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Abstract—Recent developments of proteomic and metabolomic techniques provide powerful tools for studying molecular
mechanisms of cell function. Previously, we demonstrated that neointima formation was markedly increased in vein
grafts of PKC�-deficient mice compared with wild-type controls. To clarify the underlying mechanism, we performed
a proteomic and metabolomic analysis of cultured vascular smooth muscle cells (SMCs) derived from PKC��/� and
PKC��/� mice. Using 2-dimensional electrophoresis and mass spectrometry, we identified �30 protein species that were
altered in PKC��/� SMCs, including enzymes related to glucose and lipid metabolism, glutathione recycling,
chaperones, and cytoskeletal proteins. Interestingly, nuclear magnetic resonance spectroscopy confirmed marked
changes in glucose metabolism in PKC��/� SMCs, which were associated with a significant increase in cellular
glutathione levels resulting in resistance to cell death induced by oxidative stress. Furthermore, PKC��/� SMCs
overexpressed RhoGDI�, an endogenous inhibitor of Rho signaling pathways. Inhibition of Rho signaling was
associated with a loss of stress fiber formation and decreased expression of SMC differentiation markers. Thus, we
performed the first combined proteomic and metabolomic study in vascular SMCs and demonstrate that PKC� is crucial
in regulating glucose and lipid metabolism, controlling the cellular redox state, and maintaining SMC differentiation.
(Circ Res. 2004;94:e87-e96.)
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Proteomic and metabolomic techniques are ideal for clar-
ifying quantitative protein and metabolite changes in

physiological and diseased conditions, respectively.1–5 In
vascular research, however, proteomics and metabolomics
are still in their infancies6–8 and no studies have been
performed so far comparing proteomic and metabolomic
profiles in vascular smooth muscle cells (SMCs).

PKC� represents a novel PKC isoform as characterized on
the basis of its structure and maximal activation by diacyl-
glycerol in the absence of calcium.9,10 We recently developed
knockout mice lacking PKC� and studied its effect on
neointima formation in vein grafts.11 We demonstrated that
loss of PKC� markedly accelerated neointima formation,
resulting in complete occlusion of the vessel lumen in
one-third of the vein grafts. As with p53-deficient mice,12

neointimal lesions in PKC��/� vein grafts contained twice as
many SMCs as wild-type controls and showed significantly
lower numbers of apoptotic SMCs.11 In vitro experiments
revealed that SMCs derived from PKC��/� mice were less
sensitive to various apoptotic stimuli, including cytokine
treatment. Their apoptotic resistance appeared to involve a
loss of free radical generation as evidenced by redox-

sensitive fluorescent dyes.11 Besides modulating apoptosis,
PKC� was found to be important for cytoskeleton rearrange-
ment and cell migration.13 However, the molecular mecha-
nisms of resistance to apoptosis and cytoskeletal abnormali-
ties in PKC��/� SMCs are unknown. In the present study, we
performed a thorough analysis of the proteome and metabo-
lome of vascular SMCs derived from PKC��/� and PKC��/�

mice. We demonstrate that PKC� is crucial for SMC ho-
meostasis by regulating the balance between glucose and
lipid metabolism and maintaining SMC differentiation.

Materials and Methods
All procedures were performed according to protocols approved by
the Institutional Committee for Use and Care of Laboratory Animals.
PKC�-deficient mice were generated by targeted disruption of an
endogenous PKC� gene.11 Vascular SMCs from PKC��/� and
PKC��/� mice were cultivated from aortas of 5 different animals,
SMCs from PKC��/� mice were cultivated from aortas of 3 different
animals, as described elsewhere.14

Proteomic Analysis
Protein extracts of PKC��/� and PKC��/� SMCs were separated by
2-dimensional gel electrophoresis (2-DE) as described by McGregor
et al.15 Spot patterns were analyzed using Proteomweaver 2.0
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(Definiens) and PDQuest Software 7.1 (Biorad). Spots showing a
statistically significant difference in intensity were excised for
identification by matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MS) or tandem mass spectrometry (MS/MS).
A detailed methodology is provided in the online data supplement
available at http://circres.ahajournals.org.

