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Low Density Lipoprotein Enhances the Cellular Action of Arginine Vasopressin
in Rat Glomerular Mesangial Cells in Culture

San-e Ishikawa, Midori Kawasumi, Koji Okada, and Toshikazu Saito
Division of Endocrinology and Metabolism, Department of Medicine, Jichi Medical School, Tochigi 329-04 Japan

Abstract

The present study was undertaken to determine whether low
density lipoprotein (LDL ) modulates the cellular action of argi-
nine vasopressin (AVP) in rat glomerular mesangial cells in
culture. AVP increased cellular free calcium ([Ca?*]i) in a
dose-dependent manner. When cells were preincubated for 24 h
with 10 pg/ml LDL, the 1 X 107 M AVP-mobilized [Ca?*]i
was 874 nM, a value significantly greater than that of 375 nM
in the intact cells. AVP caused a biphasic change in cellular pH
(pHi), namely, an early acidification followed by a sustained
alkalinization, and the change in pHi produced by AVP was
also enhanced by LDL. AVP stimulated a 2.2-fold increase in
[*H]thymidine incorporation, an effect significantly greater in
the presence of 10 ug /ml LDL. Furthermore, 1 X 107 M AVP
significantly activated mitogen-activated protein kinase from
14.0 to 24.5 pmol /mg protein. Such an activation was signifi-
cantly enhanced by the LDL pretreatment. Both [*H]-
thymidine incorporation and mitogen-activated protein kinase
were not altered by 10 ug /ml LDL. [*'H]AVP receptor binding
was not affected by the LDL pretreatment. 1 X 10~ M AVP
increased inositol trisphosphate production by 1.9-fold, an ef-
fect significantly greater in the presence of LDL. These results
indicate that LDL enhances the cellular action of AVP and the
AVP-stimulated cellular proliferation in glomerular mesangial
cells. A site of action of LDL is the hydrolysis of phosphati-
dylinesitol. (J. Clin. Invest. 1994. 93:2710-2717.) Key words:
low density lipoprotein  arginine vasopressin ¢ signal transduc-
tion ¢ cell growth « glomerular mesangial cells

Introduction

Arginine vasopressin (AVP)! initiates a series of phosphatidy-
linositol breakdown that results in the accumulation of inositol
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1. Abbreviations used in this paper: AVP, arginine vasopressin;
BCECF-AM, 2',7-bis-(2-carboxymethyl)5 (and 6) carboxyfluorescein
acetoxymethyl ester; IP, and IP;, insitol bisphosphate and insitol tris-
phosphate, respectively; MAP, mitogen-activated protein; PSS, physio-
logical saline solution; SBFI/AM, sodium-binding benzofuran
isophthalate acetoxymethyl ester.
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1,4,5-trisphosphate (IP;) and diacylglycerol, leading to mobili-
zation of cellular free calcium ([Ca?*]i) from endoplasmic re-
ticulum and the stimulation of protein kinase C in glomerular
mesangial cells (1-4). AVP also produces a biphasic change in
cellular pH (pHi), i.e., a transient acidification followed by a
sustained alkalinization (5). We demonstrated that AVP in-
creases cellular sodium concentration controlled by [Ca2*]iin
glomerular mesangial cells (6). Cellular alkalinization is de-
pendent on Na* entry in exchange for H* secretion, which is
closely related to cell contraction and proliferation of mesan-
gium (2, §). Similar results were obtained in homologous cells
of vascular smooth muscle (7-10). Recently, it is also demon-
strated that AVP acts as growth factor in normal and abnormal
cell development (11). AVP induces c-fos protein and acti-
vates mitogen-activated protein (MAP) kinase in glomerular
mesangial cells and vascular smooth muscle cells (11-15).
MAP kinase plays a key role in the signal transduction through
both protein kinases and protein phosphatases (16).

The frequency of atherosclerosis is increased in hyperten-
sion, and the risk is proportional to the severity of the anteced-
ent hypertension. There is increasing evidence to suggest that,
as in atherogenesis, abnormalities in lipoprotein metabolism
may influence the pathogenesis of hypertensive disease (17).
Plasma low density lipoprotein (LDL )-cholesterol concentra-
tions are frequently increased in hypertension (18). Further-
more, hypertension-associated disturbance in lipid metabolism
are aggravated by hyperinsulinemia (19), suggesting a complex
interaction between lipoprotein metabolism and cardiovascu-
lar risk factors, including glomerulosclerotic disorder. The evi-
dence indicates that not only the lipoprotein metabolism but
also the ability of lipoproteins exert direct hormonal actions in
vascular beds (20, 21). There were also LDL receptors and
scavenger receptors in glomeruli (22, 23).

