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Previous studies suggest that high glucose-induced RhoA/
Rho kinase/CPI-17 activation is involved in diabetes-associated
vascular smooth muscle hypercontractility. However, the up-
stream signaling that links high glucose and RhoA/Rho kinase/
CPI-17 activation is unknown. Here we report that calcium-
independent phospholipase A2� (iPLA2�) is required for
high glucose-induced RhoA/Rho kinase/CPI-17 activation
and thereby contributes to diabetes-associated vascular smooth
muscle hypercontractility. We demonstrate that high glucose
increases iPLA2� mRNA, protein, and iPLA2 activity in a time-
dependentmanner. Protein kinaseC is involved in high glucose-
induced iPLA2�proteinup-regulation. Inhibiting iPLA2� activ-
ity with bromoenol lactone or preventing its expression by
genetic deletion abolishes high glucose-induced RhoA/Rho
kinase/CPI-17 activation, and restoring expression of iPLA2�
in iPLA2�-deficient cells also restores high glucose-induced
CPI-17 phosphorylation. Pharmacological and genetic inhi-
bition of 12/15-lipoxygenases has effects on high glucose-in-
duced CPI-17 phosphorylation similar to iPLA2� inhibition.
Moreover, increases in iPLA2 activity and iPLA2� protein
expression are also observed in both type 1 and type 2 diabetic
vasculature. Pharmacological and genetic inhibition of
iPLA2�, but not iPLA2�, diminishes diabetes-associated vas-
cular smooth muscle hypercontractility. In summary, our
results reveal a novel mechanism by which high glucose-in-
duced, protein kinase C-mediated iPLA2� up-regulation acti-
vates the RhoA/Rho kinase/CPI-17 via 12/15-lipoxygenases and
thereby contributes to diabetes-associated vascular smooth
muscle hypercontractility.

The prevalence of diabetes has increased dramatically in
the United States and worldwide. Diabetes-associated
microvascular and macrovascular complications are the

major causes of increased mortality and morbidity in dia-
betic patients (1). It is recognized that abnormal vascular
reactivity, including an increase in vasoconstrictive re-
sponses and/or a decrease in vasodilatory responses, are
present early in diabetes, and this might contribute to the
development of diabetes-associated vascular complications
(2). Although diabetes-associated endothelial and vasodila-
tatory dysfunction has been studied extensively, much less is
known about vascular smooth muscle dysfunction in diabe-
tes, and the molecular mechanisms that underlie endotheli-
um-independent, diabetes-associated vascular smooth mus-
cle hypercontractility are largely unknown.
G-protein-coupled receptor agonists can induce significant

smooth muscle contraction by inhibiting myosin light chain
phosphatase at a given Ca2� concentration by a mechanism
designated “Ca2� sensitization” (3). A small GTP-binding pro-
tein RhoA, its downstream effector Rho kinase (ROCK),2 pro-
tein kinase C (PKC), and CPI-17 (protein kinase C-potentiated
phosphatase inhibitor of 17 kDa) are recognized as four key
participants in Ca2� sensitization of vascular smooth muscle
contraction (4). Importantly, abnormal activation of Ca2� sen-
sitization pathways has been implicated in the pathogenesis of a
wide range of cardiovascular diseases, including vasospasm,
atherosclerosis, ischemia/reperfusion injury, systemic hyper-
tension, pulmonary hypertension, stroke, and heart failure in
both animal models and clinical trials (5). Nonetheless, there is
little information about the role of RhoA/ROCK/CPI-17 in dia-
betes-associated vascular smooth muscle hypercontractility at
present.
Recently, studies from our laboratory (6) and others

(7–10) suggest that an increase in Ca2� sensitization signal-
ing in smooth muscle tissues isolated from type 1 and type 2
diabetic animals is involved in diabetes-associated hyper-
contractility. In particular, we have demonstrated that
CPI-17 is activated by high glucose in primary cultured vas-
cular smooth muscle cells (VSMC) and blood vessels from
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obese and type 2 diabetic db/db mice, and ROCK is the
kinase responsible for high glucose-induced CPI-17 phos-
phorylation and diabetes-associated hypercontractility in
db/db mice (6). However, the upstream signaling pathways
that link exposure to high concentrations of glucose and
activation of RhoA/ROCK/CPI-17 are unknown.
Phospholipases A2 (PLA2) are enzymes that hydrolyze fatty

acid substituents from the sn-2 position of phospholipids, and
their action results in concomitant production of lysophospho-
lipids and free fatty acids. Based upon their cellular location and
the Ca2� requirement for enzymatic activity, PLA2 can be clas-
sified into three groups: secretory PLA2, cytosolic PLA2, and
calcium-independent PLA2 (iPLA2) (11). There is a family of
iPLA2 intracellular enzymes that do not require Ca2� for cata-
lytic activity, and its members include iPLA2�, �, �, �, �, �, and
� (12). Of these, iPLA2� was the first recognized and most
extensively characterized, and it has a ubiquitous tissue distri-
bution and is implicated in several cellular functions (13).
Bromoenol lactone (BEL) is a suicide substrate of iPLA2