Proton Magnetic Resonance Spectroscopy
SMC monolayers were washed twice with chilled saline and SMC
metabolites were extracted in 6% perchloric acid.16 Neutralized
extracts were freeze-dried and reconstituted in D2O; 0.5 mL of the
extracts were placed in 5 mm proton nuclear magnetic resonance
(NMR) tubes. 1H NMR spectra were obtained using a Bruker 500
MHz spectrometer. The water resonance was suppressed by using
gated irradiation centered on the water frequency. Sodium
3-trimethylsilyl-2,2,3,3-tetradeuteropropionate (TSP) was added to
the samples for chemical shift calibration and quantification. Imme-
diately before the NMR analysis, the pH was readjusted to 7 with
perchloric acid or KOH.

Standard Biochemical Methods
The methodology for reverse-transcriptase polymerase chain reac-
tion (RT-PCR), Western blotting, Rho-activation assays, cell viabil-
ity, and spreading assays is provided in the online data supplement
(http://www.circresaha.org).

Statistical Analysis
Statistical analysis was performed using the analysis of variance and
Student t test, respectively. The association of SMC metabolites with
PKC� genotypes was assessed using generalized linear models.
Results were given as means�SE. A P�0.05 was considered
significant.

Results
Proteomic Analysis
To analyze changes in the proteome, we created a protein
profile of SMCs by 2-DE. Average gels for PKC��/� and
PKC��/� SMCs were obtained from cultures obtained from 4
different animals per group (mean passage 25�3 and 26�4
for PKC��/� and PKC��/� SMCs, respectively). A direct

Figure 1. 2-DE map of SMC proteins. Protein extracts were
separated on a pH 3 to 10 NL IPG strip, followed by a 12%
SDS polyacrylamide gel. Spots were detected by silver staining.
Figures represent a direct overlay of average gels from PKC��/�

and PKC��/� SMCs. Each average gel was created from 4 sin-
gle gels (total n�8). Differentially expressed spots are high-
lighted in color (blue and orange for PKC��/� and PKC��/�

SMCs, respectively). Proteins identified by MALDI-MS are
marked with numbers and listed in Table 1.

Figure 2. Enlargements of silver stained gels. Representative
areas of 2-dimensional gels from wild-type and PKC�/� SMCs
highlight quantitative differences in images. Numbers corre-
spond to proteins listed in Table 1.
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TABLE 1. Differences in Protein Profiles Between Vascular SMCs of PKC��/� and PKC��/� Mice

N Protein Identity � P
NCBI Entry

Number Function

Calculated
pI/MM*

(Da�103)

Observed
pI/MM

(Da�103)

Sequence
Coverage/

Mascot Score

Energy Metabolism

1 Triose phosphate isomerase �2.2 0.040 12846508 Glycolysis 6.9/26.7 6.9/26.8 24/62†

2 Phosphoglycerate kinase 1 �1.5 0.005 20844750 Glycolysis 8.0/44.5 7.8/47.1 30/101†

3 Glucose 6-phosphate dehydrogenase �4.0 0.012 6996917 Pentose phosphate pathway 6.1/59.2 6.4/56.5 38/229

4 Aldose reductase �7.7 0.001 3046247 Sorbitol pathway 6.7/35.7 6.9/37.6 31/105

5 Isocitrate dehydrogenase, soluble �3.2 0.048 6754278 NADPH generation 6.5/46.6 6.9/47.1 19/76

6 Acyl-CoA dehydrogenase, �3.0 0.007 17647119 Fatty acid oxidation 8.0/47.8 5.1/47.7 16/84

short/branched chain

7a Alcohol dehydrogenase 3, A1 ��10 0.000 6680676 Aldehyde dehydrogenase 6.5/50.4 6.4/52.7 8/68

7b Alcohol dehydrogenase 3, A1 �5.7 0.001 6680676 Aldehyde dehydrogenase 6.5/50.4 6.8/54.1 22/113

