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Prior studies have implicated accumulation of ceramide
in blood vessels as a basis for vascular dysfunction in
diet-induced obesity via a mechanism involving type
2 protein phosphatase (PP2A) dephosphorylation of
endothelial nitric oxide synthase (eNOS). The current
study sought to elucidate the mechanisms linking
ceramide accumulation with PP2A activation and de-
termine whether pharmacological inhibition of PP2A in
vivo normalizes obesity-associated vascular dysfunc-
tion and limits the severity of hypertension. We show in
endothelial cells that ceramide associates with the
inhibitor 2 of PP2A (I2PP2A) in the cytosol, which
disrupts the association of 12PP2A with PP2A leading
to its translocation to the plasma membrane. The
increased association between PP2A and eNOS at
the plasma membrane promotes dissociation of an
Akt-Hsp90-eNOS complex that is required for eNOS phos-
phorylation and activation. A novel small-molecule inhib-
itor of PP2A attenuated PP2A activation, prevented
disruption of the Akt-Hsp90-eNOS complex in the vascula-
ture, preserved arterial function, and maintained normal
blood pressure in obese mice. These findings reveal a novel
mechanism whereby ceramide initiates PP2A colocalization
with eNOS and demonstrate that PP2A activation precip-
itates vascular dysfunction in diet-induced obesity. Ther-
apeutic strategies targeted to reducing PP2A activation

might be beneficial in attenuating vascular complications
that exist in the context of type 2 diabetes, obesity, and
conditions associated with insulin resistance.

Obesity, type 2 diabetes, and insulin resistance are
characterized by endothelial dysfunction (1,2). Progress
has been made in elucidating general mechanisms respon-
sible for the mismatch between the synthesis and degra-
dation of nitric oxide (NO) that precipitates endothelial
dysfunction (2). A recent focus of our laboratory concerns
the contribution to endothelial cell (EC) dysfunction from
elevated free fatty acids (FFAs) in general (3) and from
the FFA metabolite ceramide in particular (4).

When FFAs are elevated experimentally in control
subjects to levels that circulate in patients with metabolic
syndrome, endothelium-dependent dysfunction is ob-
served (5-7). Earlier, we reported that FFAs increase ap-
proximately threefold when C57Bl6 mice consume standard
versus high-fat chow for 12 weeks, in parallel with endo-
thelial dysfunction and hypertension (3). When tissues not
suited for lipid storage (e.g., skeletal muscle, liver, arteries)
are exposed to elevated FFAs, the toxic bioactive sphingolipid
ceramide increases and heightens cardiovascular risk
(4,8,9). Prevention of arterial ceramide accumulation
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in arteries from fat-fed mice using pharmacological and
genetic approaches attenuates endothelial dysfunction and
systemic hypertension (4). Molecular mechanisms examined
in ECs reveal that palmitate-evoked ceramide biosynthesis
induces colocalization of type 2 protein phosphatase (PP2A)
with endothelial NO synthase (eNOS) and disrupts an
Akt-Hsp90-eNOS complex leading to reduced eNOS phos-
phorylation and NO generation. Congruent with these
findings in ECs, increased ceramide-dependent association
of PP2A with eNOS in immunoprecipitates of arterial
lysates from fat-fed mice is observed (4).

The current study sought to elucidate the mechanism
whereby ceramide accrual initiates colocalization of the
Ser/Thr phosphatase PP2A with eNOS. In ECs treated
with palmitate, multiple approaches were used to show
that de novo synthesized ceramide colocalizes with the
inhibitor 2 of PP2A (I2PP2A) in the cytosol. The [2PP2A-
mediated cytosolic retention of PP2A is inhibited leading
to translocation of PP2A to the plasma membrane where
it associates with membrane-localized eNOS. These defects
could be ameliorated in palmitate-treated ECs by pharma-
cological and genetic procedures that limit endogenous
ceramide biosynthesis, prevented in palmitate-treated ECs
that were transfected with catalytically inactive mutant
PP2A, and recapitulated in vehicle-treated ECs after small
interfering RNA (siRNA)-mediated suppression of I12PP2A
gene expression.

Although we (4) and others (10,11) have shown that
PP2A inhibition may preserve eNOS phosphorylation and
maintain eNOS enzyme function in high-fat-fed animals,
it remains to be determined whether PP2A inhibition can
prevent arterial dysfunction in diet-induced obesity and
hypertension in vivo. Findings presented herein show
that a potent and selective small-molecule inhibitor of
PP2A (12-14) limits palmitate-induced increases in PP2A ac-
tivity, prevents disruption of the vascular Akt-Hsp90-eNOS
complex, and thereby preserves NO generation in ECs.
Moreover, inhibiting PP2A activity in vivo maintains the
Akt-Hsp90-eNOS complex in the vasculature and prevents
endothelial dysfunction and hypertension caused by 6 h of
lard oil infusion or by 12 weeks of fat feeding. Collectively,
these findings elucidate a novel mechanism whereby
ceramide initiates PP2A colocalization with eNOS, reveal-
ing how PP2A activation can precipitate lipid or obesity-
induced vascular dysfunction, and demonstrate that
small-molecule inhibition of PP2A can prevent the asso-
ciated vascular dysfunction.