The present study was undertaken to determine whether
LDL affects the cellular action of AVP in the cultured rat glo-
merular mesangial cells. Also, whether LDL modulates the cel-
lular proliferative action of AVP to activate MAP kinase and
thymidine incorporation was examined.

Methods

Cell culture. The experimental procedure was similar to that described
in the previous study (6), modified from the method of Kreisberg and
Karnovsky (24). Male Sprague-Dawley rats weighing 150-175 g were
used. Kidneys were removed under sterile conditions, and cortical tis-
sues were cut away from the medulla. They were minced with 1 ml of
physiological saline solution (PSS; 140 mM NaCl, 4.6 mM KCl, 1 mM
MgCl,, 2 mM CaCl,, 10 mM glucose, and 10 mM Hepes, pH 7.4) by a
sharp razor blade. The minced renal cortical tissues were incubated
with 3 ml of collagenase (1 mg/ml; Worthington Biochemical Corp.,
Freehold, NJ) for 60 min at 37°C. They were passed through a series of
steel sieves with decreasing pore sizes (60 and 200 mesh) with the
glomeruli appearing on top of the 200-mesh sieve. The glomeruli were
collected into culture tubes, and were centrifuged at 500 g for 4 min at
room temperature. After aspirating the supernatants, the pellets were
resuspended with DME (Flow Laboratories, Inc., McLean, VA ) supple-



mented with 20% fetal bovine serum, 100 U/ml penicillin, and 100
ug/ml streptomycin. The dispersed glomeruli were harvested into 35
X 10-mm plastic dishes with the medium and kept in a humidified
incubator at 37°C under 95% air and 5% CO,.

After the cultured cells were confluent, they were subcultured using
Ca?*-free and Mg?*-free Hank’s solution containing 0.025% trypsin
and 0.01% EDTA. The dispersed cells were collected into culture tubes
and centrifuged at 500 g for 4 min at room temperature. The pellets
were resuspended in DME containing 20% fetal bovine serum, penicil-
lin, and streptomycin and cultured in a humidified incubator. The
cultured cells at the 3rd through 10th passages were subjected to the
following studies on days 7-10 of the subculture.

For measurements of [Ca2*]i, pHi, and [ Na* i, the cells were cul-
tured on thin glass slides (13 mm in diameter; Matsunami Kogyo Co.,
Osaka). The cultured cells were grown in 35 X 10-mm plastic dishes to
study AVP receptor binding, MAP kinase activity, and IP, production.
Also, they were grown in 24-well tissue culture clusters (Costar, Cam-
bridge, MA) to measure thymidine incorporation.

Measurement of [ Ca**)i. The experimental procedure was similar
to that used in our previous studies (25, 26). The cells were preincu-
bated with the medium containing human LDL (Biomedical Technolo-
gies, Stoughton, MA ) for the indicated times and then rinsed twice with
1 ml PSS. They were loaded with 5 uM fura-2/AM (Dojin Biochemi-
cals, Kumamoto) for 60 min at 37°C in a volume of 250 ul PSS con-
taining LDL. Control group of cells were performed with the vehicle in
a same manner. Similarly, the study was performed with 10 ug/ml of
the oxidized LDL. The oxidized LDL was prepared by incubating 200
pg/ml LDL in PSS containing 5 uM CuSO, for 24 h (27). After aspira-
tion of the fura-2/AM solution, the glass slides were rinsed and then
placed in a 1 X 1-cm quartz cuvette with the aid of a special holder in a
fluorescence spectrophotometer (CAF-110, Japan Spectroscopic Co.,
Tokyo). The dual-wavelength excitation method for measurement of
fura-2 fluorescence was used. The fluorescence was monitored at 500
nm, with excitation wavelengths of 340 and 380 nm in the ratio mode.
The effector of AVP (Sigma Chemical Co., St. Louis, MO) was added
after a stable fluorescence signal (R) was achieved. From the ratio of
fluorescence at 340 and 380 nm, the [Ca*]i was determined as de-
scribed by Grynkiewicz et al. (28), using the following expression:
[Ca?*]i (nM) = Ky X [(R — Rpin)/(Rumax — R)] X B, where R is the
ratio of fluorescence of the sample at 340 and 380 nm, and R, and
R, were determined as described previously (25). The term g is the
ratio of fluorescence of fura-2 at 380 nm in zero and saturating Ca*
concentrations. K, is the dissociation constant of fura-2 for Ca?*, as-
sumed to be 224 nM at 37°C (28).

