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Abstract

The metalion vanadate has insulin-like effects and has been
advocated for use in humans as a therapeutic modality for
diabetes mellitus. However, since vanadate is a tyrosine
phosphatase inhibitor, it may result in undesirable activa-
tion of target cells. We studied the effect of vanadate on
human mesangial cells, an important target in diabetic ne-
phropathy. Vanadate stimulated DNA synthesis and PDGF
B chain gene expression. Vanadate also inhibited total tyro-
sine phosphatase activity and stimulated tyrosine phosphor-
ylation of a set of cellular proteins. Two chemically and
mechanistically dissimilar tyrosine kinase inhibitors, gen-
istein and herbimycin A, blocked DNA synthesis induced by
vanadate. Vanadate also stimulated phospholipase C and
protein kinase C. Downregulation of protein kinase C abol-
ished vanadate-induced DNA synthesis. Thus, vanadate-in-
duced mitogenesis is dependent on tyrosine kinases and pro-
tein kinase C activation. The most likely mechanism for the
effect of vanadate on these diverse processes involves the
inhibition of cellular phosphotyrosine phosphatases. These
studies demonstrating that vanadate activates mesangial
cells may have major implications for the therapeutic poten-
tial of vanadate administration in diabetes. Although vana-
date exerts beneficial insulin-like effects and potentiates the
effect of insulin in sensitive tissue, it may result in undesir-
able activation of other target cells, such as mesangial cells.
(J. Clin. Invest. 1995. 95:1244—-1252.) Key words: platelet-
derived growth factor - human kidney - tyrosine phosphory-
lation - protein kinase C « phospholipase C

Introduction

The phosphatase inhibitor vanadate has insulin-like effects and
corrects hyperglycemia in insulin-dependent and insulin-inde-
pendent animal models of diabetes (1, 2). For these reasons,
vanadate administration has been advocated as a therapeutic
modality for diabetes. Vanadate has multiple biologic effects,
including inhibition of (Na*K™*)-ATPase and protein tyrosine
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phosphatases (PTPases).' Inhibition of tyrosine phosphatases
is thought to represent one major mechanism by which vanadate
mediates some of its biologic effects, including enhancement
of insulin sensitivity (3). Renal and specifically glomerular
injury is a major early feature of diabetic nephropathy. It is
manifested as basement membrane thickening and expansion of
the glomerular mesangium. This expansion consists primarily
of matrix, but hypercellularity and hypertrophy of mesangial
cells have recently been reported (4, 5). There is also increasing
evidence that activation of mesangial cells plays a key role not
only in diabetes, but also in other forms of acute and chronic
glomerular injury in man as well as experimental animals (6).

The biologic effects of vanadate are very diverse, depending
on the target cell and the concentration of vanadate. For exam-
ple, vanadate induces angiogenesis and mitogenesis in some
mesenchymal cells (7-10), reverses differentiation of muscle
cells mimicking fibroblast growth factor (11), prevents cell
death of mouse embryo cells caused by growth factor depriva-
tion (12), and stimulates hyaluronan synthesis in human meso-
thelial cells (13). Vanadate has been shown to activate certain
signal transduction mechanisms. Since many of the signals that
result in mesangial cell activation involve tyrosine phosphoryla-
tion, mesangial cells represent a potentially important target for
vanadate. There are no data available that address the effect of
vanadate on mesangial cells. In this study we explored the bio-
logic effects of vanadate on mesangial cells and show that at
low concentrations that inhibit PTPases, vanadate is a strong
mitogen for human glomerular mesangial cells and induces
PDGF B chain gene expression. This effect of vanadate was
associated with enhanced tyrosine phosphorylation and sus-
tained activation of phospholipase C (PLC) and protein kinase
C (PKC). Furthermore, DNA synthesis induced by vanadate is
dependent on tyrosine phosphorylation and PKC activation. Our
in vitro findings may have major implications relevant to the
use of vanadate in vivo in the diabetic state.

Methods

Materials. Tissue culture materials were obtained from Gibco (Grand
Island, NY). Anti-phosphotyrosine antibody (IgG2bk) was purchased
from UBI (Lake Placid, NY). Reagents for PKC assay were purchased
as a kit from BRL (Grand Island, NY). Phorbol 12-myristate 13-acetate
(PMA) and sodium orthovanadate were obtained from Sigma Chemical
Co. (St. Louis, MO). A 1-mM stock solution of vanadate was prepared
in PBS and stored at 4°C. All other reagents were analytical grade.

1. Abbreviations used in this paper: DAG, diacylglycerol; IP, inositol
1,4,5-trisphosphate; MBP, myelin basic protein; PKC, protein kinase C;
PLC, phospholipase C; PMA, phorbol 12-myristate 13-acetate; PTK,
protein tyrosine kinase; PTPase, protein tyrosine phosphatase; RCML,
reduced carboxymethylated and maleylated lysozyme.