7c Alcohol dehydrogenase 3, A1 �4.0 0.030 6680676 Aldehyde dehydrogenase 6.5/50.4 6.9/54.7 30/224

Chaperones

8 Heat shock protein 4 �2.1 0.037 13277753 Heat shock protein 70 kDa 5.1/94.0 4.7/78.8 12/85

9 CCT-1 subunit zeta, 6a �4.4 0.009 6753324 T-complex polypeptide 1 6.6/58.0 6.9/58.4 12/64

10a Protein disulfide isomerase precursor �4.5 0.045 129729 Prolyl 4-hydroxylase beta 4.8/57.1 4.7/56.2 26/124

10b Protein disulfide isomerase precursor �3.6 0.028 129729 Prolyl 4-hydroxylase beta 4.8/57.1 5.0/43.1 17/88

Cytoskeleton

11 Vimentin �3.3 0.000 2078001 Intermediate filament 5.0/51.5 4.7/42.1 20/90

12a Vimentin �6.5 0.043 2078001 Intermediate filament 5.0/51.5 4.9/53.5 47/187†

12b Vimentin �8.7 0.048 2078001 Intermediate filament 5.0/51.5 5.0/55.0 33/156†

13a Lamin A �3.2 0.001 1346412 Intermediate filament 6.5/74.2 6.9/65.5 12/84

13b Lamin A ��10 0.000 1346412 Intermediate filament 6.5/74.2 6.7/64.9 33/242

14 Lamin B �2.3 0.019 110630 Intermediate filament 5.1/66.2 5.1/62.8 16/81

15a Actin �2.8 0.008 553859 Myofilaments 5.3/16.8 4.8/16.7 39/79

15b Actin �2.3 0.028 553859 Myofilaments 5.3/16.8 4.9/16.7 31/70

16 SM22 alpha ��10 0.000 6755714 Transgelin 8.9/22.6 8.9/22.6 64/210†

17 Myosin alkali light chain, �2.5 0.012 127148 Myofilaments 4.5/17.0 4.4/16.6 39/114

Smooth-muscle isoform

18 Caldesmon 1 �3.7 0.015 21704156 Myofilaments 7.0/60.4 6.8/67.9 19/78†

19a Calmodulin ��10 0.048 4502549 Phosphorylase kinase delta 4.1/16.8 4.1/16.9 33/62

19b Calmodulin ��10 0.030 4502549 Phosphorylase kinase delta 4.1/16.8 4.1/16.8 36/63