Measurement of pHi. The experimental procedure was similar to
that reported in our previous studies (29, 30). The study was per-
formed in HCO;-free buffer using PSS. The cells were preincubated
with the medium containing 10 ug/ml LDL for 24 h and then rinsed
twice with 1 ml of PSS. They were loaded with 2 uM BCECF/AM
(Molecular Probes, Inc., Eugene, OR ) for 60 min at 37°C in a volume
of 250 ul of PSS containing 10 ug/ml LDL. The complete intracellular
hydrolysis of 2',7-bis-(2-carboxymethyl)5 (and 6) carboxyfluorescein
acetoxymethyl ester (BCECF/AM) to BCECF was judged by changes
in the excitation and emission spectra. The fluorescence was monitored
at 500 nm, with excitation wavelengths of 450 and 500 nm in the ratio
mode. After measurement of the basal pHi level, AVP was added. The
fluorescence signal was calibrated at several pH values (6.6, 7.0, and
7.4) in the KCl solution (140 mM KCl, 4.6 mM NaCl, | mM MgCl,,
2 mM CaCl,, 10 mM glucose, and 10 mM Hepes) containing the
K*/H™* ionophore nigericin (10 ug/ml).

Measurement of [ Na*1i. The experimental procedure was similar
to that described previously (6, 29). The cells were preincubated with
the medium containing 10 ug/ml LDL for 24 h and then rinsed twice
with 1 ml of PSS. They were loaded with 10 M SBFI/AM (Molecular
Probes, Inc.) for 3 h at 37°C in a volume of 250 ul PSS containing 10
ug/ml LDL. Sodium-binding benzofuran isophthalate acetoxymethyl
ester (SBFI/AM) was dissolved in PSS containing 0.02% pluronic
F-127, a nonionic detergent. After aspirating the SBFI/AM solution,

the glass slides were rinsed and then placed ina 1 X 1-cm quartz cuvette
with the aid of a special holder in a fluorescence spectrophotometer
(CAF-100, Japan Spectroscopic Co.). The dual-wavelength excitation
method for measurement of SBFI fluorescence was used. The fluores-
cence was monitored at 500 nm, with excitation wavelengths of 340
and 380 nm in the ratio mode, in a manner similar to the monitoring of
the effect of calcium on fura-2. After a stable fluorescence signal was
achieved, AVP was added. [Na*]i was calibrated by equilibrating
[Na*]i with the extracellular Na* concentration, using 1 X 107* M
gramicidine. The reference standard solutions were made from appro-
priate mixtures of Na* and K * solutions, based on the solution of PSS.
The total concentration of Na* and K * were adjusted to 135 mM. The
[Na*]i was determined by the relation between the ratio and the au-
thentic [Na*]i.

Measurement of thymidine incorporation. Cells grown in 24-well
tissue culture clusters were used to assess DNA replication. At con-
fluency, the cells were synchronized to the quiescent state by incuba-
tion in 1 ml of serum-free DME. After 48 h, cells were exposed to the
varying stimuli which were dissolved in the serum-free DME. The me-
dium contained [*H]thymidine (1 uCi/well; sp act 80.8 Ci/mmol;
New England Nuclear, Wilmington, DE). The stimuli included 1
X 1077 M AVP, and 1, 10, or 100 ug/ml LDL. Also, the study was
carried out with 10 ug/ml of the oxidized LDL. The cells were incu-
bated with 1 ml of the effector for an additional 24 h in the humidified
incubator. Thereafter, the cells were rinsed four times with PSS and
immersed with 0.5 ml of 0.1 N NaOH containing 1% SDS. They were
collected into counting vials by Eppendorf chips and with 10 ml of
scintillation solution then added. The radioactivity was measured us-
ing a liquid scintillation counter (Aloka LSC-671, Tokyo). Cells grown
on several wells of 24-well tissue culture cluster were collected in a same
manner and protein contents were measured by the method of Lowry
etal. (31).