Mesangial cell cultures. Mesangial cell cultures were established
from glomeruli isolated from human donor kidneys judged unsuitable
for transplantation or normal portions of surgical nephrectomy samples.
Mesangial cells were extensively characterized by electron microscopy
and immunohistochemical staining as previously reported (14). Unless
stated otherwise, cells were used between the 17th and 11th passages.
To compare the response of early and late passaged cells to vanadate,
selected experiments were also performed in early passaged cells from
the same cell line (passage 3). Cells were maintained in Waymouth’s
medium supplemented with 15 mM Hepes, 0.6 U/ml insulin, 2 mM
glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate,
antibiotic/antifungal solution, and 17% FBS. In some experiments and
to determine whether glucose concentration influences the response of
the cells to vanadate, cells were cultured in DME containing low (100
mg/dl) or high (450 mg/dl) glucose and the previously noted supple-
ments, including FBS.

DNA synthesis. Cells were plated in 24-well dishes and incubated
with Waymouth’s medium containing 17% FBS until they became con-
fluent. Cells were then made quiescent by incubation for 48 h in medium
free of insulin and FBS. Vanadate was added, and after 24, 48, or 72 h,
cells were pulsed with 1 xCi/ml [*H]thymidine (New England Nuclear,
Boston, MA) for 4 h. At the end of the pulsing period, medium was
removed, ice-cold 5% TCA was added, and the dishes were kept on
ice. After two more washes with 5% TCA, cells were solubilized by
adding 0.25 N NaOH and 0.1% SDS. 0.5 ml of this solubilized cell
solution was then neutralized and counted in a scintillation counter. Two
chemically and mechanistically dissimilar tyrosine kinase inhibitors,
genistein (UBI) and herbimycin A (a kind gift of Dr. T. Yoneda, Univer-
sity of Texas Health Science Center, San Antonio, TX), were used to
study the role of tyrosine phosphorylation in DNA synthesis. The
isoflavone compound genistein is a competitive inhibitor with respect
to ATP (15), whereas the benziquinonoid antibiotic herbimycin is
thought to inhibit protein tyrosine kinase (PTK) activity through benzi-
quinone interaction with protein sulfhydral groups (16). Quiescent cells
were pretreated with the inhibitors before the addition of vanadate.

Autoradiography. The effect of vanadate on DNA synthesis was
also determined by autoradiography of labeled nuclei as described (17).
Mesangial cells were plated onto slides (Lab-Tek, Nunc, Inc., Naper-
ville, IL) at a density of 1 X 10* cells per chamber in Waymouth’s
medium containing 17% FBS. Confluent cells were made quiescent by
replacing the culture medium with serum-free medium for 48 h. Vana-
date was added for 24 h followed by pulsing for 4 h with 1 xCi/ml
[*H]thymidine. At the end of the pulsing period, an equal volume of
freshly prepared 3:1 methanol/acetic acid fixative was added to the
medium for 10 min. This half-strength solution was then replaced by
an equal volume of undiluted 3:1 methanol/acetic acid fixative. After
10 min, cells were air dried and exposed to nuclear emulsion (NTB =
2, Eastman Kodak Co., Rochester, NY) for 3 d at 4°C. The slides were
then developed (Kodak D-19 developer), fixed (Kodak fixer), and
stained with hematoxylin/eosin. The number of positive nuclei per mi-
croscopic field (X100) was determined by examining 10-20 fields per
slide.

Cell counts. Cells were plated in 12-well dishes at subconfluent
density in Waymouth’s medium containing FBS. After cell attachment
overnight, cells were washed with PBS and incubated with vanadate in
serum-free medium. After 2 d, the cultures were washed with PBS and
harvested into 1 ml of 0.05% trypsin—EDTA diluted in HBSS without
calcium or magnesium. Cells were then resuspended in 1 ml of complete
medium containing 17% FBS to neutralize the trypsin and counted using
a coulter counter (Coulter Electronics, Hialeah, FL).

RNA isolation and analysis by solution hybridization. Mesangial
cells were harvested in guanidine thiocyanate buffer, and RNA was
prepared on a cesium chloride gradient. Total RNA was quantitated by
optical density, and integrity was confirmed by ethidium bromide stain-
ing of ribosomal RNA. A ribonuclease protection assay was used to
determine PDGF B chain expression using a procedure described earlier
(18). The DNA template was constructed by cloning a 960-bp BanlI-
BanlI restriction fragment, encompassing portions of exons 6 and 7 of