RESEARCH DESIGN AND METHODS

Cell Studies

Bovine aortic endothelial cells were purchased (Lonza,
Inc., Allendale, NJ) and were grown in DMEM supple-
mented with 10% FBS in a humidified atmosphere (5%
CO,, 95%0,) at 37°C. At 70-80% confluency, cells were
passaged and transferred to culture plates. Palmitate
(C16:0) was coupled to fatty acid-free BSA in the ratio
of 2 mol palmitate to 1 mol BSA (3,4,15). ECs were treated
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for 3 h with 1) 1% BSA (vehicle), 2) 1% BSA plus 10 p.mol/L
myriocin, 3) vehicle plus 500 pwmol/L palmitate, 4) myriocin
plus palmitate, 5) vehicle plus 4 wmol/L LB100 (LB1), or 6)
LB1 plus palmitate. Myriocin inhibits Ser palmitoyl trans-
ferase (16), and LB1 inhibits the Ser/Thr phosphatase PP2A
(12-14,17). For some experiments, ECs were treated with
1) 100 nmol/L insulin to stimulate phosphorylated
(p-) eNOS**™77 (3,4); 2) 10 wmol/L FTY720, a sphingolipid
analog; 3) 3 wmol/L tautomycin to inhibit PP1; or 4) 100
nm cyclosporine to inhibit PP2B (18,19). After 3 h, the
following experiments were completed.

Ceramide Biosynthesis
Immunofluorescence and confocal microscopy were used
to assess endogenous ceramide accumulation (10).

PP2A Activity

PP2A activity was evaluated after immunoprecipitation of
the catalytic (C) subunit of PP2A (PP2A-C) using a mala-
chite green phosphatase assay kit (Millipore, Billerica, MA)
or by measuring phosphorylation of tyrosine (Tyr) 307
to total PP2A (p-PP2A™3°7:PP2A) by immunoblot.

Mutant Transfection

ECs were transfected with either wild-type hemagglutinin
(HA)-tagged PP2A-C (wt) plasmid or HA-tagged catalytic site
mutant PP2A-C plasmid (mut) (20) using Lipofectamine
3000 reagent (Life Technologies, Grand Island, NY).

siRNA Generation and Transfection
siRNA for knockdown of I2PP2A was performed using
Lipofectamine 2000 and standard procedures (21).

Immunoblotting
ECs and arteries were processed for immunoprecipitation and
immunoblotting as we have previously described (3,4,22,23).

EC Fractionation

Cells were lysed, homogenized, and centrifuged at 1,000g
for 10 min using a modification of a previous method (24).
The supernatant was collected and centrifuged at 100,000g
for 60 min at 4°C. The pellet was washed and prepared for
immunoblotting as previously described (3,4,22,23).

NO Production

NO was assessed using ELISA (Abcam, Cambridge, MA)
and electron paramagnetic spin resonance (EPR) as we
previously described (3,4).

Genotyping

Genotyping of mice haploinsufficient for dihydroceramide
desaturase (i.e., des1*’” mice [HET]) and their wild-type
littermates (desl+/ " mice [WT]) was performed as we have
previously described (4).

Animal Studies

Protocols were approved by the Institutional Animal Care
and Use Committee of The University of Utah. For the
infusion experiments, jugular vein catheters were inserted
into 14-week-old male des1 HET and WT mice. Mice were
treated with LB1 (1.5 mg/kg/day i.p.) or vehicle (saline)
for 3 days (12-14,17). On day 4, conscious unrestrained
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mice were infused (5 mL/kg/h X 6 h i.v.) with glycerol or
20% lard oil (15,25). After the infusion, mice were anes-
thetized with 2-4% isoflurane, and vascular tissue was
obtained and used for immunoblotting and vascular func-
tion experiments (3,4,23).

For feeding studies, 7-week-old male C57Bl6 mice
consumed standard (Con) chow (Research Diets, Inc., New
Brunswick, NJ) containing (kilocalories) 10% fat, 70%
carbohydrate, and 20% protein (D12450B) or high-fat
(HF) chow containing (kilocalories) 45% fat, 35% carbohy-
drate, and 20% protein (D12451) for 14 weeks (3,4). For
the final 14 days, subgroups of Con- and HF-fed mice were
treated with vehicle or LB1 (1 mg/kg/day i.p.). At 14 weeks,
body composition, glucose tolerance, insulin tolerance,
triglycerides, free fatty acids, and blood pressure were
assessed as we have previously described (3,4,15,26).
Finally, mice were anesthetized with 2-4% isoflurane,
perigonadal fat pads were weighed, kidneys were removed
for histological analyses, the entire aorta and both iliac
arteries were obtained for immunoblotting, and femoral
arteries (~150 wm i.d.) were obtained to assess vascular
reactivity (3,4,22,23).

Statistics

Data are presented as mean * SE. Significance was ac-
cepted when P < 0.05. Comparison of one time point
among groups was made using one-way ANOVA. Compar-
ison of multiple time points among groups was made
using one-way or two-way repeated-measures ANOVA.
Tukey post hoc tests were performed when significant
main effects were obtained.