MAP kinase assay. The experimental procedure was modified
from the method of Shirakabe et al. (32). Cells grown on 35 X 10-mm
plastic dishes were incubated with serum-free DME in the presence or
absence of 10 or 100 ug/ml LDL 24 h before the start of the experi-
ments. Also, the study was carried out with 10 ug/ml of the oxidized
LDL. The cells were rinsed twice with 2 ml of PSS. The cells were
incubated for 10 min at 37°C with I mlof I X 10" M AVPor 1 X 107
M PMA (Sigma Chemical Co.). After aspiration of the effector solu-
tions, the cells were exposed to 0.5 ml of the solution containing 20
mM Tris, 5.6 mM g-glycerophosphate, 10 mM EGTA, 10 mM MgCl,,
0.1 mM NaF, 2 mM DTT, | mM NaVO,, 20 ug/ml aprotinin, and |
mM PMSF, pH 7.5. Thereafter, the dishes were immediately put on
dry ice. The extracts were collected into microcentrifuge tubes by Ep-
pendorf chips. After centrifugation, the supernatants were transferred
to plastic tubes and kept at —20°C until the time of assay.

Glass tubes containing 60 ul of the assay mixture (40 mM Tris, 40
mM MgCl,, 2.5 mg/ml myelin basic protein [Sigma Chemical Co.],
0.5 mM ATP, and 0.5 uCi 3?P-yATP [sp act > 10 Ci/mmol; Amer-
sham, Int., Amersham, Buckinghamshire, UK]) were incubated at
25°C for 15 min. Then 40 ul of samples was added and the mixtures
were incubated for an additional 10 min at 25°C. The mixtures were
transferred onto glass microfiber filters (Whatman 2.4-cm GF/C;
Whatman, Maidstone, England) by using Eppendorf chips. The filters
were then put into ice-cold 10% trichloroacetic acid containing 50 mM
sodium pyrophosphate, and shaken gently for 20 min. This maneuver
was repeated four times. The filters were immersed in ice-cold ethanol
for 20 min. After the filters were exposed to diethylether, they were put
into counting vials containing 10 ml of scintillation solution. The radio-
activity was counted by using Aloka liquid scintillation counter. Also,
cellular protein of all samples was measured by the method of Lowry et
al. (31).

AVP receptor binding. The experimental procedure was similar to
that described previously (30), modified from the method of Fishman
et al. (33). Cells were grown on 35 X 10-mm plastic dishes. Cells were
exposed for 24 h to the medium containing 10 ug/ml LDL or the
vehicle before the start of experiments. They were rinsed twice with 2
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ml ice-cold binding buffer (119.2 mM NaCl, 3.0 mM KCl, 1.2 mM
MgSO,, 1.0 mM Ca(Cl,, 1.2 mM KH,PO,, 10 mM glucose, and 25 mM
Hepes as well as 0.1% BSA, pH 7.4) and then incubated with 1 ml
ice-cold binding buffer containing 2 X 107> M [*H]AVP (sp act 67.6
Ci/mmol; New England Nuclear) in the absence or presence of 1
X 107¢ M AVP at 4°C for 60 min. The buffer also contained 10 ug/ml
LDL which was similar to that during the preincubation. Control
group was carried out with the vehicle in a similar manner. After the
incubation, the cells were rinsed four times with 2 ml of ice-cold bind-
ing buffer, followed by the addition of 1 ml SDS alkaline solution (1%
SDS and 0.1 N NaOH). The radioactivity was counted with a liquid
scintillation counter. Protein was measured by the method of Lowry et
al. (31).

Measurement of inositol trisphosphate. Cells grown on 35 X 10-
mm plastic dishes were used in the present study. The measurement of
the intracellular levels of IP; were performed as described previously
(34). The cells were washed twice with 2 ml of inositol-free DME and
incubated with 2 ml of inositol-free DME containing 5 uCi/ml [ myo-
3H]inositol (sp act 19.1 Ci/mmol, Amersham) for 24 h in a humidified
incubator. The medium also contained 10 ug/ml LDL or the vehicle.
At the time of the experiment, the cells were rinsed twice with 2 ml of
PSS and then incubated with 0.8 ml of PSS containing 1 X 1077 M
AVP for 10 s. The reaction was stopped by the addition of 0.2 ml of
50% trichloroacetic acid, and then the cells were scraped using Eppen-
dorf pipette chips. The suspensions containing the disrupted cells were
centrifuged using a microcentrifuger. The supernatants were washed
five times with ether and the water-soluble fractions were brought to
pH 7.0 using 1 N NaOH and stored at —20°C until the analysis. The
pellets were dissolved with 1 ml 0.1 N NaOH containing 1% SDS and
stored at 4°C for protein assay. The water-soluble fractions were ap-
plied to columns containing 1 ml of Dowex ( 1-X8, formate form, Mur-
omachi Kagaku Kogyo, Tokyo) and serially eluted 10 times with 2-ml
aliquots of H,0, Borax (5 mM disodium tetraborate, 60 mM sodium
formate), 0.2, 0.4, and 1.0 M ammonium formate in 0.1 M formic
acid. This maneuver separated inositol, glycerophosphatidylinositol,
inositol-1-phosphate, inositol bisphosphate (IP,) and IP;, respectively.
IP; fractions includes 1,3,4-IP;, 1,4,5-IP;, and 1,3,4,5-inositol tetrakis-
phosphate. Samples were collected into scintillation counter vials and
counted using a liquid scintillation counter.