the c-sis gene, into the Smal site of plasmid pT7-2 (United States
Biochemical Corp., Cleveland, OH). To generate the single-stranded
*?p-labeled RNA probe, the plasmid was linearized and transcription
was performed using the T7 RNA polymerase (Promega, Madison, WI)
in the presence of 40 mM Tris-HCI, pH 7.5, 6 mM MgCl,, 10 mM
NaCl, 2 mM spermidine, 40 mM DTT, 40 U/ml RNasin, 0.5 mM each
of ATP, GTP, and CTP, 12 uM UTP, 50 uCi of [**P]UTP (800 Ci/
mmol; Amersham, Arlington Heights, IL) at 37°C for 1 h. This was
followed by the addition of RNase-free DNase (Promega) and another
15-min incubation to remove any remaining DNA template. After re-
peated extraction with phenol/chloroform and precipitation in ethanol,
the RNA pellet was resuspended in hybridization buffer consisting of
80% formamide. The labeled RNA probe (10® cpm) was hybridized
overnight at 55°C to 100 pg of total RNA prepared from mesangial
cells. After hybridization, the samples were digested with RNase A (50
pg/ml) and RNase T1 (2 pg/ml) followed by the addition of proteinase
K to inactivate the remaining RNase. After extraction in phenol/chloro-
form, the samples were precipitated twice in ethanol, redissolved in
loading buffer containing 90% formamide, and separated on 6% poly-
acrylamide/urea gel. Gels were exposed to x-ray film (X-Omat, Kodak)
with intensifying screens at —70°C.

Labeling of substrates and assay of PTPase activity. Myelin basic
protein (MBP) and reduced carboxymethylated and maleylated lyso-
zyme (RCML) (Sigma Chemical Co.) were labeled on tyrosine residues
using [y-**P]ATP (Du-Pont—New England Nuclear, Boston, MA ) and
p60°* tyrosine kinase (Oncogene Science, Manhasset, NY) as de-
scribed (19). 5 ug of MBP or RCML was incubated at 30°C for 30
min with 2 U of p60°*™ and 20 Ci of [y-**P]ATP in 50 mM Hepes,
pH 7.4, 10 mM MnCl, buffer. The reaction was terminated by adding
0.12 ml of 10% phosphoric acid, 0.5 ml of 20% (wt/vol) TCA, 20 mM
NaH,PO,, and 0.04 ml of 5 mg/ml BSA. After incubation on ice for
30 min, the reaction mixture was centrifuged at 10,000 g for 3 min.
The protein precipitates were washed three times with 20% (wt/vol)
TCA, 20 mM NaH,PO, and then dissolved in 0.2 M Tris-HCI, pH 8.0.
After vanadate stimulation, quiescent mesangial cells were washed twice
with ice-cold PBS, homogenized in a lysis buffer (250 mM sucrose, 5
mM EDTA, 50 mM Hepes, pH 7.4, 5 mM benzamidine, 115 uM PMSF,
0.05% aprotinin, 1% Triton X-100), and centrifuged for 30 min at 4°C
at 10,000 g. The supernatant was stored frozen at —70°C until assay.
For phosphatase assay, 0.5 ug of total cell lysate was assayed for PTPase
activity in a total volume of 50 ul containing 5 ul of phosphatase buffer
(25 mM Hepes, pH 7.3, 5 mM EDTA, 10 mM DTT) in the presence of
tyrosine-phosphorylated MBP or RCML (2-4 X 10* cpm). The reaction
mixture was incubated at 30°C for 30 min, and 0.75 ml of charcoal
acidic mixture (0.9 M HCI, 2 mM NaH,PO,, 4% [wt/vol] Norit A;
Sigma Chemical Co.) was added to terminate the reaction. After centrif-
ugation for 10 min at 10,000 g, the free radioactivity in 0.4 ml of
supernatant was measured. Enzyme activity was expressed as a percent-
age of radioactivity released from the total phosphorylated substrate.
Each sample was run in duplicate.

Western blot analysis. Quiescent cells were incubated with 7.5 uM
vanadate for 30 min. The cells were then washed three times with ice-
cold PBS and lysed in solubilization buffer (20 mM Tris-HCI, pH 7.5,
150 mM NaCl, 5 mM EDTA, 1% NP-40, 1 mM Na;VO,, 1 mM PMSF,
0.25% aprotinin) at 4°C for 30 min. The soluble cell extract was centri-
fuged at 10,000 g for 30 min. Protein concentration was determined by
a protein reagent assay (Bio-Rad Laboratories, Richmond, CA). Equal
amounts of untreated and vanadate-treated cell lysates were analyzed
on 7.5%-SDS gel. Separated proteins were transferred to nitrocellulose
and immunoblotted with anti-phosphotyrosine mAb. The bound anti-
body was detected by '*I-protein A (20).

