
When the time-course of [3H]LTC4 binding to epithelial cells
was studied at two different concentrations (4.9 and 14.6 nM),
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Figure 1. Effect of various LTs on [3H'thymidine incorporation by
human glomerular epithelial cells. The results are expressed as cpm
of [3H]thymidine X 103 incorporated by 106 cells after 4 h of
incubation. The data are plotted as the mean±SEM of the averages
of duplicate results obtained in three or four different experiments..,
P < 0.01; **, P < 0.001.

analysis of the slopes of the two logarithmically transformed
association curves yielded a Kd of 220 nM. To determine the
stereospecificity of the [3H]LTC4 binding sites, two additional
sulfidopeptide LTs and FPL 55712 were tested for their
capacity to inhibit the specific binding of [3H]LTC4 (Fig. 3).
Leukotrienes C4, D4, and E4 inhibited [3H]LTC4 binding in
a concentration-dependent manner. The Scatchard transformation of the data obtained at 5 nM to 5 1uM LTC4 allowed
calculation of the receptor density (4.5 pmol/mg) and of the
Kd value (217 nM). The latter parameter was nearly identical
to that derived from kinetic studies. LTD4 and LTE4 were
more than one order of magnitude less active, and FPL 55712
was minimally active. The bound radioactivity recovered at
Table I. Effect of Various LTs on Epithelial Cell Proliferation
Addition

Cell numbers X 103

Statistical
significance

None (n = 9)*
LTB4 (n = 6)
LTC4 (n = 7)
LTD4 (n = 8)

73.22±4.22
67.08±6.53
119.12±8.48
94.09±2.95

P < 0.001*
P < 0.005

NS

Values are cell numbers per well after 24 h incubation. Each value
represents the mean±SEM. n, number of experiments.
*
Unpaired t test for stimulated versus control.
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inhibition of glomerular cell growth ranged between 10 and
100 nM (19), concentrations identical with those of LTC4 and
LTD4 required for stimulation of epithelial cell growth in the
present study. Moreover this biological effect of LTC4 occurs
at doses known to promote other physiological effects, such as
prostacyclin synthesis by human endothelial cells in vitro (20),
and increased vascular permeability in vivo (21).
The effect of LTC4 on epithelial cell proliferation was
counteracted by the LT antagonist FPL 55712. Such a characteristic of LTC4 activity has been described previously in

pM4 LTC4

i-

z

i)

200 -

co

uj
en

the whole kidney in studies in which the vasoconstriction
induced by LTC4 infusion in vivo was also abolished by FPL
55712 (22). Our results also demonstrate that [3H]LTC4 binds
to human epithelial cells. The binding properties observed
including saturability, rapid association, reversibility, and stereospecificity, together with the low rate of degradation of the
bound ligand, are consistent with an LTC4 receptor. Specific
[3H]LTC4 binding to human epithelial cells at 80C reached a
plateau at 40 min, represented >70% of the total binding, and
was totally reversible by unlabeled LTC4. A similar timecourse has been reported for the binding of [3H]LTC4 to
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Figure 2. Time-course of specific binding (filled circles) of [3H]LTC4
to human glomerular epithelial cells at twc different concentrations
of [3H]LTC4 (4.9 and 14.6 nM). The data are plotted as the
mean±SEM of the average of duplicate ressults obtained in four
different experiments. After equilibrium w;
3
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smooth muscle cell lines (23), and to isolated rat renal glomeruli
(24). The Kd values calculated from both association slopes at

mdin

two concentrations of [3H]LTC4 (220 nM) and from analysis
of the competition between a single concentration of [3H]LTC4
and incremental concentrations of unlabeled LTC4 (217 nM)

the end of a 40-min binding assay at E8°C was 72% [3H]LTC4
as demonstrated by high performancee lqi
liquid chromatography
analysis. The remaining radioactivit3p eluted with unlabeled
LTD4 standard (7.6%) or as polar im purities (7.9%).
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Discussion
Our results demonstrate that the su]Ifidopeptide LTs, LTC4
and LTD4, stimulate the proliferati on of cultured human
epithelial cells estimated both by thyrriidine incorporation and
counting of the cells. This stimulaltory effect. of LTs .was
previously unknown, whereas prior investigations
provided
evidence for an inhibitory effect of other arachidonic acid
metabolites on cell proliferation. For exampeprsaani
e
prostaglandin
E2 (PGE2) has been shown to inhibit 1thymidine incorporation
by human fibroblasts (18) and mouse Imesangial cells in culture
tinal
cellsignicufilt
(19). The concentrations of PGE2 requijresa
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Figure 3. Percentage of inhibition of specific [3H]LTC4 binding by
increasing concentrations of LTC4, LTD4, LTE4, and FPL 55712.
The data are plotted as the mean of the results obtained in two
experiments, except for LTC4 (three experiments).
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were
greater than
those described for smooth muscle cell lines
(5 nM)
rat renal glomeruli (50 nM) (24).
(23) or for isolated
This discrepancy in the Kd values could be explained by the
modification of receptor characteristics during culture of glomerular cells, by differences between homogeneous and heterogeneous populations of cells, or by assuming that isolated
glomeruli from murine and human origin possess different
specific LTC4 receptors.
The

physiological

mechanism

by

which LTC4

binding

promotes epithelial cell proliferation is unknown. Inasmuch
as stimulation of epithelial cell proliferation by sulfidopeptide
LTs and binding of LTC4 to specific cellular receptors were
observed over a similar range of concentrations, it seems

possible that the two events are linked. However, the fact that
FPL 55712 inhibited LTC4-induced increase in cell proliferation
cannot be taken as evidence for a receptor-mediated event,
.
.
since this drug was a very poor competitor for [ 3 H]LTC4
binding. Similarly, the stimulatory effect of LTD4 on cell
proliferation was greater than what could have been expected
from the competitive inhibition binding studies. Possibly, FPL
55712 acted at a postreceptor stage and LTD4 bound to LTR1
receptors which have been shown to be distinct from the highaffinity receptors for LTC4 (LTR2) (25). Further studies are
necessary to demonstrate that the proliferative response to
LTC4 is indeed receptor mediated. Because it has been shown
that LTs decrease tissue cyclic AMP content (26), and that
cyclic AMP has an inhibitory role on cell growth (18), it could
be inferred that the effects of LTs on epithelial cell proliferation
are related to an inhibition of adenylate cyclase. Additional
biochemical investigations will be required to clarify this
mechanism.
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