Statistics. All values of [Ca?*1i, pHi, [Na* i, [*H ]thymidine incor-
poration, MAP kinase activity, and IP, production were analyzed by an
analysis of multiple variance and Student’s ¢ test. P < 0.05 was consid-
ered significant.

Results

Fig. 1 shows the effect of LDL on the AVP-mobilized [Ca?*]i
in the cultured rat glomerular mesangial cells. AVP increased
[Ca?*]i in a dose-dependent manner. 1 X 10”7 M AVP raised
[Ca?*]i from 94.2+7.1 to 375.2+22.9 nM (P < 0.01). When
cells were preincubated with 10 ug/ml LDL for 24 h, the AVP-
mobilized [Ca?*]i was markedly enhanced. Namely, the 1
X 10”7 M AVP-induced increase in [Ca?*]i was 874.7+66.4
nM in the cells pretreated with 10 ug/ml LDL, a value signifi-
cantly greater than that of 375.2+22.9 nM in the intact cells.
Also, the LDL pretreatment enhanced the sustained elevation
of [Ca?*]i induced by AVP (data not shown). The 24-h expo-
sure of cells to 10 ug/ml LDL did not affect the basal levels of
[Ca?*]i. Also, we studied the effect of the oxidized LDL on
[Ca?*]i in the cultured rat glomerular mesangial cells. When
cells were exposed to 10 ug/ml of the oxidized LDL for 24 h,
the 1 X 10”7 M AVP-mobilized [Ca?*]i was 410.5+40.9 nM (n
= 5), a value less than that in the cells preincubated with 10
ug/ml LDL (P < 0.01). In addition, an acute effect of LDL on
[Ca?*1i was not found, since there was no alteration in [Ca?*]i
after exposing to 10 ug/ml LDL (data not shown).
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Figure 1. Effect of LDL on the AVP-induced increase in cellular free
calcium in the cultured rat glomerular mesangial cells. (e ) Control
group. (0) LDL group of cells, which were preincubated for 24 h with
10 pg/ml LDL. *P < 0.01 and **P < 0.05 vs. the control group.
Values are means+SEM, n = 5.

Also, the enhancement by LDL of the AVP-mobilized
[Ca?*]i is depicted in Fig. 2. When cells were preexposed to
LDL for 24 h, the greater response of [Ca?*}ito 1 X 107" M
AVP was obtained with the higher concentration of LDL. In
contrast, the basal level of [Ca?*]i remained unchanged in the
absence and presence of LDL. As shown in Fig. 3, the enhance-
ment by 10 ug/ml LDL of the AVP-induced increase in [Ca?* }-
i was dependent on the preincubation with LDL. The augmen-
tation appeared after the 3-h preincubation with LDL.

We also monitored the pHi change in response to AVP in
the cultured rat glomerular mesangial cells (Fig. 4). After the
exposure of cells to 1 X 10”7 M AVP, the initial acidification
occurred during the 3-min observation period, followed by the
sustained alkalinization. The basal pHi was 7.18+0.01, and the
minimal and maximal A pHi were —0.03+0.01 and 0.07+0.01,
respectively. In the cells pretreated with 10 ug/ml LDL for 24
h, the sustained alkalinization was significantly enhanced.

Effect of LDL on the AVP-induced increase in [Na*]i in
the cultured rat glomerular mesangial cells is shown in Fig. 5.
As described previously (6), AVP caused a sustained increase
in [Na*]i. 1 X 1077 M AVP rose [Na*]i to 17.6+0.7 from
8.2+0.6 mM (P < 0.01). A 24-h exposure of cells to 10 ug/ml
LDL significantly enhanced the AVP-induced increase in
[Na*]i. LDL per se did not alter the basal level of [Na*]i.