20 Tubulin alpha ��10 0.000 6678469 Microtubules 4.9/49.8 6.1/49.6 23/78

Others

21 Glucose-regulated protein �1.5 0.049 26353794 Phospholipase C alpha, 6.0/56.6 6.0/56.5 27/112

contains thioredoxin

22 Mixture: components �2.1 0.038 mixture: 156

1) Glutathione S-transferase 6754086 1) Conjugation of GSH 6.8/26.6 41/70

2) Expressed in nonmetastatic cells 6679078 2) Nucleoside diphosphate
kinase B

7.0/17.4 7.0/17.6 61/88†

23 Septin 8 �4.7 0.001 23621405 Cell division 5.7/49.8 5.9/52.8 18/97

24 Collapsin response mediator protein 2 �3.5 0.000 6753676 Dihydropyrimidine-like 2
protein

6.0/62.1 6.5/60.5 15/82

25 Angiogenin inhibitor 1 �2.8 0.008 16307569 Ribonuclease 4.7/49.8 4.5/49.6 15/62

26 Fkbp9 protein �2.6 0.027 20072768 Peptidyl-prolyl cis-trans
isomerase

5.0/63.4 4.8/63.3 11/121

27 Carbohydrate binding protein 35 �4.8 0.000 387111 Lectin 9.0/27.6 8.3/31.3 29/84

28 Annexin 1 �4.2 0.007 113945 Lipocortin 1, calpactin II 7.0/38.7 6.9/38.5 46/188†

� indicates fold increased/decreased expression in PKC��/� SMCs compared to PKC��/� SMCs.
*pI/MM, isoelectric point/molecular mass.
†Additional verification by MS/MS.
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overlay is presented in Figure 1. Using a broad range pH
gradient (pH 3 to 10 NL), 2-DE gels compromised 	1200
protein features. Differentially expressed spots are high-
lighted in color (blue and orange indicate an increase in
PKC��/� and PKC��/� SMCs, respectively). Enlarged silver-
stained gels highlight quantitative differences in images
(Figure 2). Numbered spots were excised and subject to in-gel
tryptic digestion. Protein identifications as obtained by
MALDI-MS are listed in Table 1. For proteins marked with a

dagger in Table 1, further proof of identification was obtained
by tandem mass spectrometry (Table 2). A representative
MALDI-MS spectrum is shown in Figure 3.

Strikingly, many changes observed in PKC��/� SMCs were
related to energy metabolism, including enzymes involved in
glucose and lipid metabolism: triose phosphate isomerase and
phosphoglycerate kinase represent glycolytic enzymes, whereas
glucose 6-phosphate dehydrogenase and aldose reductase are the
rate-limiting enzymes in the pentose phosphate and sorbitol path-

TABLE 2. Protein Identification by Tandem MS

N Protein Identity
SWISS-PROT
Entry Name

SWISS-PROT
Primary Accession

Number
Peptide
Matches Sequence

Sequence
Coverage

(%)

1 Triose phosphate isomerase TPIS_MOUSE P17751 9 (K)FFVGG NWK(M) 55.65

(K)VIADN VKDWS K(V)

(R)IIYGG SVTGA TCK(E)

(K)TATPQ QAQEV HEK(L)

(K)DLGAT WVVLG HSER(R)

(K)VVLAY EPVWA IGTGK(T)

(K)VTNGA FTGEI SPGMI K(D)

(K)VSHAL AEGLG VIACI GEK(L)

(K)ELASQ PDVDG FLVGG ASLKP EFVDI INAK(Q)

2 Phosphoglycerate kinase 1 PGK1_MOUSE P09411 3 (R)GCITI IGGGD TATCC AK(W) 12.74

(K)ITLPV DFVTA DKFDE NAK(T)

(K)QIVWN GPVGV FEWEA FAR(G)

12a Vimentin VIME_MOUSE P20152 4 (R)SYVTT STR(T) 13.98

(R)ISLPL PTFSS LNLR(E)

(R)QVQSL TCEVD ALKGT NESLE R(Q)

(R)LLQDS VDFSL ADAIN TEFKN TR(T)

12b Vimentin VIME_MOUSE P20152 9 (R)FLEQQ NK(I) 27.53

(R)SLYSS SPGGA YVTR(S)

(R)KVESL QEEIA FLK(K)

(R)ISLPL PTFSS LNLR(E)

(K)FADLS EAANR NNDAL R(Q)

(R)LLQDS VDFSL ADAIN TEFK(N)

(R)EEAES TLQSF RQDVD NASLA R(L)

(R)QVQSL TCEVD ALKGT NESLE R(Q)

(R)LLQDS VDFSL ADAIN TEFKN TR(T)

16 SM22 alpha, transgelin TAGL_MOUSE P37804 2 (R)DFTDS QLQEG K (H) 14.50

(R)LVEWI VVQCG PDVGR PDR(G)

18 Similar to caldesmon 1 Q8VCQ8 Q8VCQ8 1 (K)IDSRL EQYTN AIEGT K(A) 3.02

22 Nucleoside diphosphate kinase B NDKB_MOUSE Q01768 2 (K)DRPFF PGLVK(Y) 16.45

(K)EIHLW FKPEE LIDYK(S)

28 Annexin 1 ANX1_MOUSE P10107 9 (R)SNEQI REINR(V) 35.65

(K)CATST PAFFA EK(L)

(K)ALDLE LKGDI EK(C)

(K)YGISL CQAIL DETK(G)

(R)FLENQ EQEYV QAVK(S)

(K)GLGTD EDTLI EILTT R(S)

