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Abstract
Medial artery vascular smooth muscle cell (VSMC) calcification increases the risk of cardiovascular
mortality in type 2 diabetes. However, the influence of insulin on VSMC calcification is unclear. We
explored the effects of insulin on rat VSMC calcification in vitro and found that in a dose-dependent
fashion, insulin attenuates VSMC calcification induced by high phosphate conditions as quantified
by the OCPC method. In an in vitro model of insulin resistance in which cells are exposed to elevated
insulin concentrations and the PI 3-kinase pathway is selectively inhibited, increased VSMC
calcification was observed, suggesting that the PI 3-kinase pathway is involved in this attenuating
effect of insulin. We postulated that insulin may also have an effect on phosphate or calcium transport
in VSMC. We found that insulin increases phosphate transport at 3 hr and 24 hr. This effect was
mediated by increased Vmax for phosphate transport but not Km. Because type III sodium-phosphate
co-transporters Pit-1 and Pit-2 are found in VSMC, we examined their expression by Western blot
and real-time RT-PCR. Insulin stimulates Pit-1 mRNA modestly (*p<0.01 vs. control), an effect
mediated by PD98059 but not by wortmannin. Pit-1 protein expression is induced by insulin, an
effect also mediated by PD98059 (*p<0.001 vs. insulin alone). Results for Pit-2 were mixed. Our
results suggest a role for insulin in attenuating VSMC calcification which may be disrupted in
selective insulin signaling impairment seen in insulin resistance. This effect of insulin contrasts with
its effect to induce phosphate transport in VSMC.
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INTRODUCTION
Medial artery calcification is an independent predictor of cardiovascular mortality in
individuals with type 2 diabetes mellitus (1–3) and end-stage renal disease (4). The mechanisms
for vascular calcification in these clinical settings are still being elucidated (5,6), but increased
vascular calcification is clearly associated with hyperphosphatemia (7) and with increased
serum calcium-phosphate ion product.

A key feature of type 2 diabetes is insulin resistance. In the early stages of the development of
type 2 diabetes, pancreatic beta-cell insulin secretion increases to compensate for the decreased
action of insulin in target tissues such as muscle, adipose and liver. Insulin per se and the
compensatory hyperinsulinemia of insulin resistance exert important actions on the vascular
wall (8–10). For example, insulin induces nitric oxide synthase expression and augments its
activity in endothelial cells under physiologic conditions, increasing nitric oxide production
and resulting in vasodilation (10). Insulin also promotes and maintains differentiation of
vascular smooth muscle cells (9). These anti-atherogenic effects of insulin in endothelial and
vascular smooth muscle cells are mediated via phosphatidylinositol (PI) 3-kinase-dependent
signaling (8,9), which is selectively impaired in insulin resistant states. On the other hand, pro-
atherogenic effects of hyperinsulinemia mediated through extracellular regulated kinase (ERK)
1/2 mitogen activated protein (MAP) kinase pathway-dependent signaling are unaffected in
insulin resistance, and may even be augmented (8,9).

Contribution of either insulin resistance or hyperinsulinemia to vascular calcification remains
poorly understood. Insulin seems to have mixed effects on calcium flux, with some
investigators demonstrating attenuation of inward calcium currents in rat VSMC in response
to arginine vasopressin (11) and angiotensin II (12), and others showing stimulation of calcium
uptake (13). In this study, we examined the effect of insulin on calcification of rat VSMC, and
on VSMC phosphate and calcium transport. We used pharmacologic inhibitors of PI 3-kinase
and ERK 1/2 MAP kinase-dependent signaling to determine mechanisms of insulin action on
these processes.

MATERIALS
Rat vascular smooth muscle cells (VSMC) were generously provided by Drs. Nihal Kaplan-
Albuquerque and Raphael Nemenoff at the University of Colorado Health Sciences Center,
Denver, Colorado. Cell culture media and reagents were from Invitrogen (Carlsbad, CA).
Calcification was quantified with an OCPC kit (Wako Diagnostics, Richmond, VA). Lactate
dehydrogenase (LDH) enzyme activity was assayed using a Cytotoxicity Detection Kit (LDH)
(Roche Molecular Biochemicals, Mannheim, Germany). LY294002 and U0126 were from Cell
Signaling Technology (Beverly, MA) and PD98059 from Calbiochem (San Diego,
CA). 32PO4 was obtained from Perkin Elmer (Boston, MA) as orthophosphoric acid. Specific
type III sodium-phosphate co-transporter (Pit-1 and Pit-2) antibodies were from Alpha
Diagnostic International (San Antonio, TX). Protein was quantified using the bicinchoninic
acid (BCA) protein assay method (Pierce, Rockford, IL). ECL Plus kits were from Amersham
(Piscataway, NJ). For RNA isolation and processing, Trizol and RNase-free DNase
(Invitrogen) were used. The iScript cDNA Synthesis kit for reverse transcription and iQ Sybr
Green Supermix kit for real time PCR were from Bio-Rad (Hercules, CA). Primers were
synthesized by Integrated DNA Technologies (Coralville, IA). All other reagents and supplies
were from Sigma (St. Louis, MO) and Fisher (Hampton, NH). GraphPad Prism software (San
Diego, CA) was used for all statistical and kinetic analyses.
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METHODS
Cell culture