Fig. 6 shows [*H]thymidine incorporation into quescent
glomerular mesangial cells exposed to the serum-free DME to
assess DNA replication. 1 X 10~7 M AVP stimulated a 2.2-fold
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Figure 2. LDL accelerates the AVP-induced increase in [Ca?*]i in the
cultured rat glomerular mesangial cells. The cells were preincubated
for 24 h with the indicated concentration of LDL. (e) Basal [Ca?*]i.
(0) 1 X 10~ M AVP-mobilized [Ca?*]i. * P < 0.01 vs. the vehicle.
Values are means+SEM, n = 5.

increase in [*H]thymidine incorporation. The [*H]thymidine
incorporation produced by AVP was significantly augmented
by the simultaneous exposure of cells to 10 or 100 ug/ml LDL,
since an incorporation was 1.5- or 1.6-fold greater than that in
the absence of LDL. In contrast, LDL per se did not stimulate
the [*H]thymidine incorporation into glomerular mesangial
cells. We also examined the effect of the oxidized LDL on
[*H]thymidine incorporation. The 1 X 10~ M AVP-stimu-
lated [*H]thymidine incorporation was 6.8 X 10* cpm/mg
protein in the cells exposed to 10 ug/ml of the oxidized LDL,
which was lower than that in the intact cells (P < 0.01).

Fig. 7 shows the activation of MAP kinase by AVP in the
cultured rat glomerular mesangial cells. Basal activity of MAP
kinase was 14.0+0.1 pmol /mg protein. AVP at a concentration
of 1 X 1078 M or higher activated MAP kinase in a dose-depen-
dent manner (data not shown). 1 X 10~” M AVP increased the
activity of MAP kinase to 24.5t1.1 pmol/mg protein (P
<0.01). A 24 hr exposure of cells to 10 or 100 ug/ml LDL
significantly accelerated the AVP-activated MAP kinase (P
< 0.05). However, such a treatment with 10 ug/ml LDL or an
acute exposure to 10 ug/ml LDL did not affect the basal activ-
ity of MAP kinase. In addition, the activation of MAP kinase
by PMA was remarkably strong, as 1 X 10~ M PMA activated
MAP kinase to 57.2+1.9 pmol/mg protein (P < 0.01). The
study was also carried out in cells pretreated for 24 h with 10
ug/ml of the oxidized LDL. MAP kinase was not activated by 1
X 10~7 M AVP, as the activities of MAP kinase were 13.2+1.2
and 14.4+0.7 pmol /mg protein in cells exposed to the vehicle
and 1 X 1077 M AVP, respectively.
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Figure 3. The enhancement by LDL of the AVP-induced [Ca?*]i in
the cultured rat glomerular mesangial cells. The cells were preincu-
bated with 10 ug/ml LDL for the indicated time. (o) Basal [Ca?*]i.
(0) 1 X 107" M AVP-mobilized [Ca?*]i. * P < 0.01 vs. the group of
cells that was not pretreated with LDL. Values are means+SEM, n = 5.
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Figure 4. Effect of 10 ug/ml LDL on pHi in response to 1 X 107" M
AVP in the cultured rat glomerular mesangial cells. The graph shows
the minimum and maximum pHi as A pHi. Open bars show the
control group. Solid bars show the LDL group of cells, preincubated
for 24 h with 10 ug/ml LDL. *P < 0.01 vs. the control. Values are
means+SEM, n = 5.
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Figure 5. The augmentation by LDL of the AVP-induced increase in
[Na*]iin the cultured rat glomerular mesangial cells. The cells were
pretreated with 10 ug/ml LDL or the vehicle for 24 h. Open bars show
the basal [Na*]i, and solid bars show the 1 X 10~7 M AVP-induced
[Na*]i. Values are means+SEM, n = 5.

We examined the effect of LDL on [*H]AVP binding to the
cultured rat glomerular mesangial cells. Scatchard analysis
shows in Fig. 8. Ky and B, were 3.7 X 10°Mand 7.3 X 107"
M/mg protein in the intact cells, respectively. Also, K; and
Binax Were 3.8 X 107 M and 7.6 X 10™"! M/mg protein in the
cells pretreated with 10 ug/ml LDL. There was no difference in
K, and B, between the two groups of the cells pretreated with
10 ug/ml LDL and the intact cells.

Whether LDL modulates the AVP-induced increase in IP;
production in the cultured rat glomerular mesangial cells was
examined. As shown in Fig. 9, 1 X 1077 M AVP caused a
significant increase in IP; production (P < 0.01). Such an
AVP-induced increase in IP, production was significantly en-
hanced by the 24-h preexposure of cells to 10 ug/ml LDL. The
pretreatment of cells with 10 ug/ml LDL for 24 h did not affect
the basal level of 1P, production.