inhibitor and has been widely used for inhibiting iPLA2
activity in many cell types and tissues (14). Using this phar-
macological inhibitor, previous studies suggest that iPLA2 is
involved in agonist-induced smooth muscle contraction
(15–17). Although the mechanism by which iPLA2 mediates
smooth muscle contraction remains elusive, Maeda et al.
(18) reported that inhibiting iPLA2 with BEL inhibits throm-
bin-induced ROCK activation in endothelial cells. However,
BEL also inhibits many other cellular enzymes, including
phosphatidic acid phosphohydrolase (19), serine proteases
(20), and serine lipases (21). In addition, BEL inhibits all
iPLA2 isoforms (12). Thus, under physiological conditions,
the mechanism by which iPLA2� mediates smooth muscle
contraction via ROCK has not been established. Moreover, it
is unknown whether iPLA2� is involved in high glucose-in-
duced RhoA/ROCK/CPI-17 activation in VSMC and in dia-
betic vascular smooth muscle hypercontractility.
The current study focuses on the role of iPLA2� in the cal-

cium sensitization of smooth muscle contraction under dia-
betic conditions. In particular, we specifically test the hypoth-
esis that activation of iPLA2� by hyperglycemia results in
RhoA/ROCK/CPI-17 activation and thereby contributes to
diabetes-associated vascular smoothmuscle hypercontractility.

EXPERIMENTAL PROCEDURES

Materials and Animals—The antibodies against iPLA2�,
CPI-17, and phosphorylated CPI-17 (Thr-38) were generated
in our laboratory as described previously (6, 22–24). The
antibodies against PKC�II, RhoA,MYPT1, andphosphorylated
MYPT1 (Thr-853) were purchased from Santa Cruz Biotech
(Santa Cruz, CA). The antibody against phosphorylated
PKC�II (Thr-641) was purchased from Abcam (Cambridge,
MA). The antibody against �-actin was purchased from Cell
Signaling (Danvers, MA). BEL, (R)-BEL, (S)-BEL, 17-octade-
cynoic acid, MK886, baicalein, and luteolin were purchased
fromCayman (AnnArbor,MI). Nordihydroguaiaretic acid and
indomethacin were purchased from Biomol (Plymouth Meet-
ing, PA). Other chemicals were purchased fromSigma-Aldrich.

12-Week-old male C57BL/KsJ db/db mice (db/db�/�) and
age/gender-matched nondiabetic (db/db�/�) C57BL/KsJ con-
trol mice, 8-week-old male and female 12/15-lipoxygenase-
deficient mice, and 4-week-old male C57BL/6 mice were
purchased from Jackson Lab (Bar Harbor, ME). Male Sprague-
Dawley rats were purchased from Harlan (Indianapolis, IN).
The iPLA2�-null mice were generated in the laboratory of Dr.
John Turk, as described elsewhere (25). All of the animals were
housed at an animal care facility at the Medical Center of the
University of Kentucky that is accredited by the American
Association forAccreditation of LaboratoryAnimalCare. All of
the animal protocolswere approved by the InstitutionalAnimal
Care and Use Committee.
To induce diabetes, 300–500-g Sprague-Dawley rats were

induced by intravenous administration of 50 mg/kg of strep-
tozotocin (STZ) or saline as described (26). 7-Week-oldmale
C57BL/6 mice, iPLA2�-null mice, and age- and gender-
matchedwild-typemicewere injected intraperitoneally with 40
mg of STZ or saline/kg of body weight on five consecutive days
as described (27). Blood glucose and body weight were mea-
sured immediately before injection of STZ and at weekly inter-
vals thereafter as described (28). The presence of diabetes was
confirmed by sustained blood glucose values of 300 mg/dl.
Isometric Tension Measurement—Aortic arteries were iso-

lated either from 12-week-old male db/db and gender/age-
matched control mice or STZ mice as well as control mice.
Isometric contractions in endothelium-denuded aortas were
measured by using a “bubble chamber” as described previously
(6, 28).
Primary VSMC Culture—The procedure for isolation and

culture of primary VSMC from male Sprague-Dawley rats,
iPLA2�- or 12/15 lipoxygenase-null mice, and wild-type mice
was described previously (6, 22–24).
Real Time PCR—The primers for iPLA2�, 5-LO, platelet-

type 12-LO, and leukocyte-type 12 were described in the sup-
plemental materials. The procedure for real time PCR was
described previously (22, 28).
Western Blot Analysis—After various treatments as indicated

in the text, the cellswere frozenwith liquid nitrogen and subject
to Western blot as described (6, 22–24).
iPLA2Assay—iPLA2 activity wasmeasured by an iPLA2 assay

kit (Cayman, Ann Arbor, MI) under a Ca2�-free condition as
described (22, 29).
[3H]AA Release—The method to label VSMC with [3H]AA

andmeasure [3H]AA release and cellular [3H]phospholipid was
performed as described (15, 30).
Measurement of Lipoxygenase Product 15(S)-HETE—The

15(S)-HETE in the supernatants of rat VSMC was extracted by
C18 reverse phase columns (VWR,WestChester, PA) andmea-
sured by a specific 15(S)-HETE enzyme immunoassay kit
(Assay Designs, Ann Arbor, MI) following the manufacturer’s
instructions.
iPLA2� Adenovirus—The procedure of iPLA2� adenovirus

generation, purification, and infection has been described pre-
viously (6, 15, 22–24).
Statistical Analysis—The data are expressed as the means �

S.E. Statistical analyses were performed by using an unpaired t
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test or analysis of variance (GraphPad, Prim 4) and appropriate
post-hoc analyses.