Analysis of inositol phosphates. Inositol phosphates were measured
as described (21). Confluent mesangial cells in six-well dishes were
placed in inositol-free, serum-free RPMI 1640 medium containing 3
uCi/ml 2[*H]myoinositol (Amersham) for 48 h. After a 15-min prein-
cubation with 15 mM LiCl at 37°C, vanadate was added for different
time periods. The incubation was terminated by quickly aspirating the
medium and adding 2 ml of ice-cold 5% TCA. The cells were then
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scraped, and each well was rinsed with another 2 ml of 5% TCA. The
TCA was then removed by extracting the sample twice with diethyl
ether. The samples were neutralized and loaded onto 2-ml anion ex-
change columns (AG1X8, Bio-Rad Laboratories). The columns were
washed with 10 ml of water and 10 ml of 5 mM sodium tetraborate.
Inositol phosphates were then eluted with 10 ml of increasing concentra-
tion of ammonium formate in 0.1 M formic acid. Using this technique,
ammonium inositol 1,4,5-trisphosphate (IP;) elutes with 0.8 M ammo-
nium formate. 5 ml of each collected fraction was mixed with scintilla-
tion fluid and counted in a beta counter.

Intracellular calcium measurement. Intracellular calcium was mea-
sured as described previously (21). Mesangial cells were plated onto
14 X 14 mm plastic coverslips (Aclar, Proplastics, Linden, NY'), placed
in 12-well dishes, and grown in Waymouth’s medium containing serum.
Confluent cells were washed and placed in serum-free Waymouth’s
medium containing 0.2% BSA for 18 h. The cells were loaded with
fura-2 by incubation for 50 min at 37°C in 1 ml of serum-free medium
containing 0.2% BSA, 5 uM fura-2 acetoxymethylester (Molecular
Probes, Eugene, OR), and 0.02% pluronic acid F127 (Molecular
Probes). At the end of the loading period, the coverslips were washed
with physiological salt solution (150 mM NaCl, 5 mM KCl, 2 mM
CaCl,, 1 mM MgSO,, 10 mM Hepes, 10 mM glucose) containing 0.2%
BSA and kept in the same solution on ice until use; the cells were used
within 2 h of loading. Coverslips were rapidly rinsed in physiological
salt solution to remove any residual leaked dye and then placed diago-
nally in a square quartz cuvette so that the excitation and emission paths
were at 45° angles to the coverslip. The cuvette, containing 2.5 ml of
physiological salt solution, with its stirring device was placed in a
thermostatically controlled chamber at 37°C in the Deltascan system I
(PTI, New Brunswick, NJ). A 450-W xenon lamp was used as a light
source. Excitation wavelengths were 340 and 380 nm, and emitted light
was collected at 510 nm. Integration time was 0.1 s at each wavelength.
Readings were collected using Delta-scan software (PTI). The 340/380
ratio was then processed as previously described (22) to determine the
intracellular free calcium concentration. The K, for fura 2 was assumed
to be 224 nM. For each monolayer, the maximal fluorescence ratio was
determined by lysing the cells with 0.5% Triton X-100, and the minimal
fluorescence ratio was determined by the addition of 10 mM EGTA.

PKC assay. PKC assay was performed as previously described by
us (23). Confluent mesangial cells were made quiescent by placing
them in serum-free medium for 48 h. Cells were incubated with 7.5 uM
vanadate for 15 min. The cells were washed twice with PBS and lysed
in homogenization buffer (20 mM Tris-HCI, pH 7.5, 0.5 mM EDTA,
0.5 mM EGTA, 0.5% Triton X-100, 25 pg/ml aprotinin, 25 pg/ml
leupeptin) at 4°C. The cell lysate was centrifuged at 10,000 g for 30
min at 4°C. PKC was partially purified using the DE-52 (DEAE) col-
umn. The protein concentration in the eluate was measured by the Bio-
Rad method. PKC activity was determined as described (24, 25) using
reagents purchased as a kit (Gibco BRL, Gaithersburg, MD). The assay
measures phosphotransferase activity to a synthetic peptide from MBP
in the presence of phorbol ester, phosphatidylserine, and [**P]ATP. A
pseudosubstrate inhibitor was used to determine the nonspecific activity.
Phosphotransferase activity was expressed as pmoles of **P incorporated
into the synthetic peptide per 5 min. In experiments in which downregu-
lation of PKC was performed, cells were incubated for 48 h with 0.6
M PMA before the addition of vanadate.

Statistics. The significance of the data expressed as mean+SEM
was analyzed by unpaired Student’s ¢ test.