Lastly, we examined the effect of 10 ug/ml LDL on angio-
tensin II- and endothelin-1-induced increases in [Ca2*}i in the
cultured rat glomerular mesangial cells. 1 X 10~7 M angioten-
sin II and endothelin-1 increased [Ca?*]i significantly (angio-
tensin II, from 95.2+3.9 to 254.6+15.4 nM; and endothelin-1,
from 88.2+2.6 t0 281.1+10.4 nM, P < 0.01). When cells were
exposed for 24 h to 10 ug/ml LDL, the angiotensin II- and
endothelin-1-induced increases in [Ca?*]i were significantly
accelerated, similar to the study with AVP (1 X 10~” M angio-
tensin II, 254.6+15.4 vs. 457.0£12.0 nM, P < 0.01; and 1
X 1077 M endothelin-1, 281.1+10.4 vs. 487.2+18.7 nM, P
<0.01).
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Figure 6. LDL accelerates the AVP-induced [*H Jthymidine incorpo-
ration into the cultured rat glomerular mesangial cells. The cells were
preincubated for 24 h with the indicated concentration of LDL. (e )
Control. (0) 1 X 1077 M AVP-induced [*H]thymidine incorporation.
*P < 0.01 vs. the vehicle. Values are means=SEM. Data were derived
from four independent experiments, which included three observa-
tions in each experiment.

Discussion

It is well known that [Ca?*]i is the cellular second messenger
for AVP in glomerular mesangial cells, in which mobilization
is dependent on the breakdown of phosphatidylinositol (3, 4).
The V, receptors are involved in the cellular action of AVP.
The biological activity of AVP to mobilize [Ca?*]i is 100 times
greater than that of angiotensin II (6). The early mobilization
of [Ca?*]i is derived from both intra- and extra-cellular Ca?*,
and the sustained phase depends to a great extent on extra-cel-
lular Ca?*. Such a hormonally mobilized [Ca?*]i results in
contraction of glomerular mesangial cells (4, 35). We further
demonstrated that AVP increases [Na*]i and produces a bi-
phasic change in pHi, i.e., an early cellular acidification fol-
lowed by a sustained cellular alkalinization (6). The AVP-in-
duced increase in [Na*]i depends on the cellular second mes-
senger [Ca?*]i and the change in [Na*]i is closely related to
that in pHi (6). Since cellular alkalinization enhances cell con-
traction, cellular growth, etc, in glomerular mesangial cells (2,
5, 36), it is of great value to elucidate the mechanisms for the
interactions of [Ca2*]i, pHi and [Na*]i in the cellular action
of AVP.

The present study demonstrated that LDL enhances the
cellular signal transduction of AVP in the cultured rat glomer-
ular mesangial cells. The AVP-induced mobilization of [ Ca?*]-
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Figure 7. Effect of LDL on the AVP-activated MAP kinase in the
cultured rat glomerular mesangial cells. Solid bars show the control
group. Hatched and cross-hatched bars show the LDL group of cells,
pretreated for 24 h with 10 and 100 ug/ml LDL, respectively.
*P < 0.05. Values are means+SEM, n = 6.
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iand [Na*]i and cellular alkalinization were markedly acceler-
ated by the pretreatment of cells with LDL. Such an accel-
eration was obtained with > 0.1 ug/ml LDL and the
preincubation of > 3 h. LDL did not affect the [*’H]AVP re-
ceptor binding, but significantly increased the AVP-induced
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Figure 8. Scatchard analysis of [*H]AVP binding to the cultured rat
glomerular mesangial cells. (o) Control group. (o) Group of cells
pretreated with 10 ug/ml LDL for 24 h.
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Figure 9. The enhancement by LDL of the AVP-induced increase in
IP, production in the cultured rat glomerular mesangial cells. Open
bars show the control group. Solid bars show the group of cells pre-
treated with 10 ug/ml LDL for 24 h. Values are means+SEM. Data
were derived from three independent experiments, which included
three observations in each experiment.