RESULTS

Ceramide Colocalizes With 12PP2A to Promote PP2A
Translocation and Interaction With eNOS at the
Plasma Membrane
Our earlier results from coimmunoprecipitation experiments
using whole-cell lysates indicated that palmitate reduced the
association between I2PP2A and PP2A in a ceramide-
dependent manner (4), but the initiating event was not ex-
amined. To address this, we incubated cells with 500 pwmol/L
palmitate with or without myriocin (16,27). Palmitate in-
creased ceramide accumulation (Fig. 1A and B) and PP2A
activation (Fig. 1C and D) in a myriocin-sensitive manner.
Sensitivity of immunofluorescence to detect ceramide accu-
mulation and the influence of our treatments on cell viability
are shown in Supplementary Fig. 1A-D. For determination
of whether PP2A activation was sufficient to impair
p-eNOS** 77 ECs were transfected with either HA-tagged
wild-type PP2A-C plasmid (wt) or catalytic site mutant
PP2A-C plasmid (mut) and either treated or not treated
with 500 wmol/L palmitate. Compared with vehicle, palmi-
tate reduced p-eNOS***”7 that coimmunoprecipitated with
wt but not mut HA-tag PP2A (Fig. 1E). EC viability was
unaffected (Supplementary Fig. 1D).

Next, we determined whether disrupting the inhibitory
restraint of I2PP2A on PP2A was sufficient to impair
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p-eNOS**'*77 12PP2A silencing by >60% decreased
I2PP2A that coimmunoprecipitated with PP2A, increased
PP2A binding with eNOS, and reduced p-eNOS**™*"”_to—total
eNOS ratio, relative to results from control (i.e., scrambled
siRNA) cells, without altering cell viability (Fig. 1F-I and
Supplementary Fig. 1D).

Additional experiments were performed using confocal
microscopy to track fluorescently labeled ceramide, I2PP2A,
PP2A, and eNOS in the absence and presence of palmitate.
In cells that were incubated with palmitate, ceramide
colocalized with I2PP2A (Supplementary Figs. 1E and F and
2D and E), I2PP2A dissociated from PP2A (Supplementary
Figs. 1G and H and 2F and G), and PP2A colocalized with
eNOS (Supplementary Figs. 1I and J and 2H and I). These
effects of palmitate were negated when ceramide biosyn-
thesis was prevented using pharmacological (i.e., myriocin
[Supplementary Fig. 1]) and genetic (i.e., Sptlcl siRNA
[Supplementary Fig. 2]) approaches.

The sphingolipid analog FTY720 (Fingolimod; Novar-
tis, Cambridge, MA) was used to gain insight concerning
how endogenous ceramide might interact with [2PP2A in
ECs to initiate the described events. FTY720 (2-amino-2-
[2-(4-octylphenyl)ethyl]propane-1,3-diol) binds to ceram-
ide docking sites on I2PP2A, i.e., K209 and Y122, to an
extent that activates PP2A in A549 cells (21,28). For de-
termination of whether FTY720 activates PP2A in our
experimental setting, ECs were treated with vehicle,
500 pmol/L palmitate, or 10 pwmol/L FTY720 for 3 h.
Palmitate and FTY720 decreased p-PP2A™™°7:PP2A (indi-
cating increased PP2A activity) to the same extent relative
to PP2A activity in vehicle-treated cells (Fig. 1J), and cell
viability was not different among groups (Supplementary
Fig. 1D). Collectively, results from this set of experiments
support the hypothesis that when palmitate elevates
ceramide biosynthesis, this sphingolipid binds with I2PP2A
and reduces the interaction between PP2A and I2PP2A.
When this event occurs, PP2A translocates to the plasma
membrane, colocalizes with eNOS, and disrupts the in-
teraction among Akt-Hsp90-eNOS to an extent that
impairs NO generation (see below).

Palmitate Suppresses NO Generation in a
PP2A-Dependent Manner

Small molecules derived from cantharidin or its demethy-
lated homolog norcantharidin mimic the effects of
okadaic acid, a PP2A inhibitor that we and others have
used in cell culture models (4,10). The norcantharidin
analog LB1 has been synthesized for potential use in can-
cer treatment and is currently in a phase 1 clinical trial
(Lixte Biotechnology Holdings, Inc., East Setauket, NY).
LB1 is a potent and specific inhibitor of PP2A activity
with relatively low activity on PP1 that can be adminis-
tered to mice daily for 14 days without pathological evi-
dence of toxicity (12-14). Before use of LB1 in vivo, it was
essential to determine its efficacy in the context of our
experimental conditions. ECs were treated for 3 h with
500 pmol/L palmitate with or without 0.4-4 pmol/L LB1.
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Figure 1—Palmitate-induced ceramide activates PP2A, disrupts PP2A colocalization with I2PP2A, and impairs eNOSS®"'77 phosphorylation.
Representative images (A) and mean data (B) indicating that palmitate (pal)-induced ceramide accumulation is prevented by the Ser palmitoyl
transferase inhibitor myriocin (myr) (n = 8 per treatment). veh, vehicle. Palmitate-induced increases in PP2A activity (C) and reductions in
p-PP2A™07:PP2A (D) are prevented by myriocin (1 = 6-8 per treatment). Palmitate reduced p-eNOS®®"":total eNOS after PP2A immunopre-
cipitation from wt but not mut HA-tag PP2A (E). ECs transfected with 12PP2A-targeted siRNA displayed 60% less total protein content (F) (n = 6
per treatment), decreased 12PP2A in PP2A immunoprecipitates (G) (n = 6 per treatment), increased PP2A after eNOS immunoprecipitation (H)
(n = 6 per treatment), and decreased p-eNOSS®" " total eNOS (/) (n = 6 per treatment) vs. ECs transfected with scrambled (scr) siRNA. ECs treated
with FTY720 or palmitate exhibited decreased PP2A activity vs. vehicle-treated cells (J) (n = 6). For C, D, F, and J, each n refers to 1 X 10 cm petri
dish. For E and G-/, each n includes 4 X 10 cm petri dishes. Data are mean = SE. *P < 0.05 vs. vehicle-treated ECs, i.e., (-) pal (-) myr (A-D), (-) pal
wt ECs (E), scr ECs (F, G, H, and J), (-) pal (-) FTY720 (J). For D—J, two representative images are shown above the respective histogram. Additional
data pertaining to the above are shown in Supplementary Figs. 1 and 2. IB, immunoblot; ins, insulin; IP, immunoprecipitation; S, serine.
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These doses were chosen based on their ability to inhibit
Ser/Thr phosphatase activity but not PP1 activity in hu-
man glioblastoma multiforme cells (12). LB1 prevented
palmitate-induced reductions in p-eNOS****77:eNOS at
4 pmol/L (Fig. 2A), and this dose was used in subsequent
studies performed in vitro.

