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Abstract

Although IL-1 stimulates cellular responses in both lymphoid
and nonlymphoid cells, the second messengers by which IL-1
activates cells are unknown. Recombinant IL-la (rIL-l) is a
comitogen for glomerular mesangial cells. Using this model we
explored potential transmembrane signals by which IL-1 stim-
ulates cellular responses. Certain mitogens hydrolyze inositol
phospholipids by phospholipase C to generate 1,2-diacylgly-
cerol, a cofactor for protein kinase C, and inositol (1,4,5)-tris-
phosphate, which mobilizes intracellular calcium. rIL-1 in-
duced a peak increase in pHJ1,2-diacylglycerol formation at 1
min. Production of 1,2-diacylglycerol often parallels the gener-
ation of phosphatidic acid; however, rIL-l stimulated
I32Plphosphatidate formation only after 60 min. rIL-1 did not
change the inositol phosphate or cytosolic free calcium con-
centrations, demonstrating that rIL-l does not activate an ino-
sitol phospholipid-specific phospholipase C. [3HjPhosphoryl-
ethanolamine, but not VHlphosphorylserine or V3Hlphospho-
rylcholine, was maximally elevated at 1 min in mesangial cells
incubated with rIL-1. Radioactivity incorporated into phos-
phatidylethanolamine but not phosphatidylcholine was also
decreased in IL-1-stimulated mesangial cells compared with
control at 1 min. These data suggest that rIL-1 activates a
phospholipase C predominantly linked to phosphatidyletha-
nolamine. In contrast to other mitogens, rIL-1 did not alter
intracellular pH. Both 12-0-tetradecanoyl-phorbol-13-acetate,
a homologue of 1,2-diacylglycerol, and phosphatidate but not
phosphatidylcholine in the presence of 0.5% fetal bovine serum
stimulated mesangial cell proliferation. rIL-1-induced cellular
activation may be mediated, at least in part, by phospholipid-
derived second messengers generated through novel pathways.

Introduction

IL-1 represents a family of proteins, encoded by at least two
distinct genes, that play a seminal role in systemic and local
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inflammatory responses (1). When incubated with IL-1, pri-
mary cells as well as cultured cell lines undergo a coordinated
response that culminates in the expression of new structural
determinants and functional characteristics (1). Little infor-
mation is available, however, on the transmembrane messen-
gers mediating IL- 1-induced cellular activation. Our objective
in this study was to explore the phospholipid-derived and ionic
signals that may mediate the effects of IL-I on cultured rat
glomerular mesangial cells.

The mesangial cell occupies a central anatomical position
within the glomerulus. It is a specialized pericyte that not only
regulates glomerular filtration but also synthesizes, and re-
sponds to, a number of cytokines (2). Mesangial cells in culture
contain IL-I mRNAtranscripts and release a protein that
closely resembles IL- 1 (3, 4). Both macrophage- and mesangial
cell-derived IL-I stimulate mesangial cells to proliferate and
generate PGE2and collagen (4). IL- I also enhances mesangial
cell secretion of a glomerular basement membrane-degrading
neutral protease (4). IL-1 gene expression is increased in kid-
neys of animals with experimental nephritis (3), and consider-
able evidence has demonstrated that IL-1 acts locally to en-
hance tissue injury (1). Intraglomerular release of IL-1, there-
fore, may contribute to the structural and functional changes
characteristic of glomerular immune injury.

Methods

Cell culture and DNA synthesis. Mesangial cells were grown from
collagenase-digested glomeruli as previously described (3) and repre-
sent a uniform population of cells that is not contaminated by macro-
phages, endothelial cells, fibroblasts, or epithelial cells using morpho-
logical, immunohistochemical, and biochemical criteria (3). Cells were
used in the third to sixth passage. To assess DNA synthesis, near
confluent mesangial cells were held for 96 h in DMEand Hamm's
nutrient F12 medium (DME/Fl2, 1:1) containing 0.5% fetal bovine
serum (FBS).' Cells remain viable but do not proliferate under these
conditions. Cells were then incubated for 48 h with the indicated
agents and [3H]thymidine (1 jsCi/ml) before the determination of
acid-insoluble counts. In selected experiments after the holding period,
the growth medium was changed to a defined medium constituted by
supplementing DME/F12 with BSA (1 mg/ml), liposomes (50 ,g/ml;