Results

Vanadate stimulates DNA synthesis and mesangial cell prolifer-
ation. Quiescent human mesangial cells in culture were assayed
for their ability to incorporate [*H]thymidine into DNA after
exposure to vanadate. Addition of different concentrations of
vanadate ranging from 0.1 to 25 uM to the cells stimulated
thymidine incorporation, with a maximum effect obtained at 5
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to 7.5 uM (Fig. 1 a). To characterize further the mitogenic
effect of vanadate, the stimulation of DNA synthesis by vana-
date was also confirmed by whole-cell autoradiography. The
number of labeled nuclei after treatment of the quiescent cells
with 7.5 uM vanadate increased from 2.1+0.2 to 29.2+1.7 per
microscopic field. Since cultured mesangial cells may undergo
phenotypic modulation with increasing passage, we also tested
the effect of vanadate on DNA synthesis in early passage cells.
For these experiments, we used the same cell line that was used
for the late passages. Frozen stocks of primary cultures were
thawed, passaged, and used as passage 3. Similar to its effect
on late passage cells, vanadate also stimulated [*H]thymidine
incorporation in early passage mesangial cells, with a maximum
effect obtained at 5 pM (Fig. 1 b). The mitogenic effect of
vanadate in the early passage cells was further confirmed by
whole-cell autoradiography. Treatment of early passage cells
with 5 uM vanadate increased the number of labeled nuclei
from 4.40=0.87 to 34.4x5.84 (P < 0.001) per microscopic
field. Since the diabetic state is characterized by marked varia-
tion in glucose levels, we determined whether low and high
glucose levels influence the induction of DNA synthesis by
vanadate. For these experiments, mesangial cells were grown
and passaged in DME containing low (100 mg/dl) or high
(450 mg/dl) glucose concentration and made quiescent in the
respective serum-free media. Vanadate caused an almost equal
increase in [*H]thymidine incorporation in cells cultured under
both conditions (Fig. 1, ¢ and d). Whole-cell autoradiography
showed that vanadate (5 uM) increased the number of labeled
nuclei per microscopic field under low glucose conditions from
1.9+0.45 to 16.3+2.03 (P < 0.001) and in cells cultured in
medium containing high glucose from 0.78+0.19 to 13.48+1.36
(P < 0.001). These data indicate that vanadate stimulates DNA
synthesis in mesangial cells under normoglycemic and hyper-
glycemic conditions. A significant increase in [*H]thymidine
incorporation was also obtained at 48 and 72 h after the addition
of vanadate (Fig. 1 ¢), although the increase was lower than
that observed at 24 h (24 h, 5.2-fold; 48 h, 3.8-fold; 72 h, 1.9-
fold). To demonstrate that the increased [*H]thymidine incor-
poration into DNA in response to vanadate represents cell prolif-
eration, we determined the effect of vanadate on the growth
rate of mesangial cells. Treatment of cells in serum-free medium
with vanadate for 2 d increased the cell number significantly
as compared with untreated controls (40.270 *+ 574 per well
versus 31.800 + 1837 per well, P < 0.01).

Vanadate inhibits PTPase activity and stimulates tyrosine
phosphorylation. Although vanadate is a potent PTPase inhibi-
tor in certain cells, a correlation of PTPase inhibition in response
to vanadate with biologic effects has not been demonstrated in
the same cell. We therefore determined the effect of vanadate
on tyrosine phosphatase activity in mesangial cells. A time
course experiment showed that maximal PTPase inhibition was
obtained at 30 min after the addition of vanadate (7.5 uM) to
the cells (Fig. 2 a). When tyrosine-phosphorylated MBP was
used as substrate, PTPase activity was inhibited at concentra-
tions as low as 1 uM vanadate and a significant inhibition was
observed at 10 uM (Fig. 2 b). Treatment of mesangial cells
with vanadate also inhibited PTPase activity when an alternative
substrate, RCML, was used (data not shown). It is noteworthy
that induction of mitogenesis and inhibition of PTPase activity
by vanadate occur at the same dose range. We next tested the
effect of inhibition of PTPase activity by vanadate on protein
tyrosine phosphorylation. Total cell lysates of control and vana-



>
o

:
: :

:

:

3H-Thymidine incorporation
cpm/well
3H-Thymidine incorporation
(cpm/well)

5 10
Vanadate (uM)
450 mg/dl Glucose

0 01 25 5 75 10 25
Vanadate (uM)
c 100 mg/dl Glucose D
6000
k¥
. g 3000~
2
g 4000- -
é% 23 2000-
2 M .
i i
~ %%k
g } £  1000-
= &
0- 0-
0 1 5 10
Vanadate (WM)
E 4000
*kk
kg

O Control

I Vanadate
7.5 tM)

*%

1000

3H-Thymidine incorporation
cpm/well
[\

48 hrs 72 hrs

date-treated cells were analyzed by immunoblotting using an
anti-phosphotyrosine mAb. The results show that a 30-min treat-
ment with vanadate stimulates tyrosine phosphorylation of a
panel of cellular proteins (Fig. 3).