As anticipated, palmitate increased PP2A activity in
a manner that was sensitive to LBl treatment (Fig. 2B
and C), and LB1 restored basal and/or insulin-stimulated
p-eNOS**™177:eNOS (Fig. 2D) and NO generation (Fig. 2E
and F) without affecting p—Aktser473/T308, p—AMPKT172, and
p-extracellular signal-regulated kinase 1/2 (Supplementary
Fig. 3A-D). An additional positive eNOS regulatory site, i.e.,
p-eNOS*", displayed responses to palmitate, insulin, and
LB1 that were consistent with p-eNOS***'”7 whereas the
negative regulatory site, i.e., p—eNOST495, was insensitive to
all treatments (Supplementary Fig. 3E and F). Sensitivity
and specificity of our EPR procedures to assess NO gener-
ation are respectively displayed in Supplementary Fig. 4.
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Importantly, palmitate-induced ceramide accumulation was
similar regardless of LB1 treatment (Fig. 2G and H).

PP1 and PP2B are abundantly expressed phosphatases
that are activated in tissues from diabetic rats (29), and
both can dephosphorylate eNOS**'® to negatively regu-
late eNOS enzyme function. For discernment of the con-
tribution from PP1 and/or PP2B to palmitate-induced
reductions in p-eNOSSHuW:eNOS, cells were incubated with
or without palmitate, with or without vehicle, with or with-
out 3 pmol/L of the PP1 inhibitor tautomycin, or with
or without 100 nmol/L of the PP2B inhibitor cyclosporine.
Palmitate-induced reductions in p-eNOS***”7:eNOS were
refractory to tautomycin and cyclosporine but not LB1
(Supplementary Fig. 5A and B).

Palmitate Disrupts the Physical Association Among
Akt-Hsp90-eNOS in a PP2A-Dependent Manner

We next tested whether LB1 preserves NO bioavailabil-
ity by preventing palmitate-induced disruptions of the
Akt-Hsp90-eNOS complex. ECs were incubated for 3 h with or
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Figure 2—PP2A inhibition prevents palmitate-induced increases in PP2A activity and reductions in NO generation without altering ceram-
ide accumulation. Insulin-stimulated increases in p-eNOS®®™77:total eNOS are prevented by palmitate (pal) and restored by 4 wmol/L LB1
but not 0.4 or 1 umol/L LB1 (A) (n = 6 per treatment). Palmitate-induced increases in PP2A activity (B) (n = 10 per treatment) and reductions
in p-PP2ATY97:PP2A (C) (n = 6 per treatment) were negated by 4 umol/L LB1. Insulin-induced increases in p-eNOS®®"'77:eNOS were
suppressed by palmitate treatment but restored by LB1 treatment (D) (n = 6 per treatment). Likewise, palmitate-induced reductions in NO
generation assessed via EPR spectroscopy (E) (n = 12 per treatment) or ELISA (F) (n = 8 per treatment) were restored by LB1 (each nis 3
wells of a 6-well plate). Additional data pertaining to the above are shown in Supplementary Figs. 3-5. Palmitate-induced ceramide
accumulation was robust regardless of LB1 treatment (G and H). Mean data (G) and a representative image (H) are shown (n = 8). Data
are mean = SE. *P < 0.05 vs. all treatments. ins, insulin; S, serine; Tyr, tyrosine; veh, vehicle.
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without 500 pmol/L palmitate and with or without 4
wmol/L LB1, followed by vehicle or insulin treatment for
the last 10 min. As expected, palmitate treatment de-
creased PP2A that coimmunoprecipitated with I2PP2A
(Fig. 3A and Supplementary Fig. 6A) and increased PP2A
that associated with eNOS (Fig. 3B and Supplementary Fig.
6B), but neither effect of palmitate is altered by PP2A in-
hibition because ceramide accumulation is refractory to
LB1 treatment (Fig. 2G and H). Palmitate suppressed in-
sulin-stimulated p-Akt, Hsp90, and p-eNOS that coimmu-
noprecipitated with eNOS and was restored by LB1
(Fig. 3C-E). Confocal microscopy images of fluorescently
labeled eNOS and PP2A (Supplementary Fig. 6C and D)
support the immunoprecipitation/immunoblotting results
(Fig. 3B and Supplementary Fig. 6B) that PP2A associates
with eNOS regardless of LB1 treatment, but PP2A activity
is inhibited in the presence of LB1 (Fig. 2B and C).
Results demonstrating that PP2A inhibition using LB1
preserves the interaction among Akt-Hsp90-eNOS were
confirmed using a complementary approach. Because
eNOS located at the membrane is actively involved in the
production of NO (30), we isolated membrane and cytosolic
fractions after ECs were exposed to the respective treat-
ments. Fractionation efficacy was confirmed using a subset
of ECs from every experiment by the presence of eNOS,
insulin receptor, and caveolin-1 in the membrane frac-
tion and GAPDH and actin in the cytosolic fraction (Fig.
4A). In the absence of palmitate, insulin increased Akt,
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p-Akt® 473/ B8 Hen90, and p-eNOS*™7 at the mem-
brane, while PP2A was unchanged relative to vehicle-treated
cells (Fig. 4B-G). In the presence of palmitate, PP2A mem-
brane localization was increased and correlated with reduced
localization of Akt, p-Akt>*#7*73%8 Hsp90, and p-eNOS 177
under basal and insulin-stimulated conditions. The palmitate-
induced impairment in Akt-Hsp90-eNOS association was
prevented by myriocin and LB1, implicating contributions
from ceramide and PP2A, respectively. Ceramide-mediated
palmitate-induced PP2A translocation to the membrane was
prevented by myriocin but not by LB1 (Fig. 4B). Even
though PP2A protein content is increased at the membrane
(Fig. 4B) and colocalizes with eNOS in palmitate-treated cells
(Fig. 3B and Supplementary Fig. 6B-D) in the presence of
LB1, PP2A activity is suppressed in the presence of
LB1 (Fig. 2B and C). The cytosolic levels of 12PP2A, PP2A,
and eNOS are shown in Supplementary Fig. 7A-C. Collec-
tively, these findings indicate that LB1, a PP2A inhibitor
that can be used in vivo, prevents palmitate-induced dis-
ruption of the physical association among Akt-Hsp90-eNOS
to an extent that preserves NO generation by ECs.