1. Abbreviations used in this paper: ANOVA, analysis of variance;
[Ca2+],, cytosolic free Ca2+ concentration; DAG, 1,2-diacylglycerol;
FBS, fetal bovine serum; FGF, fibroblast growth factor; IPn, inositol
phosphates; IP,, inositol (1)-phosphate; IP2, inositol (1,4)-bisphos-
phate; IP3, inositol (1,4,5)-trisphosphate; PA, phosphatidic acid; PC,
phosphorylcholine; PE, phosphorylethanolamine; pHi, intracellular
pH; PtdCho, phosphatidylcholine; PtdEth, phosphatidylethanol-
amine; PtdIns, inositol phospholipids; rIL-l, human recombinant in-
terleukin- 1 a.
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Boehringer Mannheim Biochemicals, Indianapolis, IN), insulin (10
pg/ml), transferrin (10 gg/ml), and selenium (5 ng/ml).

Phospholipid analyses. Mesangial cells were either labeled with 1
gCi/ml AA (5, 6, 8, 9, 11, 12, 14, 15 [3H](N); NewEngland Nuclear,
Boston, MA, 100 Ci/mmol) for 2 h to measure 1,2-diacylglycerol
(DAG), 50 ,uCi/ml [32P]orthophosphate for 3 h to assess changes in
phosphoglycerides, or 2 uCi/ml [methyl-3H]choline (80 Ci/mmol;
NewEngland Nuclear), 2 uCi [1 -3H]ethan- I -ol-2-amine (23 Ci/mmol;
Amersham Corp., Arlington Heights, IL), or L-[3-3H]serine (37 Ci/
mmol, Amersham Corp.) for 24 h to measure both water-soluble
phosphorylbases and the polar phosphoglycerides. Preliminary experi-
ments demonstrated that steady-state incorporation of tracer into both
rapidly and more slowly labeled phospholipids had occurred by the
end of the labeling period. At the time of the experiment, unless other-
wise indicated, radioisotope was removed, the monolayers were gently
washed, radiolabel-free, ice-cold Krebs-Henseleit-Hepes (20 mM)
buffer was added, and the cells were rewarmed to 37°C. rIL- 1 at the
indicated dose in 0.2% BSA or vehicle was added for~the designated
times. The incubations were terminated after various intervals with 1
ml ice-cold methanol, and the cells scraped and transferred into 1 ml
chloroform. A second methanol wash was added and after 30 min at
4°C the methanol and chloroform volumes were adjusted to yield two
phases (chloroform/methanol/water, 1: 1:0.9, vol/vol/vol). The chloro-
form lipid extracts were washed twice, dried under N2, and resus-
pended in 75% chloroform/25% methanol. The samples and appro-
priate standards were spotted on silica gel 60-plates (250-Mm thickness;
EM Science, Gibbstown, NJ). Neutral lipids were eluted from the
origin with a mobile phase consisting of benzene/diethylether/ammo-
nia (100/80/0.2, vol/vol/vol) (5). DAGwas well separated from 1,3-
DAG, monoacylglycerol, triacylglycerol, phospholipids, and free ara-
chidonate. The neutral lipids were visualized by toluidino-2-naphtha-
lene-sulfonic acid spray and ultraviolet light. The lipids that
comigrated with authentic DAGwere scraped and radioactivity was
determined in a liquid scintillation counter. Phosphatidic acid (PA)
was resolved from the other major polar phosphoglycerides by using a
one-dimensional, dual phase solvent system. After eluting with chloro-
form/methanol/4.3 MNH40H(34:26:8, vol/vol/vol) until the solvent
front was 8 cm from the origin, the plates were dried. Subsequently, the
plates were run in the same direction with hexane/diethylether/acetic
acid (70:30:2, vol/vol/vol) to the top of the plate (15 cm). PA that
comigrated with the authentic standards was scraped and incorporated
radioactivity counted. Water-soluble extraction products containing
radiolabeled phosphorylbases were spiked with the appropriate unla-
beled phosphorylbases, redissolved in 50% ethanol, and separated by
TLC with methanol/0.5% NaCl/ammonia (100:100:2, vol/vol/vol) (6).
Phosphorylcholine (PC) was visualized by iodine, and the phosphoryl-
ethanolamine (PE) and phosphorylserine derivatives were identified by
spraying with ninhydrin spray. The phosphorylated and unphosphor-
ylated forms of the bases were well separated from each other and
comigrated with authentic standards. In these experiments the lipid
fraction containing the corresponding radiolabeled polar phospho-
glycerides and authentic standards were separated using a mobile
phase of chloroform/methanol/acetic acid/H20 (65:35:1:8, vol/vol/
vol/vol). Where indicated, extracted lipids were assayed for elemental
phosphate (7), and cell protein content was determined by the method
of Lowry (8).