increase in IP; production. Thus, the site of action is the hydro-
lysis of phosphatidylinositol. In contrast, the 24-h exposure of
cells to LDL did not affect the basal levels of IP; and [Ca?*]i.
Also, an acute administration of LDL did not alter [Ca?*]i in
glomerular mesangial cells. The present results therefore indi-
cate that LDL augments the vasoconstrictor hormone AVP-in-
duced cellular signal transduction in the cultured rat glomeru-
lar mesangial cells, but LDL itself does not stimulate phospha-
tidylinositol hydrolysis or the mobilization of [Ca2*]i. The
acceleration by LDL of vasoconstrictor hormone-induced
[Ca?*]i mobilization was also found with angiotensin II and
endothelin-1. Similar results were obtained in endothelial cells
and vascular smooth muscle cells (20, 37). In those studies,
LDL stimulates cellular proliferation in the presence of low
concentration of epidermal growth factor. In other studies, in
contrast, LDL per se stimulates phospholipase C-mediated hy-
drolysis of phosphatidylinositol bisphosphate and causes a
transient rise in [Ca2*]i in platelets, fibroblasts, and vascular
smooth muscle cells (17, 20, 21, 38, 39).

AVP stimulated [*H ] thymidine incorporation into the cul-
tured rat glomerular mesangial cells. The AVP-induced [*H]-
thymidine incorporation was totally blocked by the presence of
1 X 107% M the nonpeptide V, AVP antagonist, 1-{1[4-(3-ace-
tylaminopropoxyl)]-4-piperidyl } -3,4-dihydro-2 (1H)-quino-
linone (OPC-21268) (40) (unpublished observation). AVP
regulates cellular DNA replication of mesangial cells mediated
via the V, receptors. Such a vasoconstrictor hormone-stimu-
lated DNA replication has been obtained with AVP and angio-
tensin II in homologous cells of vascular smooth muscle cells
(12, 41). Also, we showed that AVP and PMA activate the
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MAP kinase in glomerular mesangial cells. MAP kinase is ser-
ine/threonine-specific protein kinase and is downstream of
protein kinase C in the signal transduction pathway of AVP.
MAP kinase causes an increase in the phosphorylation of c-
myc and c-fos in the nucleus (16). Therefore, MAP kinase is
known to be a valuable index of cellular growth stimulated by
vasoactive hormones. The present study further demonstrated
that LDL enhanced the A VP-stimulated [*H ]thymidine incor-
poration and MAP kinase activation in glomerular mesangial
cells. Since the cellular proliferative effect of AVP is mediated
through the V, receptors and phosphatidylinositol system, the
action of LDL is probably based on the enhancement of phos-
phatidylinositol metabolism produced by AVP, as mentioned
earlier. Also, we found the direct effect of LDL on cellular
proliferation of mesangial cells, as the high dose of LDL as 100
ug/ml activated MAP kinase. However, the lower dose of LDL
did not directly cause cellular proliferation. The previous stud-
ies have shown that LDL directly stimulates cellular growth in
several kinds of cells (20, 21). These results may be derived
from the dose of LDL and the preincubation time. Chen et al.
(20) used 20-60 ug/ml LDL for 6 d to evaluate cellular growth
of arterial endothelial and vascular smooth muscle cells.

We studied the effect of oxidized LDL on AVP-induced
[Ca?*]i mobilization and cellular proliferation in glomerular
mesangial cells. Exposure of cells to the oxidized LDL mark-
edly reduced the AVP-induced [Ca?*]i mobilization, [*H]-
thymidine incorporation and MAP kinase activation, as com-
pared to LDL. Similar results were reported by Keane et al.
(42), showing that native LDL subjected to chemical oxida-
tion by copper sulfate inhibited mesangial cell proliferation.
Therefore, the accelerative effect of LDL on the action of AVP
is distinct from the effect of oxidized LDL.

In summary, the present study demonstrated that LDL en-
hances the cellular signal transduction of AVP in glomerular
mesangial cells. The AVP-induced [Ca?*]i and [Na*]i mobili-
zation and cellular alkalinization are significantly accelerated
by the LDL pretreatment, mediated through an increase in the
hydrolysis of phosphatidylinositol. This augmentation may
closely relate to an increase in cellular contraction of glomeru-
lar mesangial cells in response to AVP. Also, such an effect on
cellular proliferation is obtained, since LDL significantly en-
hances the AVP-induced [*H]thymidine incorporation and
MAP kinase activation in glomerular mesangial cells. Its
growth-stimulatory property is relevant to the accelerated
growth of mesangial cells observed in glomerular disease asso-
ciated with hypertension or athelosclerosis. These results indi-
cate that LDL enhances the cellular action of AVP and the
AVP-stimulated cellular proliferation in glomerular mesangial
cells. A site of action of LDL is the breakdown of phosphatidyl-
inositol.
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