Rat VSMC were passaged in flasks after enzymatic digestion of adult rat thoracic aortas. The
culture method and growth medium have been previously described (9). The growth medium
does not contain insulin; relevant molecules include calcium (1.8 mM), phosphate (1.014 mM),
and glucose (5.6 mM). VSMC primary cultures were used up to the ninth passage (14). All
cells were placed in serum-reduced medium (≤0.2% serum) for 24 hr to maintain quiescence
prior to further treatment.

Measurement of phosphate transport activity and kinetics
Since we postulated that insulin might exert an effect on phosphate transport, we etermined
whether insulin affected VSMC phosphate transport. After reaching subconfluence, VSMC
were grown in 6-well plates and incubated in serum-reduced medium for 24 hr, then with
dimethylsulfoxide (DMSO, 1:1000 vol/vol, control) or insulin 10 nM, in the presence or
absence of wortmannin 100 nM or PD98059 20 μM for 3 hr or 24 hr. Just prior to uptake
experiments, the VSMC monolayers were rinsed at 37°C with transport solution containing
137 mM NaCl, 5.4 mM KCl, 2.8 mM CaCl2, 1.2 mM MgSO4, and 14 mM HEPES, pH 7.4
(15). To measure total sodium- phosphate (Na/Pi) co-transport, VSMC were incubated with
500 μl of transport solution also containing 0.05 mM K2H32PO4. To measure Na-independent
phosphate (Pi) uptake, sodium chloride (NaCl) was substituted equimolarly with choline
chloride in the washing and uptake solutions. We performed transport kinetic studies by
measuring Na/Pi co-transport activity in the presence of 0.01 to 5 mM extracellular Pi at 6 min
of incubation. After 6 minutes, within the initial rate of linear uptake, transport was terminated
by aspiration of the uptake solution and washing the monolayers thrice at 4°C. The cells were
then lysed in 0.5% Triton X-100 and analyzed for 32PO4 counts. Protein concentration was
determined using the Pierce BCA protein assay method. Transport activity is expressed as pmol
Pi/mg protein/min.

To determine whether the effects of insulin modulation on Na/Pi co-transport activity were
mediated by alterations in the capacity or maximal velocity (Vmax) of the co-transporter, or by
the affinity for Pi (Km), we performed transport kinetic studies by measuring Na/Pi co-transport
activity in the presence of 0.01 to 5 mM extracellular Pi. An equation containing saturable
(Michaelis-Menten, or transport) and non-saturable (diffusion) components (16) was used to
calculate the Km, Vmax and Kd coefficients by iterative, non-linear regression: V = [Vmax · S/
(Km + S)] + (Kd · S). The first term of the equation involves saturable uptake exclusively, i.e.
transport. The second term refers to the non-saturable uptake, and involves diffusion through
the plasma membrane and intercellular junctions as well as experimental unspecific binding.
The fits were accepted when two consecutive iterations changed the sum of squares by less
than 0.01%. The significance of the differences among the fits was calculated with an F-test,
using the sum-of-squares and degrees of freedom from the fits. The significances of the
differences between kinetic constants were obtained with a t-test, with p<0.05 considered
statistically significant.

Calcium uptake in VSMC
Calcium levels in VSMC were measured according to the work of Giuliano and Wood (17)
with some modifications. Rather than fluxes, we measured the steady-state concentration
of 45CaCl2 in VSMC after 30 min of incubation in the original transport buffer consisting of
140 mM NaCl, 5.8 mM KCl, 0.34 mM Na2HPO4, 0.8 mM MgSO4, 20 mM N-2-
hydroxyethylpiperazine-N′-2-ethanesulfonic acid, 4 mM glutamine, and 25 mM glucose, pH
7.4. Otherwise, the method was identical to that used in determining phosphate transport
activity and kinetics.
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Western blotting
Rat VSMC were grown to subconfluence, then incubated with insulin 10 nM for 24 hr. Cells
were lysed and sonicated, and protein quantified using the Pierce BCA assay system. Aliquots
of whole lysates were dried in a Speedvac Concentrator (Savant, Holbrook, NY), resuspended
in Laemmli sample buffer, and stored at −20°C until used. Samples were boiled briefly, loaded
for SDS-polyacrylamide gel electrophoresis, and transferred to polyvinylidene fluoride
membranes. Membranes were probed with rabbit polyclonal antibodies specific for type III
sodium-phosphate co-transporter 1 or 2 (Pit-1 or Pit-2, Alpha Diagnostic), then incubated with
goat anti-rabbit polyclonal antibodies conjugated to horseradish peroxidase. Pit-1 or Pit-2
protein was detected using an ECL Plus kit, and quantitative densitometric analysis was
performed on a Bio-Rad Fluor-S MultiImager. Intracellular signaling pathways were examined
by incubating cells with wortmannin 100 nM, PD98059 20 μM, or U0126 20 μM, in the
presence or absence of insulin.