Polyphosphoinositide formation and measurement of cytosolic free
calcium ([Ca2+]) and pH (pH,). The measurement of water-soluble
inositol phosphates (IPn) was performed as previously described using
anion-exchange chromatography (9). Authentic [3H]inositol (1)-phos-
phate (IPI), [3Hjinositol (1,4)-bisphosphate (1P2), and [3H]inositol
(1,4,5)-trisphosphate (UP3) were used to standardize the Dowex resin
columns and establish recoveries. [Ca2+], was measured as previously
described (9) using the fluorescent [Ca2+], probe fura-2 acetoxymeth-
ylester (Molecular Probes, Eugene, OR). Fluorescence was monitored
at 339/500 nm excitation/emission wavelengths. The Ca2+-dependent
emission was calibrated at the end of each individual experiment as
described, using ionomycin and EGTA/Tris HCI, pH 10.5 (9). To

determine pHi, monolayers were loaded with 3 MM2',7'-bis(carboxyl-
ethyl)-5(6)-carboxy-fluorescein-penta-acetoxy methylester (Molecular
Probes Inc., Junction City, OR) for 30 min at 370C followed by a
20-min incubation in 2',7'-bis(carboxylethyl)-5(6)-carboxy-fluores-
cein-penta-acetoxy methylester-free medium (10). Fluorescence ratios
at 440/500 nm excitation and 540 nm emission wavelengths were
recorded with a dual wavelength Bioinstrumentation Group fluorome-
ter (University of Pennsylvania, Philadelphia, PA) for up to 15 min
after addition of rIL-l (10 ng/ml). To calculate pHi, fluorescence
readings were obtained at the end of each experiment after replace-
ment of the medium with modified Krebs-Henseleit-Hepes buffer
(Na' isosmotically substituted by K+) at pH of 6.5, 7.0, and 7.5 in the
presence of the K+/H' ionophore, nigericin (3 Ag/ml) (10). Linearity of
the fluorescent emission in the 6.5-7.5 pH range was preliminarily
established.

Results

Table I demonstrates that rIL- 1 is a comitogen for the mesan-
gial cell. rIL- 1 in the presence of 0.5% FBS induced a signifi-
cant dose-dependent increase in DNAsynthesis, measured as
[3H]thymidine incorporation in quiescent mesangial cells
(Table I). DNAsynthesis was not initiated in quiescent cells
either by rIL-l in the absence of serum (98.6±9 and
90.8±5.9% of control for rIL-1, 1.0 and 10 ng/ml, respectively,
n = 4) or by denatured (100°C for 60 min) rIL-l in the pres-
ence of serum (95±3.4, 101.7±4.7, and 102±3.0% of control
for rIL- 1, 0.1, 1, and 10 ng/ml, respectively, n = 2). This data
suggests that a comitogen supplied by serum is necessary for
IL- 1-induced mesangial cell mitogenesis, and confirms studies
using partially purified macrophage supernatants as sources of
IL- 1 (4). To address this issue further, we used a fully defined
medium that supports mesangial cell growth. DNAsynthesis
was stimulated in G0-arrested cells by changing from holding
to defined medium. Addition of fibroblast growth factor
(FGF) at submitogenic concentrations or rIL- 1 did not further
enhance DNAsynthesis. However, rIL- 1 and FGF synergisti-
cally increased [3H]thymidine incorporation (184±6% of con-
trol, n = 3). These studies demonstrate that rIL- 1 is a comito-
gen for the mesangial cell, but the transmembrane signals in-
duced by rIL- 1 alone are not sufficient to cause mesangial cell
proliferation.