(R)KALTG HLEEV VLAML K(T)

(K)YGISL CQAIL DETKG DYEK(I)

(K)GGPGS AVSPY PSFNV SSDVA ALHK(A)
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ways, respectively. Concomitantly, 3 isoforms of aldehyde dehy-
drogenase 3A1 and a highly acidic isoform of acyl-CoA dehydro-
genases were found only in PKC��/�, but not in PKC��/� SMCs
(Table 1). Additionally, the soluble form of the isocitrate dehydro-
genase, which has recently been implicated in glutathione (GSH)
recycling,17 appeared to be upregulated in PKC��/� SMCs.

Besides enzymatic alterations, we observed profound
changes in cytoskeletal proteins in PKC��/� SMCs, including
actin and myosin light chain, which were associated with a
compensatory increase in intermediate filaments, eg, vimen-
tin and lamin, and alterations in calcium binding proteins, eg,
calmodulin and caldesmon 1 (Table 1). Moreover, PKC�
deficiency resulted in marked changes of cellular chaperones,
including heat shock protein 4 (Hsp4), the tubulin binding-
subunit of the T-complex polypeptide 1 (CCT-1�),18 and the
redox sensitive chaperone protein disulfide isomerase.19,20

Further alterations were observed for proteins involved in cell
division, eg, septin and immunoregulation, eg, Fkbp9 and
annexin 1. Taken together, our proteomic data suggest that
PKC� deficiency is associated with altered energy generation
and cytoskeletal dysregulation in vascular SMCs.

Metabolomic Analysis
To prove the functional relevance of the described enzymatic
changes, we applied high-resolution NMR spectroscopy to
analyze cellular metabolites (Figure 4). In PKC��/� and
PKC��/� SMCs levels of alanine, a surrogate marker for the
activity of the glycolytic pathway in metabolomic analysis
were significantly decreased (Table 3, Figure 5A), whereas
lactate tended to accumulate, indicating impaired glucose
metabolism. Notably, carnitine, required for the mitochon-
drial import of long chain fatty acids, was markedly elevated
in PKC��/� SMCs and associated with higher levels of
phosphocholine, an essential phospholipid for the synthesis of
cell membranes. The metabolic changes in PKC��/� SMCs
resulted in an accumulation of amino acids, such as gluta-
mate, valine, isoleucine, and a diminished creatine pool, a
major energy reserve in muscle tissue. ATP levels were
similar to PKC��/� SMCs when cells were grown in high

glucose medium (25 mmol/L) but significantly decreased
under normal glucose concentrations (5 mmol/L) (Figure 5B;
90 versus 65 �mol ATP/g protein, P�0.05). Thus, higher
levels of glucose are required to maintain cellular energy
production in the absence of PKC�.

Elevated Glutathione Levels Protect
PKC��/� SMCs
One of the most prominent enzymatic changes in PKC��/�

SMCs were observed for the soluble form of isocitrate
dehydrogenase and glucose 6-phosphate dehydrogenase, 2
enzymes related to GSH metabolism. This prompted us to
measure GSH concentrations (Figure 5C): PKC� deficiency
was associated with a significant increase in GSH levels (25
versus 70 �mol/g protein, P�0.001). The difference to
PKC��/� SMCs was less pronounced under high glucose
conditions (15 versus 22 �mol/g protein, P�0.01), which
represents a considerable oxidative stress leading to GSH
consumption.21,22