RESULTS

iPLA2� Is Activated by High Glucose—To explore the
potential role of iPLA2� in diabetic vasculopathy, we first
determined whether high concentrations of glucose activate
and/or up-regulate iPLA2� in primary cultured rat VSMC.

We observed that high glucose significantly increased
iPLA2� mRNA (Fig. 1, A and B), protein expression (Fig. 1, C
and D), and iPLA2 activity (Fig. 1E) in a time-dependent
manner. In contrast, high glucose did not change cytosolic
PLA2� protein expression (supplemental Fig. S1). Moreover,
the same concentration of mannitol did not affect iPLA2�
mRNA (Fig. 1, A and B), protein expression (Fig. 1, C and D),
and iPLA2 activity (Fig. 1E), indicating that hyperosmolar-

FIGURE 1. High glucose increases iPLA2� mRNA, protein expression, and enzymatic activity in a time-dependent manner. 70 – 80% confluent rat (A–E)
or mouse (F) aortic VSMC were incubated in 10% FBS medium containing NG (5.5 mM), HG (25 mM), or mannitol (Mann, 5.5 mM glucose plus 19.5 mM mannitol)
for various time periods as indicated. The medium was changed every 12 h. A, a representative DNA acrylamide gel of real time PCR products (NTC, no template
control). B, summary of data shown in A; C, a representative Western blot of iPLA2� and �-actin; D, summary of data of shown in C; E, summary of data of iPLA2
assay in rat VSMC; F, summary of data of iPLA2 assay in mouse VSMC. Each experiment was repeated at least three times. *, p � 0.05; **, p � 0.01; ***, p � 0.001
versus NG. NS, not significant versus iPLA2�-KO/NG/6 h or iPLA2�-KO/HG/1 h.
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ity is not responsible for high glucose-induced iPLA2�
up-regulation/activation.
The assay used in Fig. 1Emeasures overall iPLA2 activity (22,

29). The temporal correlation between high glucose-induced
iPLA2� protein expression and iPLA2 activity at 1, 6, 12, and
72 h indicates that the increase in iPLA2 activity observed in Fig.
1E may be attributable to iPLA2�. To test this possibility, we
conducted similar studies with VSMC from iPLA2�-null and
WT mice (22). Fig. 1F illustrates that high glucose-stimulated
iPLA2 activity in mouse VSMC, as it did in rat VSMC (Fig. 1E),
but high glucose failed to significantly stimulate iPLA2 activ-
ity in iPLA2�-deficient mouse VSMC. This suggests that the

high glucose-induced increase in
VSMC iPLA2 activity primarily
results from iPLA2�.
PKC Is Involved in High Glucose-

induced iPLA2� Protein Up-re-
gulation—It is well recognized
that PKC�II is activated by high
glucose and plays an important
role in diabetic vascular complica-
tions (31). To investigate whether
iPLA2� is involved in high glu-
cose-induced PKC�II activation,
we determined the effect of ge-
netic deletion of iPLA2� or its
inhibition by BEL on high glucose-
induced PKC�II activation. BEL is
a suicide substrate that selectively
inhibits iPLA2 at concentrations
that have little effect on secretory
or cytosolic PLA2 activities (32).
PKC�II activation was determined
by Western blotting using a phos-
pho-specific antibody that recog-
nizes PKC�II phosphorylation
(33). We found that neither inhib-
iting iPLA2 with BEL (Fig. 2, A and
B) nor genetic deletion of iPLA2�
(Fig. 2, C and D) affected high
glucose-induced PKC�II activa-
tion, suggesting that PKC�II is not
downstream of iPLA2� in the re-
sponse to high glucose stimulation.
We then tested whether PKC�II

is involved in high glucose-induced
iPLA2� activation. The cells were
incubated with high glucose in the
presence of GF109203X, which in-
hibits both conventional and novel
PKCs including PKC�II. Surpris-
ingly, GF109203X abolished high
glucose-induced iPLA2� protein
up-regulation (Fig. 2, E and F), indi-
cating that PKC is involved in such
up-regulation.
iPLA2� Is Required for High Glu-

cose-induced CPI-17 Phosphor-
ylation—To investigate whether iPLA2� plays a role in high
glucose-induced CPI-17 phosphorylation, we determined
whether inhibiting iPLA2 with BEL blocks high glucose-in-
duced CPI-17 phosphorylation. Fig. 3 (A and B) illustrates that,
in rat VSMC, BEL abolished the high glucose-induced increase
in CPI-17 phosphorylation without affecting the total CPI-17
protein expression or basal CPI-17 phosphorylation. Similar
results were also obtained from human VSMC (supplemental
Fig. S2).
In addition to inhibiting iPLA2�, BEL also inhibits other iPLA2

familymembers andavarietyof other enzymes (11).Todetermine
whether the inhibition of high glucose-inducedCPI-17 phosphor-