Table I. Stimulation of DNASynthesis in Mesangial Cells

Addition incorporation
Medium (percent of control) [3H]Thymidine n

Holding None 100 5
rIL-1 (0.01 ng/ml) 109±4 2

(0.1 ng/ml) 112±7 5
(0.5 ng/ml) 135±6 4
(1.0 ng/ml) 124±3 4
(10 ng/ml) 123±5 4

PA (50 Ag/ml) 130±4 4
PtdCho (50 ,g/ml) 94±3 4
TPA (I nM) 210±35 6

Defined None 100 3
rIL-l (lOng/ml) 95±11 2
FGF(10 ng/ml) 112±13 3
rIL-l + FGF 184±6 3

Increasing doses of rIL- 1 stimulated a significant increase in [3H]thy-
midine incorporation. P < 0.05 Kruskal-Wallis analysis of variance
(ANOVA) by ranks.
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Wenext studied early biochemical events, postulated to
initiate proliferation and cellular responses mediated by other
cytokines, that could also be generated by IL-1 and that could,
in part, contribute to mesangial cell mitogenesis. Studies de-
scribing the initial second messengers generated by mitogens
have concentrated on the hydrolysis of inositol phospholipids
(PtdIns) by a phosphodiesterase, phospholipase C (1 1). This
pathway produces DAG, a cofactor for protein kinase C, and
IPn including IP3, which mobilizes calcium from nonmito-
chondrial, intracellular stores. Wemeasured the generation of
DAGin control and rIL- 1-stimulated mesangial cells to iden-
tify an IL-1-activated phospholipase C. Compared with con-
trol, rIL-1 induced a time-dependent, statistically significant
increase of [3H]arachidonate-labeled DAG(Fig. 1 A). Maximal
stimulation (192±33%, n = 5) occurred at 1 min and subse-
quently decreased after 5 min to 119±12% and remained ele-
vated at that level for 60 min. The maximal stimulation of
DAGat 1 min occurred with concentrations of rIL- 1 between
1 and 10 ng/ml, although concentrations as low as 0.1 ng/ml
had an effect (data not shown). In intact cells, DAGmay be
rapidly phosphorylated to PA by DAGkinase (12). Therefore,
to amplify DAGformation, we next preincubated mesangial
cells for 15 min with the DAGkinase inhibitor R59 022 (13).
rIL- 1 induced a marked and prolonged increase in DAGfor-
mation (Fig. 1 B) which now peaked at 5 min and returned to

260' Figure 1. [3H]DAG

220 A -R59022 generation in rIL-I-
o i stimulated rat mesan-
u, 180 |t \ gial cells in the absence
C 140- / 4\ - (A) or presence (B) of

; 1001 the DAGkinase inhibi-
8 § o0 tor R59 022 (10 ,uM).

t 260 B +R59022 Mesangial cells were la-
8-20- beledwith [3H]AA. In

A, radioisotope was re-

< moved before the addi-
r 140
WI 4 tion of rIL-1 (3.6

06 ,, ,, ng/ml) or vehicle for
0 .s 5 s15 6 the designated times.

Time (min) Representative proteins
were assayed in parallel

wells for each experiment. Data are expressed as percent of control
(mean±SEM, n = 5). At 15 s rIL-1-treated mesangial cells incorpo-
rated 47.1±5.5 cpm/pg protein into the DAGarea while control cells
incorporated 51.4±4.0 cpm/pg protein (n = 5). Data expressed as
cpm/pg protein were statistically analyzed. rIL-l-induced [3H]DAG
formation was significantly greater than control (P < 0.05) at 1 and
15 min by independent t test after establishing significant differences
between groups (P < 0.05) by two-way ANOVA. In B, [3H]arachi-
donate was not removed to maintain the labeling of phospholipids at
constant specific activity. Vehicle (0.005% HCl) or the DAGkinase
inhibitor 10 pMR59 022 (13; Calbiochem-Behring Corp., La Jolla,
CA) was added 15 min before the addition of rIL- 1. At time 0 (rIL- I
or vehicle and methanol added simultaneously) [3H]arachidonate in-
corporation into DAGwas 56.5±7.4 and 54.8±9.8 cpm/ug protein
for rIL- I (10 ng/ml) treated and control cells, respectively. [3H]Ara-
chidonate incorporation was stable from 1 to 60 min in control cells.
Data are expressed as percent of control and represent duplicate or
triplicate determinations in two separate experiments. Statistical
analysis of data as described above expressed as cpm/pg protein
showed a significant increase in IL- l-elicited DAGformation at 5
and 30 min (P < 0.05).