GSH is a tripeptide with a free sulfhydryl group and is of
paramount importance in maintaining the reducing intracellular
environment.21,23 Consequently, increased GSH protected
PKC��/� SMCs against oxidative stress-induced cell death:
treatment with 100 �mol/L diethylmaleate (DEM), a sulfhydryl-
reactive agent, resulted in rapid depletion of GSH (Figure 6A),
followed by a drop in ATP levels (Figure 6B) and cell death in
PKC��/� SMCs (Figure 6C). In contrast, PKC�-/- SMCs were
less sensitive to DEM-induced cell death (Figure 6A to C),
tolerating up to 20-times higher concentrations of DEM than
PKC��/� SMCs (data not shown). Corresponding to GSH
depletion, the antioxidant protein heme oxygenase 1 (HO-1) was
rapidly induced in PKC��/�, but not in PKC��/� SMCs (Figure
6D). Differences in HO-1 expression were restricted to oxidative
stress, because HO-1 expression after exposure to heavy metals,
eg, cadmium chloride (CdCl2), was similar in PKC��/� and
PKC��/� SMCs (Figure 6E). Taken together, our data clearly
demonstrate that loss of PKC� alters the cellular redox state by
elevating GSH levels, providing protection against oxidative
stress-induced cell death.

Figure 3. Mass spectrometry spectrum.
Peptide mass profiling of a silver-stained
spot from a 2-DE separation of murine
SMC proteins. The protein of spot 3 (Fig-
ure 1) was digested in situ within the gel
with trypsin. The resulting tryptic pep-
tides were analyzed using MALDI-MS in
reflectron mode. The protein was identi-
fied as glucose 6-phosphate dehydroge-
nase (Table 1).
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Impaired Rho Signaling in PKC��/� SMCs
In addition to using a wide-range pH gradient (pH 3 to 10
NL), we separated proteins on a pH 4 to 7 gradient (data not
shown). Because the same amount of protein was used for all
analytical gels, only the spatial resolution was superior
compared with the pH3–10 NL gradient. Using this gradient,
we observed differential expression for Rho guanine dissoci-
ation inhibitor alpha (RhoGDI�) (Figure 7A), an endogenous
inhibitor of RhoGTPases including Rho, Rac, and Cdc42,24

which orchestrate the regulation of actin polymerization.25

We explored its functional relevance by Western blotting and
immunoprecipitation of activated Rho (RhoGTP): increased
expression of RhoGDI� in PKC��/� SMCs (Figure 7B)
attenuated Rho activation in response to mechanical stress
(Figure 7C, D).

Loss of PKC� Causes SMC Dedifferentiation
The small GTPases of the Rho/Rac family orchestrate the
regulation of p38MAPK pathways and actin polymeriza-

tion.25–28 Cytoskeletal dynamics29 and organization play a
crucial role in maintaining SMC differentiation.30,31 Im-
paired Rho signaling in PKC� deficient SMCs was asso-
ciated with a disassembly of stress fibers (Figure 8A).
Additionally, decreased abundance of the differentiation
marker SM22� in the proteomic profile suggested a
phenotypic modulation (spot 16, Table 1). This was further
investigated by use of RT-PCR analysis: loss of PKC� was
associated with transcriptional downregulation of SM22�
(Figure 8B). Similarly, lower expression levels were observed
for SM myosin heavy chain (SMMHC) and calponin (Figure
8C), but not �-SM actin (Figure 8B). Thus, inhibition of Rho
signaling in PKC��/� SMCs is associated with a loss of
cytoskeletal organization resulting in SMC dedifferentiation.

Discussion
The present study provides the first proteomic profile of
murine vascular SMCs that was markedly influenced by
mutational ablation of the PKC� gene. Importantly, pro-

Figure 4. NMR spectra of PKC��/� (A)
and PKC��/� SMCs (B). Resonances
have been assigned to alanine (Ala),
creatine 2 (Cr), phosphocreatine (PCr),
carnitine (Car), phosphocholine (PC), glu-
tamate (Glu), lactate (Lac), acetate (Acet),
succinate (Suc), glycine (Gly), myoinositol
(Myo), valine (Val), and isoleucine
(Iso-Leu). Sodium 3-trimethylsilyl-2,2,3,3-
tetradeuteropropionate (TSP) was added
to the samples for calibration.
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teomic findings were translated into a functional context
by combining proteomic techniques with NMR spectros-
copy. This new research strategy allows us to decipher the
effects of specific genes, drugs, or other treatments on

global alterations of cellular proteins, metabolism and
function.