Lard Oil Infusion Disrupts the Physical Interaction
Among Akt-Hsp90-eNOS and Evokes Arterial
Dysfunction in a Ceramide- and PP2A-Dependent
Manner

We next determined whether the efficacy of PP2A
inhibition observed in ECs exposed to palmitate could
be translated to arteries from mice exposed to lard oil
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Figure 3—Palmitate-induced PP2A colocalization with eNOS disrupts the physical interaction among eNOS, Akt, and Hsp90. Palmitate
(pal) decreased PP2A that coimmunoprecipitated with I2PP2A (A) and increased PP2A that associated with eNOS (B), but neither effect of
pal was altered by PP2A inhibition. Palmitate suppressed insulin (ins)-stimulated p-Akt>®™73, Hsp90, and p-eNOS®*""""7 that coimmuno-
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Additional data pertaining to the above are shown in Supplementary

Fig. 7. CAV-1, caveolin-1; IR, insulin receptor; S, serine; T, threonine.

infusion. To do so, we used desl HET and WT mice
(4,15). Homozygous null mice fail to thrive, but HET
animals have a normal life span (15); their body compo-
sition, glucose tolerance, serum insulin, triglycerides, and
endothelium-dependent and endothelium-independent
vascular function are similar to those of WT mice when
both consume standard chow; and tissues from HET mice
are refractory to ceramide accumulation in response to 3 h
of palmitate incubation, 6 h of lard oil infusion, and 14
weeks of high-fat feeding (4,15). After verification of pre-
liminary experiments that vascular PP2A activity is sup-
pressed in mice treated for 3 days with 1.5 mg/kg LB1
versus vehicle (Fig. 5A and B), conscious and unrestrained
WT and HET mice were infused (intravenously) with glyc-
erol for 6 h after treatment with vehicle for 3 days. Be-
cause responses (e.g., immunoblotting, vascular reactivity)