70 A Figure 2. [32P]PA forma-
60- tion in rIL-1-treated or

control mesangial cells in
0 50-, the absence (A) or presence

40- , \,, ,A (B)oftheDAGkinasein-
340 ,/ ' hibitor R59 022. In A,

E 30.;1 1. ' rIL-I (IO ng/ml) or0.2%
g 20 g , , . BSAwas added in the pres-
<CL20, ~~~~~~~ence of radiolabel for the

t
ic

indicated periods (., con-
. .5 5 15 30 60 90 120 trol, A, rIL-1). The data

Time (min)0 presented represent the
O 90 B A mean+SEMof replicate de-

80 termination in four experi-
70 // \ z ments. *P < 0.05; treat-
60 / \ ment group vs. control

group by t test after estab-
50 2 / \ I lishing significant differ-

rK, 40 / ences between groups by30 /f fi ~~4~ANOVA(P<0.01).InB,
20

r 1</either R59 022 (10 MM) or

o 3 vehicle (0.005% HCl) wereo 15 30 60 90 120 added 15 min before the
Time (min) addition of rIL-l (10

ng/ml) or BSA (o, control; o, R59 022; A, rIL-I; A, rIL-1 + R59
022). The data represent the mean±SEMof replicate determination
of two experiments. Two-way ANOVAestablished a significant (P
< 0.05) difference between rIL-l-treated and control groups.

levels comparable to those measured in the absence of R59
022 by 60 min.

The formation of DAGand PA are often temporally coin-
cident (12, 14). As a consequence, we expected an increase in
PA to parallel the formation of DAGin rIL- 1-stimulated mes-
angial cells. Rather than a rapid peak, rIL- 1 significantly stim-
ulated [32P]PA formation only after rather prolonged incuba-
tions of 60 min (Fig. 2 A). As previously reported (15), arginine
vasopressin (AVP) stimulated [32P]PA formation which was
detectable after 1 min, peaked at 5 min (24.2±3.0 and
56.9±4.7 cpm/,ug protein, control and AVP-treated cells, re-
spectively) and returned to baseline before the rIL-1-induced
increase. Phosphorylation of DAGby DAGkinase may result
in the formation of PA (12). The DAGkinase inhibitor R59
022 had no effect on rIL- 1-induced increases in [32P]PA levels
(Fig. 2 B). R59 022 itself enhanced [32P]PA after incubation of
90-120 min, a phenomenon previously reported (13). How-
ever, the percent stimulation of [32P]PA formation above basal
by rIL- 1 was equivalent between R59 022-treated and un-
treated cells at 30, 60, 90, and 120 min (data not shown).
rIL-1-stimulated PA formation may also result from de novo
synthesis. The major phosphoglycerides are derived from PA
( 14), although the pathways that use cytidine diphosphate-eth-
anolamine and -choline but not PA can lead to the formation
of phosphatidylethanolamine(PtdEth) and phosphatidylcho-
line (PtdCho) but not phosphatidylglycerol in eukaryotic cells.
Wetherefore measured phosphatidylglycerol in addition to PA
in both control and rIL- 1-stimulated mesangial cells to indi-
rectly assess changes in lipid mass. rIL- 1 had no effect on the
amount of label incorporated into phosphatidylglycerol in in-
cubations as long as 120 min (data not shown). In additional
experiments, rIL- 1 did not alter total lipid phosphorus/pg pro-
tein in dried chloroform extracts at 1, 60, and 120 min. Total
lipid phosphorus was 4.07±0.98 and 4.36±0.27 ng phospho-
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rus/mg protein at min and 4.04±0.46 and 4.27±0.20 at 120
min for control and experimental cells, respectively.

The absence of de novo phospholipid synthesis suggests
that rIL- 1-elicited DAGformation may result from hydrolysis
of a phosphoglyceride by phospholipase C, a pathway most
commonly linked to PtdIns turnover (11). However, in incu-
bations as long as 90 min, there was no detectable rIL- -stimu-
lated increase in any of water-soluble [3H]IPn (IP,, IP2, IP3,
not shown). In contrast, AVPstimulated the rapid formation
of IP3 within 5 s (3.95±1.34 and 12.54±0.15 cpm/,ug protein,
control and AVP-stimulated mesangial cells, respectively, n
= 2), followed by a later peak of IP2 at 30 s (4.76±0.79 and
10.23±4.45 cpm/hg protein, control and AVP-stimulated
mesangial cells, respectively, n = 2), and an increase of IP, that
persisted at 5 min (36.88±5.44 and 73.34±28.6 cpm/,ug pro-
tein, control and AVP-stimulated mesangial cells, respectively,
n = 2). Since IP3 releases calcium from intracellular, nonmito-
chondrial stores (11), we also measured changes in [Ca2+]i in
concomitant experiments. As illustrated in Fig. 3 A, rIL-1
failed to alter [Ca2+]1, providing further evidence that rIL-l
does not activate a phospholipase C linked to PtdIns (4,5)-bis-
phosphate, the PtdIns source of IP3. AVPadded to the same
monolayer subsequently to rIL-l stimulated a rapid four- to
fivefold increase in [Ca2+]i (Fig. 3 A) consistent with immedi-
ate generation of IP3.