FIGURE 2. BEL inhibition or genetic deletion of iPLA2� does not affect high glucose-induced PKC�II
phosphorylation, whereas inhibition of PKC attenuates high glucose-induced iPLA2� protein up-regu-
lation. 70 – 80% confluent rat (A, B, E, and F) and mouse (C and D) aortic VSMC were incubated with 10% FBS
medium containing NG or HG in the presence of BEL (3 �M) for 24 h (A and B), GF109203X (GF, 3 �M) for 12 h (E
and F), and vehicle (Veh, Me2SO), respectively. A, C, and E, representative Western blots of iPLA2�, total PKC�II
(PKC�II-T), and phosphorylated PKC�II (PKC�II-P); B, D, and F, summary of data shown in A, C, and E, respec-
tively. Each experiment was repeated at least three times. ***, p � 0.001 versus NG/vehicle in B, NG/WT in D, and
NG/vehicle in F; ###, p � 0.001 versus NG/vehicle in B, NG/WT in D, and HG/vehicle in F; NS, not significant,
HG/vehicle versus HG/BEL in B; HG/WT versus HG/KO in D.
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ylation by BEL is attributable to inhibition of iPLA2�, we deter-
minedwhether genetic deletion of iPLA2� inmouse aorticVSMC
affects high glucose-induced CPI-17 phosphorylation. Fig. 3 (C
andD) illustrates that genetic deletion of iPLA2� diminished high
glucose-induced CPI-17 phosphorylation without affecting total
CPI-17 protein expression and basal CPI-17 phosphorylation, and
this closely mimics the effects of BEL.
To examine further the requirement for iPLA2� in high

glucose-induced CPI-17 phosphorylation, we determined
whether restoration of iPLA2� expression in iPLA2�-defi-
cient VSMC by tetracycline-inducible, adenovirus-mediated
gene transfer would also restore high glucose-induced CPI-17
phosphorylation. Fig. 3 (E and F) illustrates that expressing

iPLA2� in iPLA2�-deficient VSMC
almost completely restored high
glucose-induced CPI-17 phosphor-
ylation. Notably, a double band in
phosphor-CPI-17 blot was observed
in Fig. 3E, although its identity is
currently not known. Importantly,
neither adenovirus (in the absence
of DOX; Fig. 3, E and F) nor doxycy-
cline alone (data not shown) re-
stored high glucose-inducedCPI-17
phosphorylation.
12/15-Lipoxygenases Are Involved

in High Glucose-induced CPI-17
Phosphorylation—The products of
iPLA2 action on phospholipid sub-
strates are a free fatty acid, e.g. AA,
and a 2-lysophospholipid, e.g. LPC.
AA can be further metabolized to
a variety of biologically active eico-
sanoids via LO, cyclooxygenases
(COX), and cytochrome P450-de-
pendent monooxygenases (CytP450)
(34). To determine whether AA
and/or its metabolites are involved
in high glucose-induced CPI-17
phosphorylation, we first deter-
mined whether high concentrations
of glucose induce AA release and
whether this is affected by inhibi-
tion of iPLA2�. Fig. 4A illustrates
that high glucose markedly stimu-
lated AA release from wild-type
mouse VSMC and that such release
was abolished in iPLA2�-null cells.
To determine which AAmetabo-

lites are involved in high glucose-in-
duced CPI-17 phosphorylation, rat
VSMC were incubated with high
glucose in the presence of the LO
inhibitor nordihydroguaiaretic acid
(NDGA) (22), the COX inhibitor
indomethacin (28), or the CytP450
inhibitor 17-octadecynoic acid (35),
respectively. Fig. 4B and supple-

mental Fig. S3 illustrate that high glucose-induced CPI-17
phosphorylation was prevented by NDGA but unaffected by
indomethacin or 17-octadecynoic acid. This suggests that LO
enzyme(s) are involved in high glucose-induced CPI-17 phos-
phorylation but that COX and CytP450 are not.
Various LO(s) exhibit regiospecificity for oxygenation of AA

at the 5-, 8-, 12-, or 15- positions, and these enzymes have been
implicated in the pathogenesis of cardiovascular diseases (34).
To determine which LO(s) are expressed in VSMC, we per-
formed quantitative reverse transcription-PCR using primers
that specifically recognize rat 5-LO, rat leukocyte-type 12-LO,
and rat platelet-type 12-LO. Fig. 4C shows that all three LO
mRNAs are expressed in rat VSMC.

FIGURE 3. BEL inhibition or genetic deletion of iPLA2� abolishes high glucose-induced CPI-17 phosphor-
ylation, whereas reconstitution of iPLA2� in iPLA2�-deficient VSMC restores it. 70 – 80% confluent VSMC
were incubated with FBS-free medium containing NG for 24 – 48 h. Quiescent rat (A and B), mouse WT or
iPLA2�-deficient (iPLA2� KO) aortic VSMC (C and D), and iPLA2� adenovirus-infected mouse iPLA2�-KO VSMC (E
and F) were incubated with 10% FBS medium containing NG or HG in the presence of BEL (3 �M) or vehicle (Veh,
Me2SO) for 48 h. iPLA2� adenoviral expression was induced by doxycycline (1 �g/ml). A, C, and E, representative
Western blots Western blots of total CPI-17 (CPI-17-T) and phosphorylated CPI-17 (CPI-17-P). B, D, and F, sum-
mary of data shown in A, C, and E, respectively. Each experiment was repeated at least four times. ***, p � 0.001
versus NG/vehicle in B, WT/NG in D, and WT/NG in F; ##, p � 0.01 versus iPLA2�-KO/NG in F; ###, p � 0.001 versus
HG/vehicle in B and WT/HG in D; NS, not significant, versus NG/vehicle and HG/BEL in B, WT/NG and iPLA2�-
KO/HG in D, and iPLA2�-KO/NG in F.
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To determine which LO(s) might be involved in high glu-
cose-induced CPI-17 phosphorylation, we then incubated rat
VSMC with high glucose in the presence of MK886 (a 5-LO
inhibitor), baicalein (a 12-LO inhibitor), and luteolin (a 15-LO
inhibitor), respectively, as described (22). We observed that
luteolin diminished high glucose-induced CPI-17 phosphory-
lation (Fig. 4D and supplemental Fig. S4) but that MK886 and
baicalein did not.
To determine whether luteolin and NDGA inhibit 15-LO