Involvement of tyrosine phosphorylation in vanadate-in-
duced cell proliferation. Activation of tyrosine kinases by vana-
date has been shown in other cell types (26, 27), but it is not
clear whether this response is functionally linked to mitogenesis.
The use of specific tyrosine kinase inhibitors is a valuable tool

%%k

0 5

10
Vanadate (uM)

Figure 1. Effect of vanadate on DNA synthe-
sis. Cells were plated at 5 X 10* cells per well
into 24-well plates, grown to confluence,
growth arrested in serum-free medium for 48
h, and stimulated with increasing concentra-
tions of vanadate (a—d) or with 7.5 uM vana-
date (e). Cells were pulsed for 4 h with 1 uCi/
ml [*H]thymidine after 24 h (a—e) and 48 or
72 h (e). b shows induction of DNA synthesis
by vanadate in passage-3 cells, and experi-
ments of ¢ and d were performed in medium
containing low or high glucose. Cells were har-
vested as described in Methods. Data represent
means of triplicate or quadruplicate samples
from two (b), three (c —e), or four (a) sepa-
rate experiments. *P < 0.05, **P < 0.01,
***P < 0.001 versus control.

to study the involvement of tyrosine phosphorylation in specific
biologic processes. To determine the role of tyrosine kinase
activation in vanadate-induced mitogenesis in human mesangial
cells, we studied the effect of two specific PTK inhibitors, herbi-
mycin A and genistein. Both compounds are chemically differ-
ent and have different modes of action (15, 16). Preincubation
of mesangial cells with either inhibitor blocked vanadate-in-
duced DNA synthesis (Fig. 4, a and b); 0.025% DMSO vehicle
had no effect on DNA synthesis. These results indicate that
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Figure 2. Inhibition of PTPase activity by vanadate. Quiescent human
mesangial cells were incubated with 7.5 uM vanadate for different time
periods (a) or with different concentrations of vanadate for 30 min (b).
0.5 ug of cell lysate was assayed for PTPase activity using tyrosine-
phosphorylated MBP as substrate as described in Methods. Data repre-
sent five separate experiments, each assayed in duplicate samples.

tyrosine phosphorylation is necessary for vanadate-induced
DNA synthesis.

Effect of vanadate on PDGF B chain gene expression. We
have previously reported that human mesangial cells express
very low levels of PDGF B chain mRNA (14). However, potent
mitogens, including peptide growth factors, phorbol ester, and
certain lipids that activate mesangial cells, stimulate PDGF B
chain gene expression in human mesangial cells (18, 28). We
therefore tested the effect of vanadate on PDGF B chain mRNA
levels. Because of the low levels of PDGF B chain mRNA in
human mesangial cells, we used an RNase protection assay to
measure mRNA levels. A representative kinetic analysis of
PDGF B chain mRNA expression in response to vanadate is
shown in Fig. 5. The data show that the PDGF B chain expres-
sion was maximal at 6 h and was significantly increased even
at 24 h after the addition of vanadate.

Effect of vanadate on PLC and intracellular calcium. Tyro-
sine phosphorylation events are often associated with PLC acti-
vation. To determine whether PLC is activated by treatment
of mesangial cells with vanadate, we determined the effect of
vanadate on accumulation of IP;. Vanadate caused a significant
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200

Figure 3. Stimulation of tyrosine phos-
9 7 phorylation by vanadate in human mes-
angial cell. Quiescent cells were incu-
bated with 7.5 uM vanadate for 30 min.
Cells were then gently washed with ice-
cold PBS and lysed in solubilization
6 8 buffer. After centrifugation and protein
determination, equal amounts of un-
treated and vanadate-treated cell lysates
were analyzed on a 7.5%-SDS gel. Sep-
arated proteins were transferred to ni-
trocellulose and immunoblotted with
4 3 anti-phosphotyrosine mAb. Lane /, un-
stimulated; lane 2, stimulated. Molecu-
lar weight markers are in kilodaltons.

increase in IP; production, which was detected with a peak
effect at 30 min (Fig. 6). This response of IP; is similar to
the IP; response of certain growth factors with tyrosine kinase
receptors (29, 30). To test the functional significance of this
IP; production, we next studied the effect of vanadate on intra-
cellular calcium release in mesangial cells. Fig. 7 shows that
vanadate stimulates intracellular mobilization of calcium ions
and that this effect is sustained, unlike the effect of other growth
factors in which calcium mobilization is a transient event. This
pattern of calcium release may be related to the sustained accu-
mulation of IP;. These data indicate that vanadate results in a
rather sustained activation of early signal transduction pathways
in human mesangial cells.