Receptor-mediated activation of a phospholipase C exclu
sively linked to phospholipids other than the PtdIns has been
postulated (16). Wenext investigated, in control and rIL- 1 -ex-

posed mesangial cells, the formation of water-soluble phos-
phorylbases that would result by hydrolysis of PtdCho, PtdEth,
and phosphatidylserine by phospholipase C. As shown in
Table II, at 1 min rIL-l caused a 157.9±20.0% (n = 7) peak
increase in the release of [3H]PE. After the initial rapid in-
crease, [3H]PE decreased slightly but remained elevated above
control through 60 min, a pattern that paralleled rIL- 1-in-
duced charges in DAGconcentration. No significant differ-
ences in amounts of [3H]PC or [3H]phosphorylserine were ob-

served between control and rIL- 1-stimulated mesangial cells.
Since PtdCho can be synthesized by methylation of PtdEth,
mesangial cells labeled with [3H]ethanolamine incorporated
radiolabel into both PtdEth (438.3±38.5 cpm/,ug protein) and
PtdCho (64.3±1.5 cpm/hg protein). If the phospholipase C
activated by IL- 1 is specific for PtdEth, the ratio [3H]PE/
[3H]PC should increase with time in [3H]ethanolamine-labeled
cells. In rIL- 1-stimulated mesangial cells, the ratio of radioac-
tivity in [3H]PE/[3H]PC increased from 0.825±0.126 at time 0
to 1.08±0.32 at 1 min (n = 4). Additionally, at 1 min [3H]etha-

552 rIL-le'

116

min
AVP

7.4
r IL- 1I AVP

7.3 I I
I 72

7. 1

Table II. Production of [3H]PE, [3H]PC, and [3H]PS
in rIL-J-stimulated Mesangial Cells

Time
[3H]Phos-

phorylbase n Agonist 0 1 5 60

cpm/ILg protein

PE 7 rIL-l 254.1±41.6 410.6±85.2* 381.5±62.1* 354.9+57.9*
PC 10 rIL-1 161.1±37.5 143.6±30.5 128.0±31.1 141.6±31.2
PS 6 rIL-1 0.95±0.2 0.88±0.26 0.72±0.16 1.10±0.37

Results represent mean±SEMof duplicate determination from indicated num-
ber of experiments. rIL- 1 or vehicle and methanol were added simultaneously
to obtain time zero values. Cpm/ug protein values for production of [3H]phos-
phorylbases in vehicle-treated mesangial cells did not change over time and
control time zero values did not differ significantly from rIL- I-treated time
zero values. * P < 0.05 IL- I-stimulated vs. vehicle-stimulated mesangial cells
by independent t test comparison after establishing a significant difference be-
tween experimental conditions by two-way ANOVA(P < 0.05).

nolamine incorporated into PtdEth was decreased in rIL-I-
stimulated mesangial cells (389.4±41.8, n = 3) compared with
mesangial cells exposed to vehicle (483.2±78.2 cpm/hg pro-
tein, n = 3). In contrast, [3H]choline incorporated into PtdCho
was similar in both IL-1-stimulated and control cells
(1,078.3± 160.4 vs. 983.63± 198.1 cpm/htg protein, experimen-
tal and control cells, respectively, n = 3).

Changes in pH1 commonly occur after stimulation by
growth factors and reflect several different H' transporting
mechanisms. Many studies have demonstrated that agonist-
stimulated changes in pHj result from activation of an amilo-
ride-sensitive Na+/H' antiporter by protein kinase C, although
Na+/H+ exchange can also be initiated by kinase C-indepen-
dent mechanisms (17). Since rIL- 1-stimulated DAGforma-
tion could activate protein kinase C, we measured pH, in con-
trol and rIL-l-stimulated mesangial cells. In contrast to other
mitogens, rIL- 1 did not induce an acute change in [pH], in
mesangial cells (Fig. 3 B). AVP, however, induced a rapid,
transient acidification followed by sustained cytoplasmic alka-
linization (Fig. 3 B).