Quantification of Pit-1 and Pit-2 mRNA expression
The abundance of sodium-phosphate (Na/Pi) co-transporter transcripts was determined by real-
time polymerase chain reaction (PCR). Rat VSMC were grown to subconfluence, then
incubated with insulin 10 nM for 3 hr or 24 hr. Total RNA from VSMC monolayers was isolated
with Trizol. One μg RNA per sample was then digested with amplification grade RNase free
DNase, and reverse transcribed with an iScript cDNA Synthesis kit following manufacturer’s
instructions. Specific amplification and quantification of Pit-1 (121 bp length, accession
number NM031148) and Pit-2 (126 bp length, accession number NM017223) transcripts was
done using an iQ Sybr Green Supermix kit in an iCycler iQ Real-Time PCR Detection System
(Bio-Rad). The comparative CT method was used for quantification, with acidic ribosomal
phosphoprotein RNA (Arp, 147 bp length, accession number NM022402) as an endogenous
reference. Primers were designed using Beacon Designer software (Premier Biosoft
International, Palo Alto, CA) with the indicated accession numbers as template sequences:

Pit-1 Upper: 5′-CCGTCAGCAACCAGATCAACTC-3′

Pit-1 Lower: 5′-CCCATGCAGTCTCCCACCTTG-3′

Pit-2 Upper: 5′-CTATTCCAAGAAGAGGCTCCG-3′

Pit-2 Lower: 5′-TCAGGATCGGTCAGCTCAG-3′

Arp Upper: 5′-CACCTTCCCACTGGCTGAA-3′

Arp Lower: 5′-TCCTCCGACTCTTCCTTTGC-3′

Intracellular signaling pathways were examined by incubating VSMC with insulin 10 nM in
the absence or presence of wortmannin 100 nM or PD98059 20 μM.

Quantitative and qualitative determination of VSMC calcification
Rat VSMC were grown to subconfluence, then switched to serum-reduced medium for 24 hr.
Cells were subsequently incubated in serum-reduced medium containing either normal
phosphate (1.014 mM) or high phosphate (2 mM). VSMC were then treated with insulin 10
nM in the presence or absence of intracellular signaling pathway inhibitors wortmannin 100
nM, PD98059 20 μM, or U0126 20 μM. Media and treatments were changed every 24 hr. After
cells in the high phosphate medium-treated group had calcified, cells were washed with 0.9%
NaCl and decalcified with 0.6 N HCl overnight at 4°C. Plates were then scraped to obtain
VSMC lysates. Protein was quantified using the BCA protein assay, and the OCPC method of
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color development with o-cresolphthalein was used to quantify calcium content (in μg/mg
protein).

In a separate set of experiments, an insulin dose-response curve was constructed for VSMC
calcification, in which cells were prepared as described above, then treated with either 25 mM
HEPES buffer as control, or insulin in doses ranging from 0.1 nM to 10 nM. Serum-reduced
high phosphate medium, control buffer and insulin was changed every 24 hr until cells in the
control wells had calcified. VSMC were then processed as described above for calcium
quantitation by OCPC method.

For qualitative staining using alizarin red, VSMC were grown to subconfluence, then switched
to serum-reduced medium and treated as above. Once cells in the high phosphate medium-
treated group had calcified, VSMC were rinsed with water, plates were drained, and 2% alizarin
red solution (pH 4.1) was added. After 30 sec incubation at room temperature, the plates were
rinsed three times with water, and visualized with the 10x objective (total magnification 100×)
of a Zeiss Axiovert 40 microscope using brightfield illumination and an Axiocam HR camera.