and thereby inhibit high glucose-induced CPI-17 phosphoryla-
tion, we measured 15(S)-HETE, which is a product of rat leu-
kocyte-type 12-LO. That enzyme is highly related to human
and rabbit 15-LO, is distinct from rat platelet-type 12-LO, and
is known to form both 12(S)-HETE and 15(S)-HETE (36). Fig.
4E illustrates that high concentrations of glucose stimulated

15(S)-HETE release and that such
release was abolished by luteolin
and NDGA in rat VSMC.
The potential role of 12/15-LO in

high glucose-induced CPI-17 phos-
phorylation was further examined
in VSMC from 12/15-LO-null mice.
Fig. 4F and supplemental Fig. S5
illustrate that genetic deletion of
12/15-LO abolished high glucose-
induced CPI-17 phosphorylation
without affecting total CPI-17 pro-
tein expression or basal CPI-17
phosphorylation. This indicates that
12/15-LOs are involved in high glu-
cose-inducedCPI-17 phosphorylation.
iPLA2� Is Required for High Glu-

cose-induced ROCK and RhoA
Activation—We recently reported
that activation of ROCK by high
glucose is responsible for high
glucose-induced CPI-17 phosphor-
ylation in VSMC (6). This raises
the possibility that ROCK might
link iPLA2� action and CPI-17
phosphorylation in the presence of
high concentrations of glucose. To
test this possibility, we determined
whether inhibiting iPLA2� product
generation by BEL or genetic dele-
tion affects high glucose-induced
ROCK activation. ROCK activation
was determined by Western blot-
ting using a phospho-specific anti-
body that selectively recognizes
myosin phosphatase target subunit
phosphorylationatThr-853(MYPT1-
P), a site phosphorylated exclusively
by ROCK (37).We found that inhib-
iting iPLA2� with BEL (Fig. 5,A and
B) or genetic deletion of iPLA2�
(Fig. 5, C and D) markedly dimin-
ished high glucose-induced ROCK

activation without significantly affecting basal ROCK activity
or total ROCK protein expression.
It has been demonstrated previously that RhoA activation by

high glucose leads to ROCK activation in VSMC (6).Moreover,
the free fatty acid AA, which can be liberated by iPLA2� action,
stimulates ROCK in a RhoA-independent manner (38). Thus,
both RhoA-dependent and RhoA-independent mechanisms
could participate in high glucose-induced, iPLA2�-mediated
ROCK activation. To distinguish which mechanism is respon-
sible for iPLA2�-mediated ROCK activation, we determined
the effects on RhoA activation of inhibiting iPLA2�with BEL or
genetic deletion of iPLA2�. RhoA activationwas determined by
a standard pulldown assay in which the GTP-bound, active
form of RhoA is selectively captured (6). Fig. 6 illustrates that
inhibiting iPLA2�with BEL (Fig. 6,A and B) or genetic deletion

FIGURE 4. 12/15-Lipoxygenases(s) are selectively involved in high glucose-induced CPI-17 phosphory-
lation. A, 70 – 80% confluent mouse WT and iPLA2�-deficient VSMC were labeled with [3H]AA and then incu-
bated with NG or HG for 6 h. The medium [3H]AA and cellular [3H]phospholipids were analyzed by thin layer
chromatography and quantified by liquid scintillation spectrometry. B, D, E, and F, quiescent rat (B, D, and E) and
mouse (F) aortic VSMC were incubated with NG or HG for 24 h (E) or 48 h (B, D, and F) in the presence of vehicle
(Veh, Me2SO), NDGA (30 �M), indomethacin (Indo, 50 �M),17-octadecynoic acid (ODA, 10 �M), MK886 (MK, 1 �M),
baicalein (Bai, 10 �M), and luteolin (Lut, 50 �M), respectively. Phosphorylated CPI-17 (CPI-17-P) and total CPI-17
(CPI-17-T) were determined by Western blot (B, D, and F). The medium 15(S)-HETE was measured by a specific
15(S)-HETE EIA Kit (E). C, LO isoform expressions were determined by real time PCR in rat VSMC. The results are
expressed as the means � S.E. from three experiments. **, p � 0.01 versus WT/NG in A versus NG/vehicle in E.
***, p � 0.001 versus NG/vehicle in E. ###, p � 0.001 versus WT/HG in A and HG/vehicle in E.
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of iPLA2� (Fig. 6, C and D) abolished high glucose-induced
RhoA activation. Interestingly, inhibiting iPLA2� affected nei-
ther basal RhoA activation nor the total RhoA protein expres-
sion level.