Second messengers should mimic the cytokine-stimulated
cellular response. Both 12-0-tetradecanoyl-phorbol- 13-acetate,
a homologue for endogenous DAG, and egg yolk lecithin PA,
in the presence of 0.5% serum, stimulated mesangial cell DNA
synthesis as measured by [3H]thymidine incorporation (Table
I). In contrast, PtdCho had no effect on mesangial cell DNA
synthesis. Similar to the conditions necessary for rIL- l-stimu-
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Figure 3. Continuous monitoring of [Ca2+]J (A) and pHi
(B) in confluent monolayers of rat mesangial cells ex-

posed to rIL-1. Tracings are representative of 17 experi-
ments in which cells were exposed to rIL-l, 3.6-360
ng/ml (A) or 21 experiments in which cells were exposed
to rIL-I, 10 ng/ml (B). AVP(100 nM) was used as an in-
ternal positive control in both series of experiments.
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lated mesangial cell proliferation, neither compound increased
[3H]thymidine incorporation in the absence of serum.

Discussion

Little information describing the transmembrane signals gen-
erated by IL- 1 has previously been published. Although both
IL- 1 a and IL- 13 stimulated amiloride-sensitive Na+/H' ex-
change after 1 h in the transformed pre-B lymphocyte cell line
70Z/3, intracellular alkalinization or increased cytosolic Na'
was not necessary for Il- 1-mediated 70Z/3 differentiation (18).
Wedid not monitor pHi in prolonged incubations but were
clearly unable to demonstrate the acute changes in pHi that
have been observed in response to other cytokines and hor-
mones (17). Other workers have also failed to show any effects
of IL- 1 on [Ca2+]i concentration or Ptdlns turnover (19, 20).
These data suggest that other transmembrane signals mediate
at least some of IL- l's biological effects.

Wehave demonstrated a rapid rIL- 1-stimulated increase in
DAG. Although we used only IL- 1 a in these studies, both
IL- 1 a and IL- 1,8 share a common receptor despite being only
distantly homologous, and thus far have been shown to have
only quantitatively but not qualitatively different biologic ac-
tions. DAGis a phospholipid-derived signal that can activate
protein kinase C, and Levine and Xiao have suggested that
IL-I directly or indirectly stimulates kinase C activity in both
liver and smooth muscle cells (21). Other studies that use lym-
phocytes as targets of IL- 1 suggest IL- 1 elicits cellular re-
sponses by a mechanism that involves neither an increase in
[Ca>]i nor stimulation of protein kinase C activity (19, 20).
These findings suggest that IL- 1-stimulated DAGmay induce
signals independent of protein kinase C activation. Recent
evidence is consistent with this hypothesis. FGF, like rIL-1,
stimulates DAGformation independent of polyphosphoinosi-
tide turnover, but does not activate protein kinase C (22).
Priming and primed stimulation of neutrophils by 1-oleoyl-2-
acetylglycerol occurs by mechanisms distinct from kinase C
translocation (23). Desensitization or inhibition of protein ki-
nase C only partially reduced the amplification of bradykinin-
stimulated PGE2 synthesis by DAGanalogues (24). The fatty
acid composition of agonist-stimulated DAGformation may
be a critical determinant of its ability to activate protein kinase
C (25). Targets of DAGother than kinase C have not been
identified but Nishizuka has suggested that DAGmay be a
source of arachidonate. Eicosanoids have been implicated pre-
viously as components of IL- I-stimulated transmembrane sig-
nal pathways (26).

DAGformation may be the result of two separate path-
ways. Phosphohydrolase activity generates DAGfrom PA
produced by de novo synthesis from glycerol, a pathway of
importance in insulin transmembrane signaling (14). Both the
lack of a coincident rise in rIL-1-stimulated DAGand PA
formation in our studies and the evidence suggesting that lipid
mass is constant argue against, but do not disprove, this mech-
anism. DAGis also produced by receptor-mediated phospho-
lipase C activity (11). Our findings suggest rIL- I-generated
DAGis the result of a phospholipase C that is distinct from a
PtdIns-specific phosphodiesterase and that predominantly hy-
drolyzes PtdEth. rIL- 1-stimulated DAGpeaked at 1 min,
coincident with an increase in the phospholipase C hydrolysis
product [3H]PE and a decrease in [3H]PtdEth. However, these
results need to be confirmed by mass measurements since
a recent study has demonstrated discrepancies in lipid mea-

surements obtained using label and those obtained using
mass (27).