LDH assay for total cell lysis
To address whether increased VSMC calcification was due to certain treatments or from
increased cell death, cytotoxicity was determined by measuring LDH enzymatic activity of
cell supernatants. Rat VSMC were cultured and serum-starved as described above. Cells were
then incubated in serum-reduced medium along with either DMSO (control), wortmannin 100
nM, or PD98059 20 μM, or switched to high-phosphate (2 mM phosphate) serum-reduced
medium containing either insulin 10 nM or insulin 10 nM plus wortmannin 100 mM for an
additional 24 hr. VSMC supernatants were then collected, centrifuged to remove cell debris,
and kept at ≤−20°C until further analysis. A Cytotoxicity Detection Kit (LDH) from Roche
Molecular Biochemicals was used to assay for LDH enzymatic activity, since this correlates
with increased numbers of dead or plasma membrane-damaged cells resulting from lysis of
the cells. The results are expressed as the percentage of total LDH activity obtained by lysing
the cells with 1% Triton X-100 in the same assay medium.

Determination of Caspase-3 activity
To further address the question of whether increased cell death was responsible for the
increased VSMC calcification observed with particular treatments, caspase-3 activity, an early
marker of apoptotic cell death, was examined. Rat VSMC were cultured and serum-starved as
described above, then incubated in serum-reduced medium along with either DMSO (control),
wortmannin 100 nM, or PD98059 20 μM, or switched to high-phosphate (2 mM phosphate)
serum-reduced medium containing either insulin 10 nM or insulin 10 nM plus wortmannin 100
mM for an additional 24 hr. VSMC were then trypsinized and centrifuged, and the supernatant
discarded. Cell pellets were kept at ≤−20°C until further analysis. A Caspase-3 Assay Kit by
Sigma (St. Louis, MO) was then used to measure caspase-3 activity. The assay is based on
caspase-3 hydrolysis of a peptide substrate (acetyl-Asp-Glu-Val-Asp p-nitroanilide) which
results in release of a p-nitroaniline moiety. This is detected spectrophotometrically at 405 nm,
and the concentration of p-nitroaniline released from the sample is calculated from this
information. Caspase-3 activity is proportional to p-nitroaniline concentration.

Trypan blue exclusion
Rat VSMC were cultured and serum-starved as described above, then incubated in serum-
reduced medium along with either DMSO (control), wortmannin 100 nM, or PD98059 20
μM, or switched to high-phosphate (2 mM phosphate) serum-reduced medium containing
either insulin 10 nM or insulin 10 nM plus wortmannin 100 mM for an additional 24 hr. Cells
were lifted with trypsin-EDTA, spun down, and cell pellets resuspended in 1 × PBS. Trypan
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blue 0.4% suspension was added. After 5 minutes and before 15 minutes of incubation, cells
excluding (white) or not excluding (blue) trypan blue dye were counted using a hemacytometer.
Five fields were counted for each treatment, and 4 experiments were performed for each
treatment group. Percentage viability of the cells was determined by calculating the number
of white cells divided by the total number (blue + white), and multiplying by 100%.

Statistical Analyses
Results are expressed as mean±SEM of between three and six independent experiments that
were compared using a paired or unpaired t-test or ANOVA as indicated. P values of <0.05
were considered statistically significant. As mentioned in the Methods, the significance of
differences among fits for the effects of insulin on Na/Pi co-transport activity was calculated
with an F-test, using the sum-of-squares and degrees of freedom from the fits. The significances
of the differences between kinetic constants were obtained with a t-test, with p<0.05 considered
statistically significant. Calculations with ANOVA showed the same degree of significance.

EXPERIMENTAL RESULTS
Insulin protects against VSMC calcification

Since medial calcification increases the risk for cardiovascular disease in type 2 diabetes, we
examined whether insulin itself has an effect on VSMC calcification. To address this, rat
VSMC were treated with insulin in serum-reduced normal (1.014 mM) or high (2 mM)
phosphate medium, and the effects on calcification were quantified in mg Ca/mg protein.
Incubation of VSMC with insulin 10 nM in normal phosphate medium did not influence the
VSMC calcification process after 8–10 days of incubation compared with control (Fig. 1A,B;
Fig. 2A). The presence of high phosphate (2 mM) in the medium resulted in increased VSMC
calcification compared with normal phosphate, as expected (Fig. 1C; Fig. 2B). Insulin
attenuated VSMC calcification induced by high phosphate conditions (Fig. 1D; 2B, p<0.05).

We performed a dose-response curve for insulin effects on VSMC calcification and found that
insulin at concentrations as low as 0.1 nM and 1 nM attenuates VSMC calcification by
approximately 20%. Insulin attenuates VSMC calcification maximally at 5 nM (by 33%), and
its effect continues to be significant at 10 nM (Fig. 3).