to glycerol infusion after vehicle treatment were similar in
WT and HET mice, data were combined and are referred
to as control (CON) in Fig. 5C-J. Compared with results
in control mice, 20% lard oil infusion to WT mice pretreated
with vehicle for 3 days increased PP2A activity (Fig. 5C)
and C16:0 (78%) and C18:0 (99%) ceramides, the ceram-
ide species most associated with impaired insulin action
(31,32). Immunoblotting performed after eNOS immuno-
precipitation showed that lard oil infusion increased the
amount of PP2A that coimmunoprecipitated with eNOS
in vessels from WT mice pretreated with vehicle and less
Akt and Hsp90 was associated with eNOS relative to
results from control mice (Fig. 5D-F). In HET mice infused
with lard oil after 3 days of vehicle treatment, ceramide
biosynthesis and PP2A activity did not increase and PP2A
did not associate with eNOS, Akt, and Hsp90 in eNOS
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Figure 5—Lard oil increases PP2A activity; disrupts interactions among Akt, Hsp90, and eNOS in the vasculature; and precipitates arterial
dysfunction, each of which is prevented by ceramide synthesis inhibition and PP2A inhibition. Arteries from C57BI6 mice treated for 3 days
with 1.5 mg/kg LB1 exhibit reduced PP2A activity (A) and increased p-PP2AT07:PP2A (B) vs. arteries from mice treated with vehicle (V).
Compared with arteries from des1*/* (WT) and des1*'~ (HET) mice pretreated for 3 days with vehicle followed by 6 h of glycerol (G) infusion
(collectively referred to as CON), p-PP2AT™07:PP2A was lower in liver from WT mice pretreated with vehicle and subsequently infused for 6
h with lard oil (LO) (C). The lard oil-induced reduction in vascular PP2ATY7:PP2A is attenuated in HET mice pretreated with vehicle and in
WT mice pretreated with LB1. Aorta/iliac homogenates were prepared as appropriate to immunoblot for PP2A, Akt, and Hsp90 after eNOS
immunoprecipitation (O-F). Compared with arteries from control mice, LO infusion to WT mice pretreated with vehicle increased PP2A
association with eNOS (D), while Akt (E) and Hsp90 (F) that coimmunoprecipitated with eNOS were reduced. The LO-induced disruption of
the Akt-Hsp90-eNOS complex was prevented in HET mice pretreated with vehicle (implicating ceramide) and in WT mice pretreated with
LB1 (implicating PP2A). Vascular function was assessed in femoral artery segments from the same animals. Compared with arteries from
control mice, endothelium-dependent vasorelaxation was impaired, and receptor- and non-receptor-mediated vasocontraction was ex-
aggerated in vessels from WT mice pretreated with vehicle and infused for 6 h with LO (G-/). Indices of vascular dysfunction were
attenuated in HET mice pretreated with vehicle (implicating ceramide) and in WT mice pretreated with LB1 (implicating PP2A). Because
no differences were observed among groups for endothelium-independent vasorelaxation (J), the LO-induced defect observed in WT mice
pretreated with vehicle likely was specific to the endothelium. For A-C, n = 2-3 mice per group. For D-F, n = 5-7 mice per group. For G—J,
n = 5-7 mice per group, 2-4 vessels per mouse. Data are mean = SE. *P < 0.05 vs. all. d, days; IB, immunobilot; IP, immunoprecipitation.
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immunoprecipitates (Fig. 5D-F). PP2A activity did not
increase in WT mice infused with lard oil that were pre-
treated with LB1, and despite its persistent association
with eNOS, Akt, and Hsp90, eNOS phosphorylation was
not reduced.

Vascular reactivity was assessed in femoral artery seg-
ments from the same experimental groups. Characteristics
of the arteries are shown in Supplementary Table 2. Com-
pared with results in control mice, endothelium-dependent
vasorelaxation was impaired (Fig. 5G) and receptor-mediated
(Fig. 5I) and non-receptor-mediated vasocontraction were
exaggerated (Fig. 5J) in arteries from WT mice infused
with lard oil that were pretreated with vehicle. Notably,
lard oil-induced dysfunction was less severe in vessels from
HET mice pretreated with vehicle (implicating ceramide)
and in arteries from WT mice pretreated with LB1 (im-
plicating PP2A). Because sodium nitroprusside—evoked
vasorelaxation was similar among groups (Fig. 5H), the
lard oil-induced defect observed in vessels from WT mice
treated with vehicle likely was specific to the endothelium.
These findings indicate that lard oil-induced, ceramide-
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mediated PP2A activation in vivo contributes to endothe-
lial dysfunction.

PP2A Inhibition Restores Physical Interactions Among
Akt-Hsp90-eNOS and Prevents Systemic Hypertension
and Arterial Dysfunction in Obese Mice
Because 1.0 but not 0.5 mg/kg LB1 reduced vascular PP2A
activity when given for 21 days (Fig. 6A), this dose of LB1
(or vehicle) was given to Con- and HF-fed mice for the last
14 days of a 14-week protocol to test whether endothelial
dysfunction and hypertension evoked by fat feeding is at-
tenuated by PP2A inhibition. Relative to Con-fed mice, vas-
cular PP2A activity increased in HF-fed mice treated with
vehicle (HF-V) but not HF-fed mice treated with LB1 (HE-LB1)
(Fig. 6B). The impact of fat feeding on body mass, fat mass,
glucose tolerance, insulin tolerance, triglycerides, and FFAs
(Fig. 6C-I and Supplementary Fig. 8) was similar regardless
of LB1 treatment, but hypertension was prevented by
PP2A inhibition (Fig. 7A).

Lower basal p-eNOS**!”7 was observed in arteries from
HE-V mice (Fig. 7B), but Akt, AMPK, and extracellular
signal-regulated kinase 1/2 expression or phosphorylation
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Figure 6 —Metabolic phenotype of fat-fed mice with or without PP2A inhibition. Arteries from mice treated (intraperitoneally) with 1.0 mg/kg/day
LB1 x21 days vs. 0.5 mg/kg/day exhibited increased p-PP2ATY07:PP2A vs. arteries from mice treated with vehicle (V) (A). Mice that consumed
standard (Con) or high-fat (HF) chow for 14 weeks were treated with vehicle or LB1 for the final 14 days. p-PP2AT™%":PP2A was lower in arteries
from HF-V mice vs. all other groups (B). Increases in body mass (C), gonadal fat pad mass (D), whole-body fat mass (E), area under the curve
(AUC) during the glucose tolerance test (GTT) (F), triglycerides (G), and FFAs (H) and reductions in circulating glucose upon insulin stimulation
() were similar in HF-fed mice regardless of LB1 treatment. Glucose levels measured at 20 min of the insulin tolerance test (ITT) were lower in
Con-fed mice treated with LB1 vs. vehicle. Additional data pertaining to the above are shown in Supplementary Fig. 8. For A and B, n = 3 mice
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http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0244/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0244/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0244/-/DC1