Others have suggested that phospholipids other than
PtdIns are substrates for phospholipase C. FGF increased
DAGindependent to PtdIns hydrolysis, but the phospholipid
source of the DAGwas not determined (22). A neutral active
phospholipase C specific for PtdCho and PtdEth has been iso-
lated from myocardium (28). Bestermen et al. reported that
phorbol dibutyrate stimulated DAGand PC accumulation in
Swiss 3T3 cells (16) and hypothesized that protein kinase C,
activated directly by phorbol esters or indirectly by DAGpro-
duced by agonist-induced PtdIns turnover, stimulates a
PtdCho-specific phospholipase C. Subsequent work has sug-
gested that GTP-binding proteins rather than kinase Cdirectly
mediate activation of a PtdCho-linked phospholipase C (29).
Consistent with this observation, the Ha-ras protein, which has
GTP-binding, protein-like activities, stimulates phospholipase
C-mediated hydrolysis of PtdEth as well as PtdCho but not
PtdIns (6). However, IL- 1 is the only example of peptide hor-
mone- or cytokine-mediated activation of phospholipase C in
the absence of concomitant PtdIns hydrolysis.

Since others have suggested that phosphorylation of DAG
by DAGkinase is a major pathway of DAGmetabolism, we
were surprised to find that peak rIL- 1-stimulated DAGpro-
duction occurred at 1 min in the absence of measurable PA
formation. However, PA formation did occur after 60 min in
the absence of significant DAGformation. Although the DAG
kinase inhibitor R59 022 potentiated the effect of rIL-1 on
DAGgeneration, our results suggest that this pathway is quan-
titatively unimportant in PA formation in rIL-1-treated mes-
angial cells. It might be argued that at least some PA should be
produced concurrent with peak IL-l -stimulated DAGforma-
tion since the DAGkinase inhibitor potentiates the response.
Wemay be unable to detect by radiolabeling small changes in
PA production at 1 min since changes in lipid mass are under-
estimated when assessed by radiolabel incorporation (27). In
addition, formation of PA by phosphorylation of DAGmay
depend on the fatty acids in the 1,2-sn configuration of the
DAG. Platelet-derived growth factor-stimulated DAGkinase
exhibits substrate specificity that preferentially phosphorylates
18:0/20:4 DAGover didecanoylglycerol (30). Other studies
have suggested that phosphorylation of DAGmay not contrib-
ute to the bulk of agonist-induced PA formation in all cells,
including platelets, mesangial cells, and Leydig cells. In hepa-
tocytes, AVP-stimulated PA production did not involve phos-
phorylation of DAGbut resulted from activation of phospho-
lipase D, an enzyme that hydrolyzes phospholipids to PA (31).
rIL- 1-elicited increases in PA production in mesangial cells
occur by mechanisms, at least in part, independent of the
phosphorylation of DAGor de novo synthesis and may result
from phospholipase D activity. More work is needed to defini-
tively delineate the relative contributions of DAGphosphory-
lation, activation of phospholipase D, and de novo synthesis.

IL- 1 is a comitogen for mesangial and other cells, and an
additional signal(s) must be supplied by another mitogen to
initiate proliferation. In addition, the phospholipid-derived
messengers stimulated by IL- 1 in the presence of comitogen
may qualitatively or quantitatively differ from those presented
in our study. However, the biological relevance of the bio-
chemical changes elicited by rIL- 1 is suggested by experiments
demonstrating that both 1 2-0-tetradecanoyl-phorbol- I 3-ace-
tate, a DAGsubstitute, and PA mimic rIL- 1-induced mesan-
gial cell proliferation in the presence but not absence of 0.5%
FBS. These studies do not prove that either signal is necessary
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or sufficient for eliciting IL- 1-mediated cellular response. The
physiologic significance of enhanced PE is unknown. How-
ever, the notion that PA functions as a second messenger is not
new (32). Exogenous PA stimulates proliferation, inhibits ade-
nylate cyclase, activates phosphorylase, and increases [Ca2+],.
Whether endogenous PA affects metabolic processes in the
same way has not been established. Our studies demonstrate
that rIL- 1 independently stimulates both hydrolysis of PtdEth
and increases PA production in the mesangial cells and suggest
that those changes, in part, may be transmembrane signals by
which IL- 1 elicits cellular responses.
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