Since there is selective impairment of the PI 3-kinase signaling pathway as well as
compensatory hyperinsulinemia in vitro, in rodent models of insulin resistance, and in humans
(18–20), we exposed rat VSMC to elevated insulin concentrations while selectively inhibiting
the PI 3-kinase pathway with wortmannin 100 nM. In our in vitro model of insulin resistance,
insulin lost its ability to attenuate VSMC calcification (Fig. 1G; 2B). To find out if the other
major intracellular signaling pathway activated by insulin, the ERK 1/2 MAP kinase pathway,
plays a role in insulin attenuation of VSMC calcification, we selectively inhibited the ERK 1/2
MAP kinase pathway with PD98059 20 μM (Fig. 1H; Fig. 2B) or U0126 20 μM (Fig. 2B)
under high phosphate conditions. We found that inhibiting this pathway also causes insulin to
lose its attenuating effect on VSMC calcification, suggesting a role for ERK 1/2 MAP kinase
signaling in VSMC calcification.

The increased VSMC calcification observed was not due to increased cell lysis
To determine whether the increased VSMC calcification was simply due to increased cell lysis
or cell death, three methods were employed: lactate dehydrogenase (LDH) enzymatic activity,
caspase-3 activity, and trypan blue exclusion. LDH and caspase-3 activity should increase if
there is increased cell lysis or cell death from any cause, and cell death eliminates the ability
of a cell to exclude trypan blue dye. We found that LDH activity was unchanged among the
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different treatment groups (Fig. 4). Caspase 3 activity and trypan blue exclusion confirmed
these results (not shown), with no differences found among treatment groups.

Insulin stimulates VSMC phosphate transport by increasing Vmax, but does not affect calcium
transport

To determine whether insulin attenuation of VSMC calcification is correlated with changes in
V\SMC phosphate transport, we examined whether insulin affects inorganic phosphate (Pi)
transport in VSMC. Rat VSMC were incubated for either 3 hr or 24 hr with insulin 10 nM or
with dimethylsulfoxide (DMSO) as control. As early as 3 hr, insulin caused a 1.4-fold increase
(p<0.01) in sodium-dependent phosphate transport compared with control (Fig. 5A). This
effect of insulin was maintained at 24 hr (Fig. 5B, p<0.05).

Insulin activates two major intracellular signaling pathways: the PI 3-kinase and ERK 1/2 MAP
kinase pathways, so we examined the relative contributions of these pathways to the mechanism
of insulin action on VSMC phosphate transport. Rat VSMC were incubated for either 3 hr or
24 hr with insulin in the presence of either wortmannin 100 nM, a PI 3-kinase pathway inhibitor,
or PD98059 20 μM, an ERK 1/2 MAP kinase pathway inhibitor. Inhibition of the ERK 1/2
MAP kinase pathway abolished insulin’s stimulatory effect on phosphate transport in VSMC
at 3 hr and at 24 hr (Fig. 5A,B). PI 3-kinase pathway inhibition impaired the effect of insulin
at 3 hr (Fig. 5A) but its influence was not statistically significant by 24 hr (Fig. 5B). None of
the inhibitors alone had any effect on phosphate transport (not shown).

To determine the effects of 3 hr treatment with 10 nM insulin on the kinetic characteristics of
phosphate transport systems, michaelian-saturation uptake assays were performed. The data
were fit to an equation containing a saturation component plus a non-saturable, diffusional
member (see Methods). In the presence of NaCl, control vs. insulin treatment fits were
significantly different (F=25.142, p<0.0001). This difference was caused by a 100% increase
in the capacity (Vmax) of phosphate transport in insulin treated cells (Fig. 6A, Table 1). This
effect was strictly dependent on the presence of Na+, because the Vmax and Km of insulin-
stimulated sodium-independent phosphate transport in VSMC was not different from control
(Fig. 6B, Table 1; F test 0.545, p = 0.6541).

The effect of insulin on calcium transport was also examined in VSMC. Insulin had no
measurable influence on 45Ca2+ incorporation at the end of the 30 min uptake assay (not
shown).

Insulin effects on Pit-1 and Pit-2 in VSMC
Type III sodium-phosphate (Na/Pi) co-transporters (Pit-1 and Pit-2) are expressed in VSMC
primary cultures and mediate phosphate transport. To assess whether the effect of insulin on
phosphate transport is due to increased phosphate transporter expression, protein and mRNA
expression of these transporters were examined in the presence or absence of insulin 10 nM.
At 24 hr, insulin induced a small but significant increase in Pit-1 protein (Fig. 7A, 121.3±7.1%
of control, p<0.05). The addition of wortmannin 100 nM did not affect insulin effect on Pit-1
protein. However, ERK 1/2 MAP kinase pathway inhibition with PD98059 20 μM significantly
decreased VSMC Pit-1 protein expression (Fig. 7A, p<0.001 vs. insulin).