iPLA2� Is Activated in Aorta Isolated fromDiabeticMice and
Involved in Diabetes-associated Vascular Smooth Muscle
Hypercontractility—To further explore the in vivo significance
of iPLA2� up-regulation/activation in diabetic vascular dys-
function, we isolated aortae and mesenteric arteries by
describedmethods (6, 15, 28) frommice or rats in which diabe-
tes mellitus had been induced by STZ treatment (a model of
type 1 diabetes mellitus) or from db/dbmice (a model of type 2
diabetes mellitus). Fig. 7 (A and B) illustrates that iPLA2 activ-
ities were significantly higher in aortic vascular smooth muscle
tissue isolated from STZmice (Fig. 7A) or db/dbmice (Fig. 7B)

FIGURE 5. BEL inhibition or genetic deletion of iPLA2� diminishes high
glucose-induced MYPT1 Thr-853 phosphorylation. Quiescent rat (A and B)
or mouse WT or iPLA2�-KO aortic VSMC (C and D) were incubated with 10%
FBS medium containing NG or HG in the presence or absence of BEL (3 �M) or
vehicle (Veh, Me2SO) for 48 h. A and C, representative Western blots of total
MYPT1 (MYPT1-T) and phosphorylated MYPT1 (MYPT1-P). B and D, summary
of data shown in A and C, respectively. Each experiment was repeated at least
three times. **, p � 0.01 versus NG/vehicle in B and WT/NG in D; ###, p � 0.001
versus HG/vehicle in B and WT/HG in D; NS, not significant, versus NG/vehicle
and HG/BEL in B and WT/NG or iPLA2�-KO/HG in D.

FIGURE 6. BEL inhibition or genetic deletion of iPLA2� alleviates high
glucose-induced RhoA activation. Quiescent rat (A and B), mouse WT, or
iPLA2�-KO (KO) aortic VSMC (C and D) were incubated with 10% FBS
medium containing NG or HG in the presence of BEL (3 �M) or vehicle (Veh,
Me2SO) for 48 h. A and C, representative Western blots of total RhoA and
GTP-bound RhoA (GTP RhoA). B and D, summary of data shown in A and C,
respectively. Each experiment was repeated at least three times. ***, p �
0.001 versus NG/vehicle in B or NG/WT in D; ###, p � 0.001 versus HG/vehicle
in B or HG/WT in D; NS, not significant, versus NG/vehicle and HG/BEL in B or
NG/WT and HG/KO in D.
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compared with nondiabetic controls. Moreover, iPLA2� pro-
tein expression was also significantly higher in STZ rat aorta
(Fig. 7C and supplemental Fig. S6A) andmesenteric artery (Fig. 7D
and supplemental Fig. S6B) compared with nondiabetic controls.

The potential role of iPLA2� in diabetes-associated vascular
functional abnormalities was then investigated. Consistent
with previous reports by us (6, 28) and others (2), contractile
responses to serotonin (5-HT; Fig. 7E) in db/dbmouse thoracic
aorta and to phenylephrine (PE) in STZmouse abdominal aorta

(Fig. 7G) were significantly greater
than those of vessels from nondia-
betic control mice. Moreover, a sig-
nificant increase in Ca2� sensitiza-
tion of vascular smooth muscle
contraction was also observed in
db/dbmousemesenteric artery (Fig.
7F), as reported in aorta from STZ
mice (10). The reason that we used
different tissue preparations (tho-
racic aorta in db/db mice versus
abdominal aorta in STZ mice) and
different contractile stimuli (5-HT
in thoracic aorta versus PE in
abdominal aorta) is that thoracic
aorta has much larger contractile
response to 5-HT than PE, but
abdominal aorta has much larger
contractile response to PE than
5-HT, as described previously (28).
Importantly, pretreatment of db/db
mouse thoracic aortic tissues with
BEL (Fig. 7E) or abdominal aortae
from STZmice with (S)-BEL (which
selectively inhibits iPLA2� (39); Fig.
7G) abolished diabetes-associated
vascular smooth muscle hypercon-
tractility. Interestingly, pretreat-
ment of mouse abdominal aortae
with (R)-BEL (which selectively
inhibits iPLA2�) (39) did not affect
diabetes-associated vascular smooth
muscle hypercontractility (Fig. 7G).
The potential role of iPLA2� in

diabetes-associated vascular func-
tional abnormalities was also exam-
ined in abdominal aortae isolated
fromSTZ-treated iPLA2�-nullmice
and their WT littermates. Fig. 7H
illustrates that PE-induced diabetes-
associated vascular smooth muscle
hypercontractility was reduced in
iPLA2�-null mice compared with
that inWTmice.

DISCUSSION

The current study, to the best of
our knowledge, has several novel
findings. First, we illustrate that

high glucose is sufficient to induce increases in iPLA2� mRNA
and protein expressions and iPLA2 enzymatic activity, and PKC
is involved in high glucose-induced iPLA2� protein up-regula-
tion. Second, we demonstrate that iPLA2� plays an essential
role in high glucose-induced RhoA/ROCK/CPI-17 activation.
Third, we identified 12/15-LOs as downstream iPLA2� effec-
tors in high glucose-induced CPI-17 phosphorylation. Fourth,
we show that iPLA2 enzymatic activity and iPLA2� protein
expression are increased in aorta and mesenteric arteries iso-