Effect of vanadate on PKC. The stimulation of phosphati-
dylinositol 4,5-bisphosphate hydrolysis to produce IP; is associ-
ated with concomitant release of diacylglycerol (DAG), a phys-
iological activator of PKC. Mesangial cells were incubated with
7.5 uM vanadate, and PKC activity was measured after partial
purification of cell lysates. As shown in Fig. 8, vanadate stimu-
lated PKC activity 1.5-fold over basal. Downregulation of PKC
by prolonged preincubation of cells with PMA abolished the
increase in PKC activity in response to PMA or vanadate. Mito-
genesis in response to some but not all stimuli is dependent on
PKC activation. We have recently demonstrated that mitogen-
esis in response to PDGF is associated with and partially depen-
dent on PKC activation in human mesangial cells (18, 23).
PMA also stimulates DNA synthesis in these cells (18). To
determine whether PKC activation is necessary for vanadate-
induced mitogenesis, we studied the effect of downregulation
of PKC on vanadate-induced DNA synthesis. Mesangial cells
were chronically treated with PMA to downregulate PKC. Com-
pleteness of downregulation was tested by studying PMA-in-
duced PKC activity (Fig. 8) and DNA synthesis, both of which
were abrogated after PMA pretreatment. As shown in Fig. 9,
chronic treatment of cells with PMA also abolished vanadate-
induced DNA synthesis. These data indicate that mitogenic sig-
nals generated by vanadate are dependent on PKC activation.
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genistein for 30 min (a) or with 0.5 uM herbimycin A for 16 h (b)
before the addition of vanadate. After 24 h, cells were pulsed for 4 h
with [*H]thymidine and harvested. Both PTK inhibitors blocked the
increase in [*H]thymidine induced by vanadate. Data are mean+SEM
from four independent experiments done in triplicate (a) and from one
experiment done in quadruplicate (b). *P < 0.05, **P < 0.01, ***P
< 0.001 versus control.

Discussion

Vanadate has insulinomimetic effects in vitro in isolated adipo-
cytes and in vivo in animal models of diabetes. In streptozo-
tocin-treated diabetic rats and in mouse models of non—insulin-
dependent diabetes mellitus, treatment with vanadate has a ben-
eficial effect, resulting in reduction of blood glucose levels and
correction of several of the metabolic abnormalities (1, 2).
These studies prompted the evaluation of vanadate as a thera-
peutic adjunct to insulin for the treatment of diabetes mellitus
in humans (31, 32). The mechanism by which vanadate is
thought to potentiate the effect of insulin is not precisely known.
However, inhibition of tyrosine phosphatases that dephosphory-
late the insulin receptor substrate and sustain its biologic activity
is thought to be the major underlying mechanism. Inhibition of
PTPases by vanadate has been recognized as positive and nega-
tive regulator of signal transduction (33—35). Therefore, vana-
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Figure 5. Time course for the effect of vanadate on PDGF B chain
mRNA. Confluent cells were made quiescent in serum-free medium
before exposure to vanadate. At the times indicated, cells were harvested
and RNA was isolated. 100 pg of total RNA or control transfer RNA
was hybridized with an in vitro—transcribed labeled RNA. After diges-
tion with RNase A and T1, protected fragments were electrophoresed
on a denaturating polyacrylamide gel and detected by autoradiography.
Bands shown of 300 and 150 nucleotides correspond to those portions
of the sixth and seventh exons of the c-sis probe that were protected
from RNase digestion. Stimulation was also observed in two other ex-
periments.

date may exert its biologic effect in a cell- or tissue-specific
manner. Nephropathy, a major complication of diabetes melli-
tus, is characterized by mesangial cell activation with develop-
ment of mesangial matrix expansion, mesangial cell hypertro-
phy, and proliferation (4, 5). Since vanadate administered in
vivo is concentrated in the kidney (32, 36), renal cells may be
particularly susceptible to the effects of vanadate. We therefore
examined the biologic effects of vanadate on cultured human
mesangial cells. Our study demonstrates that vanadate at con-
centrations that inhibit PTPases activates mesangial cells, re-
sulting in increased DNA synthesis, cell proliferation, and in-
duction of PDGF B chain gene expression. These effects of
vanadate are associated with increased tyrosine phosphorylation
and with activation of PLC and PKC. Furthermore, DNA syn-
thesis in response to vanadate is dependent on tyrosine kinase
and PKC activation.
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Figure 6. Effect of vanadate on inositol phosphate accumulation. Quies-
cent mesangial cells were prelabeled with [ *H]myoinositol and treated
with vanadate in the presence of LiCl (15 mM) for the time periods
indicated. Inositol phosphates were separated by AG1X8 anion ex-
change chromatography as described in Methods. Data represent five
separate experiments. *P < 0.01. #**P < 0.001 versus control.

Phosphorylation events regulate many biologic processes in
cells and tissue. The tyrosine phosphorylation state of the cell
represents a balance between the activities of PTKs and PTPases
(37). We and others have recently reported that activation of
mesangial cells in response to a variety of stimuli is dependent
on tyrosine phosphorylation (38, 39). Exposure of mesangial
cells to vanadate at a concentration that markedly inhibits the
activity of tyrosine phosphatases. assayed using two different
substrates, resulted in sustained mitogenesis, as measured by
['H]thymidine uptake. autoradiography, and cell counts. This
effect of vanadate is associated with increased tyrosine phos-
phorylation of a set of cellular proteins. To investigate the role
of tyrosine kinases in mediating the mitogenic effect of vanadate
in human mesangial cells, we used two tyrosine kinase inhibi-
tors: genistein and herbimycin A. Both compounds inhibited
vanadate-induced DNA synthesis at concentrations known to
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Figure 7. Time course for the effect of vanadate on cytosolic free
calcium. After 18 h in serum-free medium, cells were loaded with fura-
2 as described in Methods. Vanadate was injected into the assay chamber
at the time indicated by the arrow to a final concentration of 7.5 uM.
Intracellular free calcium was measured as described in Methods.
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Figure 8. Effect of vanadate on PKC activity in glomerular mesangial
cells. Confluent cells were made quiescent by incubation in serum-free
medium in the absence or presence of 0.6 uM PMA (PMA pretreatment)
for 48 h. Cells were then subjected to no addition, 0.1 uM PMA, or
7.5 uM vanadate for 15 min. PKC activity was measured as described
in Methods. Each value is the mean of triplicate determinations. * P <
0.05, **P < 0.01. *#*P < 0.001 versus control.