Insulin caused a 1.6-fold increase in Pit-2 protein at 24 hr (Fig. 7B, 164.1±19.9% of control,
p<0.05). This was not affected significantly by inhibition of the PI 3-kinase pathway with
wortmannin. However, ERK 1/2 MAP kinase pathway inhibition with either PD98059 or
U0126 20 μM significantly blocked this effect of insulin on Pit-2 protein expression (p<0.05
vs. insulin). None of the inhibitors alone had any effect on Pit-1 or Pit-2 protein expression
(not shown).
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Real-time RT-PCR was used to evaluate mRNA expression. Insulin does not affect Pit-1
mRNA expression at 3 hr (not shown) although it caused a slight increase in Pit-1 mRNA
expression compared with control at 24 hr (Fig. 8A, p<0.01). This effect of insulin at 24 hr
was reduced by PD98059 (p<0.01) but not by wortmannin. Pit-2 mRNA was not affected
significantly by insulin at 3 hr or 24 hr. However, at 24 hr, inhibition of the PI 3-kinase pathway
with wortmannin or the ERK 1/2 MAP kinase pathway with PD98059 significantly decreased
Pit-2 mRNA expression (p<0.05 and p<0.01 respectively vs. insulin, Fig. 8B).

DISCUSSION
The salient observation of this study is that insulin attenuates VSMC calcification induced by
high phosphate conditions. In an in vitro model of insulin resistance in which VSMC are
exposed to elevated insulin concentrations in the presence of selective inhibition of PI 3-kinase
pathway, this beneficial effect of insulin was lost. In an attempt to dissect possible mechanisms
for insulin effect on calcification, we found that insulin induces phosphate transport into
VSMC. Recently, the kinetic and molecular characteristics of phosphate transport in VSMC
have been analyzed in detail, showing that Na-dependent uptake relies exclusively on type III
sodium-dependent phosphate co-transporters Pit-1 and Pit-2 (21). Here, we have demonstrated
that this is due to an increase in capacity but not affinity for phosphate transport, and may be
explained mainly by insulin induction of Pit-2, and to a lesser extent Pit-1.

High ambient phosphate concentrations are known to induce VSMC calcification, a finding
which we confirmed. A postulated mechanism is via activation of intracellular signal
transduction by inorganic phosphate, causing VSMC to switch to a more osteogenic phenotype
and potentiating mineralization of extracellular matrix (22). We found that insulin significantly
attenuated the effect of high phosphate on VSMC calcification. Because medial calcification
is a risk factor for cardiovascular mortality in type 2 diabetes (1–3), we used an in vitro model
of insulin resistance to determine whether insulin’s ability to attenuate VSMC calcification is
affected. In a setting of selective impairment of PI 3-kinase pathway signaling and elevated
insulin concentrations, insulin no longer attenuates VSMC calcification. Two approaches were
used to dissect possible mechanisms for insulin effect on VSMC calcification. One approach
utilized PD98059 to inhibit the other major intracellular signaling pathway activated by insulin,
the ERK 1/2 MAP kinase pathway. This pathway was also demonstrated to be important for
insulin effect to attenuate VSMC calcification, suggesting that intact signaling along both
pathways is important to prevent VSMC calcification. Future studies need to address how
effects of these pathways are balanced in vivo. The effect of insulin on VSMC calcification
has potential implications for calcification in clinical settings of insulin resistance and need to
be explored further in vivo in animal models and in humans.

To further examine possible mechanisms for insulin effect on calcification, we turned to insulin
effects on phosphate transport in VSMC. The ability of insulin to reduce serum phosphate
concentrations and promote the redistribution of phosphate from the circulation into tissues is
well-recognized in clinical medicine (23). The most familiar clinical scenario is the lowering
of serum phosphate during insulin infusion to treat diabetic ketoacidosis (24). We demonstrated
that insulin promotes phosphate transport in VSMC. Our finding that inhibition of the ERK
1/2 MAP kinase pathway but not the PI 3-kinase pathway abolishes the effect of insulin to
stimulate VSMC phosphate transport suggests that in the setting of intact ERK 1/2 MAP kinase
signaling found in insulin resistance, this effect of insulin on phosphate transport is maintained.