diabetes.diabetesjournals.org

was similar among groups (Supplementary Table 4). Com-
pared with arteries from chow-fed mice treated with ve-
hicle (saline) for the final 14 days (Con-V animals), PP2A
that coimmunoprecipitated with eNOS was increased,
whereas Akt and Hsp90 association with eNOS was re-
duced in arteries from mice fed high-fat chow that were
treated with vehicle (HF-V) for the final 14 days (Fig. 7C-E).
The reduced p-eNOS**"™**7” and lower content of Akt and
Hsp90 in the eNOS complex were normalized in HF-fed
mice treated with LB1, despite persistent association of
PP2A with eNOS.

Relative to animals on a control diet, in femoral arteries
from HF-V mice, endothelium-dependent vasorelaxation was
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Figure 7—Systemic blood pressure is elevated and vascular
Akt-Hsp90-eNOS association is disrupted in obese vs. lean mice,
each of which is prevented by PP2A inhibition. Elevations in arterial
blood pressure evoked by fat feeding were negated in obese mice
treated with LB1 (A). Heart rate (bpm) during conscious blood pres-
sure determinations was not different among groups, i.e., CON-V,
739 = 13; HF-V, 765 = 12; CON-LB1, 734 = 18; HF-LB1, 742 = 12.
p-eNOSS®""77:eNOS was lower in arterial homogenates from HF-V
mice vs. all other groups (B). Using the same samples, an IP for
eNOS was performed, followed by IB for PP2A, Akt, and Hsp90 (C-E).
Consistent with reduced p-eNOS®®"'77:eNOS in arteries from HF-V
mice vs. all groups, PP2A was elevated in the eNOS complex (C),
while Akt (D) and Hsp90 (E) were reduced. These changes were
normalized in obese mice treated with LB1 for the final 14 days of
fat feeding, except that PP2A remained in the eNOS complex. n = 6
mice per group. Data are mean = SE. *P < 0.05 vs. all. DBP, dia-
stolic blood pressure; IB, immunoblot; IP, immunoprecipitation;
MAP, mean arterial blood pressure; SBP, systolic blood pressure;
S, serine; V, treatment with saline for final 14 days.
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impaired (Fig. 84) but was normalized by LB1 treatment.
Endothelium-independent vasorelaxation was similar in all
groups (Fig. 8B), and receptor- and non-receptor-mediated
vasocontraction were exaggerated by HF feeding and restored
by LB1 (Fig. 8C and D). Differences in endothelium-
dependent vasorelaxation and receptor-mediated vasocon-
traction were eliminated in all groups after pretreatment
with NG-monomethyl-L-arginine salt (Fig. 8E and F). Char-
acteristics of femoral artery segments used to assess vascular
function are shown in Supplementary Table 3. A schematic
representation of our findings is shown in Fig. 8G.

DISCUSSION

Protein phosphatases coordinately regulate cellular me-
tabolism but may become dysregulated in pathophysio-
logical situations (33,34). PP2A is highly conserved from
yeast to humans, and evidence exists that hyperactivation
of PP2A has the potential to contribute importantly to
ceramide-mediated vascular dysfunction (4,10,11,33-35).

We sought to discern a mechanism whereby ceramide
initiates PP2A colocalization with eNOS that we (4) and
others (11) have reported. I2PP2A restrains PP2A under
physiological situations (36,37). Data obtained using
a variety of reagents and approaches, including 1) the
sphingolipid analog FTY720, 2) I12PP2A knockdown, 3)
subcellular localization via confocal microscopy of fluores-
cently labeled proteins, 4) immunoprecipitation and im-
munoblotting, 5) cellular fractionation, and 6) a catalytically
inactive PP2A mutant, yield congruent results that provide
important insight into how this restraint is disrupted and
the functional consequences that ensue in the context of
lipotoxicity. Collectively, when endogenous ceramide levels
increase in response to palmitate, this sphingolipid binds
to [2PP2A in the cytosol, the restraint that I2PP2A nor-
mally confers upon PP2A is disrupted, the association be-
tween PP2A and eNOS at the cell membrane and in the
perinuclear space is increased, and p-eNOS****7” and NO
generation are impaired.