inhibit specifically the activity of tyrosine kinases in cells in-
cluding mesangial cells (15, 16). Activation of certain tyrosine
kinases may result in induction of DNA synthesis by several
mechanisms. Tyrosine phosphorylation of several protein sub-
strates occurs in response to many mitogens whose receptors
either are tyrosine kinases or are linked to G-proteins. PLCy-
1, which hydrolyses phosphatidylinositol 4,5-bisphosphate to
generate IP; and DAG, may be activated by vanadate. Treatment
of mesangial cells with vanadate resulted in increased IP; gener-
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Figure 9. Effect of downregulation of PKC on DNA synthesis. Down-
regulation of PKC by pretreatment with 0.6 uM PMA for 48 h blocked
vanadate-induced [*H}thymidine uptake. PKC downregulation is also
confirmed by the failure of fresh PMA (0.1 uM) to induce DNA synthe-
sis in PMA-pretreated cells. Results are the mean+SEM from three
independent experiments done in triplicate or quadruplicate. * P < 0.05,
**P < 0.01, #**P < 0.001 versus control.



ation and a sustained increase in cytosolic calcium concentra-
tion, indicating PLCy activation. DAG, the physiologic activa-
tor of PKC, is intimately involved in cell growth. We have
recently shown that PMA is a mitogen for human mesangial
cells (18), indicating that PKC may play an important role in
proliferation of mesangial cells (23). However, the relative
importance of PKC activation seems to differ with different
mitogens and cell types (40). Vanadate treatment of mesangial
cells resulted in activation of PKC, which appears to play a
crucial role in vanadate-induced mitogenesis since downregula-
tion of total PKC activity by prolonged incubation with PMA
abolished this effect of vanadate. Although both PTK and PKC
have been implicated in signal transduction in response to vana-
date, the precise contribution of each signaling pathway to the
biologic effects of vanadate was unclear. Our data clearly indi-
cate that mitogenesis in response to vanadate is dependent not
only on tyrosine phosphorylation, but also on PKC activation.
Vanadate is known to be a potent inhibitor of the (Na*K*)-
ATPase. However, this mechanism is unlikely to contribute to
the observed effects of vanadate in mesangial cells since vana-
date inhibits (Na*K*)-ATPase in purified membrane prepara-
tions but is much less potent in intact cells (41, 42).

Although extrapolation from in vitro to in vivo studies
should be cautious, our data may have implications relevant
to the use of vanadate as a therapeutic modality for diabetes.
Activation of mesangial cells with subsequent proliferation and
matrix expansion leads to glomerular impairment and eventual
fibrosis (43, 44). Induction of PDGF B chain may be responsi-
ble for phenotypic changes in mesangial cells in the diabetic
microenvironment. Besides its mitogenic activity, PDGF may
mediate collagen synthesis induced by glycosylated proteins in
mesangial cells (45). Studies in experimental models of renal
injury revealed that cell proliferation occurs with concomitant
upregulation of PDGF and its receptors (45-48). More re-
cently, increased expression of several cytokines with tyrosine
kinase receptors has been demonstrated in isolated glomeruli a
few weeks after the induction of diabetes (49). These cytokines
may be responsible for activation of mesangial cells. More im-
portantly, potentiation of the effect of these cytokines by vana-
date in vivo may potentially contribute to the progression of
glomerular injury. This is particularly important since vanadate
in most instances will be administered well after the diabetic
state has ensued. Vanadate also activates mesangial cells even
when they are maintained in relatively normal glucose concen-
tration, suggesting that potential deleterious effects of vanadate
may be detected even when hyperglycemia is controlled. It
is important to note that whereas very high concentrations of
vanadate (0.5—-1 mM) are required to activate the insulin recep-
tor kinase and to mimic the metabolic effect of insulin, much
lower concentrations of vanadate (1-10 M) are sufficient to
inhibit PTPase activities, as shown in this study (27, 50). Our
in vitro observations warrant in vivo studies to address further
the biologic effect and potential deleterious role of vanadate on
the course of diabetic nephropathy.
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