Insulin’s effect to stimulate phosphate transport in VSMC is mediated primarily by an increase
in capacity for phosphate transport (Vmax) rather than the affinity for phosphate (Km). The
increase in Vmax suggests an increased expression of active transporters in the plasma
membrane or possibly an increased pool of transporters, but this was not addressed specifically
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in the present study. Type III sodium-dependent phosphate (Na/Pi) co-transporters, Pit-1 and
Pit-2, are found in tissues throughout the body including VSMC (25), while others (types I,
IIa, IIb and IIc) are found in the kidney and other tissues (26), but not in VSMC. We found
that insulin induced modest increases in both Pit-1 and Pit-2 protein expression at 24 hr via
the ERK 1/2 MAP kinase pathway. In contrast, insulin had only a minimal effect on Pit-1
mRNA and no effect on Pit-2 mRNA expression. The stimulatory effect of insulin on phosphate
transport may be partially explained by a transcriptional (Pit-1) and possibly a post-
transcriptional (Pit-2) increase in the protein expression of Pit-1 and Pit-2 Na/Pi co-transporters
via ERK 1/2 MAP kinase pathway signaling. The finding that ERK 1/2 MAP kinase signaling
is important for both insulin induction of phosphate transport and on Pit-1 and Pit-2 expression
suggests that these may be related, and in the setting of insulin resistance, these actions of
insulin are preserved. Our data suggest an association between insulin-mediated decrease in
the extracellular Ca/Pi product and attenuation of calcification, but the roles of intracellular
versus extracellular Ca/Pi product need to be investigated in the future studies.

To exclude the possibility that the increased VSMC calcification we observed was due simply
to increased cell death, we used a variety of techniques including LDH enzyme activity and
caspase-3 enzyme activity, which are increased with cell death, and trypan blue exclusion,
which is decreased with cell death. We found that LDH enzyme activity, caspase-3 activity
and trypan blue exclusion performed with the appropriate positive and negative controls were
not different between control cells and cells incubated with either signaling pathway inhibitors
or high phosphate. These results support the notion that the increased VSMC calcification
observed with pathway inhibitors and with high phosphate medium is not due merely to
decreased VSMC viability. A role for apoptotic bodies in the induction of phosphate-induced
vascular calcification has been reported (27,28) but mechanisms for vascular calcification
independent of apoptosis have also been demonstrated by other investigators.

There is a clear association between increased vascular calcification and increased
cardiovascular mortality in individuals with type 2 diabetes (1–3). Unfortunately, the
mechanisms for increased vascular calcification in diabetes mellitus are unknown. However,
it is known that individuals with insulin resistance develop compensatory hyperinsulinemia in
order to maintain euglycemia. In the setting of insulin resistance, there is selective impairment
of insulin signaling (8,18–20) along the PI 3-kinase pathway which mediates the metabolic
effects of insulin, insulin stimulation of endothelial nitric oxide synthase expression, and
maintenance of VSMC differentiation (9,10,29). These latter potentially anti-atherogenic
properties of insulin are likely to be impaired in the setting of insulin resistance. However,
insulin signaling along the mitogenic ERK 1/2 MAP kinase pathway remains intact in the
setting of metabolic insulin resistance, so hyperinsulinemia could lead to increased signaling
along the ERK 1/2 MAP kinase pathway. Since insulin also has mitogenic and proliferative
effects which are mediated through this pathway (8,9), these effects may be enhanced in the
setting of insulin resistance with concomitant hyperinsulinemia. We employed an in vitro
model of selective insulin signaling in insulin resistance using pharmacologic inhibition of the
PI 3-kinase pathway and ambient elevated insulin conditions (9). The findings in this study
will need to be confirmed in further ex vivo and in vivo studies, particularly since basal PI 3-
kinase activity is not reduced in insulin resistance.

In summary, the key inferences that can be made from these studies are: 1) insulin has a
protective effect against VSMC calcification in high phosphate conditions, but this effect is
lost in the setting of PI 3-kinase pathway impairment, 2) the known effect of insulin to reduce
phosphatemia may be explained in part by increased phosphate transport into peripheral tissues,
and 3) increased phosphate uptake by VSMC does not correlate with increased extracellular
calcification. These observations are potentially quite important because of the selective
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signaling pathway impairment present in individuals with insulin resistance, particularly type
2 diabetes mellitus and the metabolic syndrome.
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Figure 1.
Qualitative alizarin red staining for calcium in rat VSMC. Incubation in normal phosphate
(1.014 mM) medium with A. DMSO or B. insulin, in high (2 mM) phosphate medium with
C. DMSO, D. insulin, E. wortmannin, F. PD98059, G. insulin with wortmannin, or H. insulin
with PD98059 for 8–10 days. A 10x objective was used under brightfield illumination for all
panels (total magnification 100×). Insulin attenuates high phosphate-induced calcification but
not signaling pathway inhibition-induced calcification.
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Figure 2.
VSMC calcification by OCPC method (see Methods) after incubation with DMSO (control,
C) or insulin (I), with or without wortmannin (W), PD98059 (PD), or U0126 (U), in either
normal phosphate (1.014 mM) or high phosphate (2 mM, Pi) medium for 8–10 days(n=5). A.
Insulin alone in normal phosphate medium did not affect VSMC calcification. Wortmannin
and PD98059 each markedly increased VSMC calcification (*p<0.05 vs. I). B. High phosphate
medium increased VSMC calcification markedly while insulin attenuated this (#p<0.05 vs. Pi).
Insulin was unable to protect against calcification induced by high phosphate medium in the
presence of wortmannin, PD98059 or U0126 (**p<0.05 vs. Pi+I).