An important posttranslational modification of eNOS
dysregulated in obesity, which likely contributes to arterial
dysfunction, is suppressed p—eNOSSer1177 (3,4,10). Protein
kinases and phosphatases, respectively, add and remove
phosphate groups from their target proteins (30,33). In
our earlier investigations, reduced p-eNOSSH1177 and NO
generation in ECs treated with palmitate and in arteries
from obese mice were observed but upstream kinases
known to modulate eNOS function were intact (3,4).
These findings prompted us to explore the role that dys-
regulated phosphatase signaling might play in this regard
and to provide mechanistic insights into earlier observa-
tions that implicated PP2A hyperactivation in contribut-
ing to arterial dysfunction. For example, suppressed
endothelial glutathione concentrations were described in
aging rats leading to activation of neutral sphingomyeli-
nases that increased vascular ceramide and PP2A activity,
thereby disrupting the balance between p-eNOS**"''”
and p—eNOST495 (35). Although arterial dysfunction
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Figure 8 —Vascular dysfunction exists in obese vs. lean mice, which is prevented by PP2A inhibition. Vascular function was assessed in
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traction (C) and receptor-mediated vasocontraction (D) were greater in arteries from HF-V mice vs. all groups but normalized by PP2A
inhibition. Impaired responses to acetylcholine (A) and increased responsiveness to phenylephrine (D) observed in arteries from HF-V mice
were equalized among groups by prior treatment with NG—monomethyI—L—arginine salt (L-NMMA) (E and F, respectively). For A-F, n = 8-10
mice per group, 2-4 vessel segments per mouse. Data are mean = SE. *P < 0.05 vs. Con-fed mice. A schematic summary of our findings is
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(Sptlc1 siRNA; des1 = mice) manipulations that inhibit ceramide biosynthesis, and all effects (except for PP2A translocation to the eNOS
complex) can be prevented by mutation of the catalytic site on PP2A and by PP2A inhibition using LB1. These results indicate that PP2A
activation contributes to vascular dysfunction in vivo. P, phosphorylation; S, serine; T, threonine; V, treatment with saline for final 14 days.




diabetes.diabetesjournals.org

observed in old versus young rats was reversed in vitro by
neutral sphingomyelinase inhibition, a direct effect of
PP2A was not evaluated. Wu et al. (10) examined the
hypothesis that PP2A-mediated dephosphorylation of
p-AMPK™7? was responsible for impaired p-eNOS>**77
in vessels from mice fed a palmitate-rich versus oleate-rich
high-fat diet. Interestingly, p-AMPK™"* and p-eNOS****"
improved in vessels from mice fed a palmitate-rich
high-fat diet 48 h after retro-orbital treatment with
PP2A siRNA, but the functional consequences of this bio-
chemical modification of eNOS were not assessed. Most
recently, it was reported that vascular endothelial growth
factor-induced p-eNOS**77 and NO generation were
suppressed in ECs that were coincubated with palmitate
in a manner that was sensitive to ceramide biosynthesis
(myriocin) and PP2A (okadaic acid) inhibition (11), con-
firming results we reported earlier using another eNOS
agonist, i.e., insulin (4). These authors extended their in
vitro findings by showing that growth factor-induced NO
production was blunted in arteries from wild-type but not
Sptlc2 haploinsufficient mice that consumed high-fat
chow for 2.5 weeks, clarifying the importance of ceramide
in this regard, but the independent contribution from
PP2A activation to NO-mediated arterial function was
not assessed. In an earlier study, we used pharmacological
and genetic approaches that limit ceramide accumulation
to show that ceramide contributes importantly to endo-
thelial dysfunction and hypertension that exist in the
context of diet-induced obesity (4). Again, even though
coimmunoprecipitation of PP2A with eNOS was increased
in arteries from fat-fed mice in a ceramide-dependent
manner, the independent contribution from PP2A activa-
tion to vascular dysfunction was not explored.

While solid rationale exists to determine whether
hyperactivation of PP2A impairs blood vessel function,
concerns regarding cytotoxicity for cantharidin-derived
compounds, efficacy for norcantharidin-derived com-
pounds, and target specificity for genetic knockout models
have precluded exploration of this hypothesis (17,38,39).
However, relatively recent investigations of PP2A activa-
tion in the context of cancer chemotherapy using mice
(12-14) and hepatic insulin resistance using rats (17)
reported that 3- to 21-day treatment with the norcan-
tharidin analog LB1 was safe and efficacious. We first
demonstrated that LB1 prevented palmitate-induced
PP2A activation, restored basal and insulin-stimulated
p-eNOS**™77 3nd NO production, and did not influence
upstream kinase signaling to eNOS or ceramide accumu-
lation. Next, multiple approaches established that the
PP2A disruption of Akt-Hsp90-eNOS interactions corre-
lated with impaired p-eNOS****”” and NO production,
and this could be prevented by PP2A inhibition or
a PP2A mutant with decreased catalytic activity. Third,
after documenting that lard oil infusion increases vascular
PP2A activity; disrupts the physical interactions among
Akt, Hsp90, and eNOS in the vasculature; and precipitates
endothelium-dependent dysfunction, we showed that
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these responses could be prevented by inhibiting ceramide
biosynthesis (i.e., HET mice) or limiting PP2A activation
(i.e., LB1-treated mice). Finally, dysregulation of vascular
Akt-Hsp90-eNOS signaling, endothelial dysfunction, and
systemic hypertension was normalized when fat-fed mice
were treated with LB1. Collectively, these findings indi-
cate that PP2A activation evoked by palmitate in ECs and
by lard oil infusion and fat feeding in mice has deleterious
consequences on endothelial function and that pharma-
cological inhibition of PP2A may reverse lipotoxicity-
induced vascular dysfunction.

Vascular PP2A activity is increased in pathologies
associated with suppressed p-eNOS***'?” and compro-
mised endothelial function (4,10,35,40). Our results sug-
gest strongly that therapeutic strategies targeted to lower
ceramide-mediated PP2A activation might be beneficial in
attenuating vascular complications associated with obe-
sity, type 2 diabetes, and insulin resistance.
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