FIGURE 7. iPLA2� is activated in the diabetic vessel wall and is involved in diabetes-associated vascular
smooth muscle hypercontractility. Aorta and/or mesentery artery were isolated from db/db and C57BL/KsJ
control mice or STZ and C57BL/6J control mice or rats (Sprague-Dawley). A and B, summary of data of iPLA2
assays. C and D, representative Western blots of iPLA2� and �-actin. E–H, summary of data for isometric tension
measurement. Intact thoracic aorta (E), �-toxin permeabilized mesenteric artery (F), and intact abdominal aorta
(G and H) were incubated with BEL (10 �M, 30 min), Y-27632 (10 �M), (R)-BEL or (S)-BEL (each 10 �M, 60 min), or
vehicle (Veh, Me2SO) for 60 min, respectively, prior to 5-HT (1 �M), GTP�S (50 �M), and PE (10 �M) stimulation,
respectively. Each experiment was repeated at least three times. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus
control in A, B, E, F, and G and WT/control in H; ##, p � 0.01; ###, p � 0.001 versus vehicle in E and F; NS, not
significant, in G (vehicle versus (R)-BEL) and in H (iPLA2�-KO/control versus iPLA2�-KO/STZ).
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lated from type 1 and type 2 diabetic animal models. Fifth, we
illustrate that iPLA2� but not iPLA2� is involved in diabetes-
associated vascular smooth muscle hypercontractility.
CPI-17 is an endogenous myosin phosphatase-inhibitory

protein that is primarily expressed in VSMC and is recognized
to participate in Ca2� sensitization of smooth muscle contrac-
tion (4). Phosphorylation of Thr-38 in CPI-17 increases its
phosphatase inhibitory potency by over 1,000-fold (40). By
using a Thr-38 phospho-specific antibody, we have recently
reported that both G-protein-coupled receptor agonists and
high glucose can stimulate CPI-17 phosphorylation via RhoA/
ROCK but that the time courses of these responses differ
greatly. G-protein-coupled receptor agonists, such as thrombin
and U46619, cause rapid CPI-17 phosphorylation via RhoA/
ROCKwithin minutes of stimulation (23–24), but high glucose
induces CPI-17 phosphorylation via RhoA/ROCK after a delay
of 24–48h (6). Thus, differentmolecularmechanisms are likely
to mediate G-protein-coupled receptor agonist- and high glu-
cose-induced activation of RhoA/ROCK/CPI-17. The 24–48-h
delay in high glucose-induced CPI-17 phosphorylation sug-
gests involvement of a relatively slow cellular process such as
protein synthesis, but the molecular identities of proteins that
might link high glucose and activation of RhoA/ROCK/CPI-17
phosphorylation have not yet been established. One of the
major novel findings from the current study is that we have
identified iPLA2� as a molecular linkage between high glucose
and CPI-17 phosphorylation via RhoA/ROCK.
Several lines of evidence from the current study suggest the

involvement of iPLA2� in high glucose-induced RhoA/ROCK/
CPI-17 activation. First, activation of iPLA2� by high glucose
precedes CPI-17 phosphorylation. High glucose-induced
iPLA2� up-regulation was first observed after 6 h and achieved
maximal levels after about 12 h. In contrast, high glucose-
induced CPI-17 phosphorylation occurred after 24 h and
achieved maximal levels after 48 h (6). Second, inhibiting
iPLA2� by BEL or genetic deletion abolishes RhoA/ROCK/
CPI-17 activation by high glucose. Third, restoring expression
of iPLA2� in iPLA2�-deficient cells also restores high glucose-
induced CPI-17 phosphorylation.
Products of iPLA2� action include 2-lysophospholipids and

free fatty acids, such asAA,which can be rapidlymetabolized to
a variety of mediators by LO, COX, and CytP450 to a host of
bioactive eicosanoids (34). AA is recognized to participate in
Ca2� sensitization of smooth muscle contraction (38, 41, 42),
but it is not yet clear whether AA itself, its metabolites, or both
are involved in such effects. Our studies here demonstrate for
the first time that high glucose-induced AA release is largely
mediated by iPLA2� and that pharmacologic inhibition or
genetic deletion of 12/15-LO isozymes blocks high glucose-in-
ducedCPI-17 phosphorylation.Moreover, suppression ofCOX
or CytP450 product generation fails to block such phosphory-
lation. 12/15-LO has been implicated previously in the patho-
genesis of diabetic vasculopathies (34). Our results suggest that
12/15-LO may link iPLA2� and RhoA/ROCK/CPI-17 when
cells are exposed to high concentrations of glucose. In agree-
ment with this notion, the action of 12/15-LO is recognized to
mediate monocyte adhesion to aortic endothelium through
activation of RhoA (43). It will be of interest to determine

whether high glucose-induced, iPLA2�-mediated RhoA activa-
tion also occurs via 12/15-LO in VSMC.
It remains unclear how the catalytic activity of 12/15-li-

poxygenase may activate the RhoA/Rho kinase/CPI-17. We
attempted to use 12(S)-HETE and/or 15(S)-HETE to restore
high glucose-induced CPI-17 phosphorylation in 12/15-LO-
deficient mouse VSMC, but the effort was unsuccessful (data
not shown). It is possible that the LO metabolites responsible
for high glucose-induced CPI-17 phosphorylation could be
compounds (e.g. 12(S)- and 15(S)-HPETE) other than 12(S)- or
15(S)-HETE. It is also possible that the action of 12/15-LO on
AA released by iPLA2�might be required, but not sufficient, for
high glucose-induced CPI-17 phosphorylation. Alternatively,
exogenous 12(S)- and 15(S)-HETE may not fully recapitulate
endogenous 12(S)- and 15(S)-HETE action in high glucose-in-
duced CPI-17 phosphorylation because endogenously pro-
duced and exogenously added 12(S)- and 15(S)-HETE might
penetrate different intracellular compartments and/or achieve
different local concentrations at the relevant site(s) of action.
Further studies are required to address these issues.
Of particular interest is the participation of PKC in high glu-