Low Wang et al. Page 13

Atherosclerosis. Author manuscript; available in PMC 2009 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Insulin dose-response for VSMC calcification in high phosphate (2 mM, Pi) medium for 8–10
days (n=3) by OCPC assay. Results are expressed as %attenuation of calcification. Control
VSMC were incubated in 25 mM HEPES buffer, while dose response consisted of cells
incubated in 0.1 nM, 1 nM, 5 nM or 10 nM insulin. Maximal attenuation of calcification was
achieved with 5 nM insulin (*p<0.05 vs. 5 nM or 10 nM insulin compared with control).
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Figure 4.
Percentage LDH enzyme activity as a measure of cytotoxicity. VSMC supernatants were
assayed for LDH enzyme activity as a measure of cell death after incubation with DMSO as a
control (C), wortmannin (W), PD98059 (PD), or in high (2mM) phosphate medium with (Pi
+I) or without insulin (Pi) or insulin and wortmannin (Pi+I+W). The control treated cells had
1.42% ±0.12 cytotoxicity. All other treatment groups were not significantly different from
control.
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Figure 5.
Effect of insulin on phosphate transport (n=3). Cells were incubated with DMSO (control) or
insulin, with or without wortmannin or PD98059. A. After 3 hr, insulin stimulates sodium-
dependent phosphate transport to 1.4-fold control (#p<0.01). This is inhibited by wortmannin
and PD98059 (**p<0.0001 vs. insulin for each). B. After 24 hr, insulin stimulates sodium-
dependent phosphate transport to 1.5-fold control (#p<0.05). This is inhibited only by PD98059
(*p<0.05 vs. insulin). White bars = uptake in presence of sodium chloride, black bars = uptake
in presence of choline chloride.
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Figure 6.
Insulin effects on phosphate transport kinetics in VSMC in the presence of A. sodium chloride
(inset shows the points at lower Pi concentrations) or B. choline chloride (n=3). Sodium-
phosphate co-transport was measured in response to 0 to 5 mM extracellular phosphate (Pi).
Insulin increases Vmax but not Km (p<0.05 vs. control). Black squares, solid line = insulin;
white squares, dotted line = control.
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Figure 7.
Pit-1 and Pit-2 protein expression by Western blot after 24 hr incubation with DMSO (control)
or insulin, with or without wortmannin, PD98059, or U0126 (n=6). Representative Western
blots showing Pit-1 and Pit-2 bands with β-actin (loading control) above corresponding bars
in graph below. A. Insulin increases Pit-1 protein slightly (21%). Wortmannin had no effect,
but PD98059 reduced Pit-1 protein expression (**p<0.001 vs. insulin). B. Insulin increased
Pit-2 protein to 164% control. However, PD98059 and U0126 in the presence of insulin
decreased Pit-2 protein significantly (**p<0.05 compared with insulin). Wortmannin had no
effect.
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Figure 8.
Pit-1 and Pit-2 mRNA expression by real-time RT-PCR after 24 hr incubation with DMSO
(control) or insulin, with or without wortmannin or PD98059 (n=4). A. Insulin stimulated Pit-1
mRNA to 1.2-fold control (#p<0.01). This was inhibited by PD98059 (**p<0.01 vs. insulin)
but not wortmannin. B. Insulin did not affect Pit-2 mRNA, but wortmannin and PD98059 each
significantly decreased Pit-2 expression (*p<0.05 and **p<0.01 vs. insulin respectively).
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TABLE 1
Sodium-dependent and -independent phosphate transport kinetics in rat VSMC

NaCl Choline Cl

Control Insulin Control Insulin

Vmax(pmol Pi/mg/min) 353.2 ± 93.30 852.6 ± 84.70* 220.2 ± 26.90 176.6 ± 61.50

Km(mM) 0.115 ± 0.039 0.171 ± 0.023 0.079 ± 0.015 0.133 ± 0.059

Kd (pI/mg/min) 178.8 ± 60.90 167.3 ± 27.60 100.9 ± 14.69 134.6 ± 33.79

r 0.9099 0.9640 0.9174 0.8898

Data are expressed as mean ± SEM.

*
p<0.05
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