cose-induced CPI-17 phosphorylation.We previously reported
that inhibiting PKCwith GF109203X for 30min did not inhibit
high glucose-induced CPI-17 phosphorylation, and this indi-
cates that PKC does not directly phosphorylate CPI-17 (6).
Interestingly, when GF109203X was introduced simulta-
neously with high concentrations of glucose in themedium and
incubation was continued for 48 h, RhoA and ROCK activation
was reduced, aswasCPI-17 phosphorylation. This suggests that
PKC is involved in the up-regulation of protein(s) required for
high glucose-induced RhoA/ROCK/CPI-17 activation (6). The
results described here identify iPLA2� as a protein whose
expression is up-regulated in the presence of high concentra-
tions of glucose in amanner that depends on PKC activity. This
is consistent with previous reports that PKC mediates iPLA2-
mediated AA release in macrophage-like P388D1 cells (44),
endothelial cells (45), and cardiomyocytes (46). Nonetheless, it
is not yet clear which isoform of PKC is involved in the up-reg-
ulation of iPLA2�, because GF109203X inhibits several PKC
isoforms.
It also remains unclear how activation of PKC by high glu-

cose up-regulates expression of iPLA2�. It has been reported
that sterol regulatory element-binding protein, a transcription
factor, binds to iPLA2� promoter for suppressing iPLA2�
mRNA expression (47). It has also been reported that PKC can
directly phosphorylate histone H3 in low density lipoprotein
receptor promoter (48). PKC has also been reported to be
involved in phosphorylation of histone H3 associated with the
TBX2 promoter in a sequence that also involves action ofmito-
gen- and stress-activated kinase 1 (49). However, whether these
mechanisms are involved in high glucose-induced and PKC-
mediated iPLA2� transcriptional up-regulation is not yet
known and needs to be addressed in future studies.
Using adenovirus-mediated gene transfer, we have previ-

ously demonstrated that overexpressing iPLA2� in the mouse
portal vein potentiates 5-HT-induced contraction (15). Con-
sistent with that finding, it has been demonstrated that inhibit-
ing iPLA2 with BEL inhibits agonist-induced smooth muscle
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contraction in various blood vessels that include rabbit portal
veins (15), rabbit carotid artery (16), rat basilar artery (17), and
mouse cerebral and mesenteric arteries (16). Whether iPLA2�
participates in diabetes-associated vascular smooth muscle
hypercontractility is not yet known, but we demonstrate here
that iPLA2 activity and iPLA2�protein expression are increased
in aortae andmesentery arteries isolated from animal models
of type 1 (STZmice or rats) and type 2 (db/dbmice) diabetes.
Moreover, we demonstrate that inhibiting iPLA2� with (S)-
BEL, which preferentially inhibits iPLA2� over iPLA2�, or
by genetic deletion attenuates diabetes-associated vascular
smooth muscle hypercontractility.
Various vascular cells can potentially contribute to the

observed iPLA2� up-regulation in diabetic blood vessels, but
we demonstrate here that iPLA2� up-regulation does occur in
VSMC. Interestingly, there is a clear difference in the time
course of iPLA2�mRNAand protein up-regulation. Transcrip-
tional regulation, mRNA stability, and translational control
might account for this difference. These potential mechanisms
need to be investigated in future studies.
The inhibition on the vascular smoothmuscle hypercontrac-

tility by genetic deletion of iPLA2� is less complete than that
achieved with BEL. The underlying mechanism that accounts
for this difference is not yet known, but it might reflect com-
pensatory overexpression of other iPLA2 members in the

iPLA2� knock-outmice. In support of this possibility, we found
that iPLA2� and iPLA2	 mRNA levels were dramatically
increased in VSMC from iPLA2�-null mice by �12- and �22-
fold (data not shown). Interestingly, Moon et al. (30) have
reported that iPLA2� and cytosolic PLA2� are up-regulated in
iPLA2�-deficient VSMC and suggested that this is likely to
occur to compensate for the loss of iPLA2� activity in the reg-
ulation of Ca2� entry.

In summary, our results demonstrate that iPLA2� is acti-
vated in the vasculature of animal models of type 1 and type 2
diabetes and in primary cultured VSMC incubated with high
concentrations of glucose. Fig. 8 illustrates a model that inte-
grates our findings and outlines the sequence of events in a
pathway by which high concentrations of glucose result in vas-
cular smooth muscle hypercontractility. These events include
activation of PKC, which results in up-regulation of iPLA2�
expression that leads to activation of RhoA/Rho kinase/CPI-17
signaling in a manner that requires 12/15-lipoxygenase action.
These processesmay contribute to diabetes-associated vascular
smooth muscle hypercontractility, and our findings suggest
that iPLA2� is a potential novel therapeutic target for prevent-
ing and/or treating diabetes-associated cardiovascular disease.
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