Most of our knowledge about the role of PKC� is derived
from studies using rottlerin, a putative PKC� inhibitor.13,32,33

TABLE 3. Metabolic Effects of PKC� Deficiency in Vascular SMCs

PKC��/� PKC��/� PKC��/� P (ANOVA) P (Linear Trend)

Alanine 149.47 (�9.75) 108.70 (�5.60) 91.75 (�10.52) 0.001 0.000

Lactate 351.35 (�61.35) 414.14 (�94.93) 508.75 (�114.91) 0.466 0.213

Glutamate 60.10 (�4.86) 60.48 (�4.12) 80.91 (�7.11) 0.031 0.018

Valine 28.34 (�3.71) 31.33 (�4.61) 53.22 (�12.16) 0.096 0.041

Isoleucine 21.52 (�3.13) 27.34 (�3.65) 46.60 (�10.79) 0.060 0.021

Carnitine 22.82 (�4.67) 23.45 (�4.11) 43.53 (�3.95) 0.004 0.003

Acetate 23.17 (�4.63) 26.34 (�8.05) 31.47 (�7.43) 0.645 0.345

Succinate 11.99 (�2.22) 8.95 (�0.96) 13.86 (�1.63) 0.249 0.478

Myoinositol 82.75 (�11.14) 119.56 (�10.44) 155.62 (�49.66) 0.297 0.114

Choline 1.50 (�0.18) 2.39 (�0.97) 2.47 (�1.31) 0.321 0.159

Phosphocholine 5.92 (�0.52) 6.76 (�1.38) 10.81 (�1.79) 0.035 0.013

Total Creatine 74.95 (�7.27) 45.64 (�3.12) 53.70 (�3.28) 0.004 0.017

Glycine 110.80 (�2.56) 114.44 (�10.09) 85.23 (�13.77) 0.109 0.076

Data presented are given in �mol/g protein (mean�SE, n�4 biological replicates in each group, except for PKC��/� SMCs n�3,
measurements were performed in duplicates, total n�22).

P values for differences between the 3 groups were derived from ANOVA tables (bold numbers highlight significant differences from
wild-type controls in the Fisher PLSD test), P values for the linear trend are listed in the far right column.

Figure 5. Comparison of SMC metabo-
lites. Relative changes of metabolites in
PKC��/� (gray bars) and PKC��/� SMCs
(white bars) compared with PKC��/�

SMCs (black line) (A). Abbreviations for
metabolites are explained in the legend
to Figure 2. �Near significant difference
from PKC��/� SMCs P�0.1. *Significant
difference from PKC��/� SMCs, P�0.05.
**P�0.01. Differences in ATP (B) and
GSH levels (C) between PKC��/� SMCs
(black bars) and PKC��/� SMCs (white
bars) under high and low glucose condi-
tions. *Significant difference from high
glucose conditions, P�0.05. **P�0.01
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However, its specificity has recently been questioned as it
appears to block PKC� activity indirectly in vivo by uncou-
pling mitochondria.34 In the present study, we delineate the
effects of PKC� on vascular SMCs by using PKC��/� mice.
Our proteomic and metabolomic data suggest that loss of
PKC� interferes with glucose metabolism, affecting energy
reserves and promoting an antioxidant state of cells reflected
by decreased levels of intracellular reactive oxygen species11

and increased GSH concentrations. GSH turnover was more
efficient in PKC��/� SMCs after DEM treatment and pro-
vided protection against oxidative stress-induced cell death.

Our metabolomic findings are in line with a recent study by
Caruso et al33 demonstrating that PKC� is required for
stimulation of the pyruvate dehydrogenase complex. Pyruvate
dehydrogenase catalyzes the oxidation of pyruvate to acetyl-
CoA, which represents the irreversible step from glycolysis to
the citric acid cycle. SMC metabolism, when viewed in terms

of ATP synthesis, is primarily oxidative, with glucose being
the main source of energy for contractile energy require-
ments, whereas aerobic lactate production appears to be
specifically coupled to sodium and potassium transport pro-
cesses.35,36 Hence, decreased activity of the pyruvate dehy-
drogenase complex in the absence of PKC� provides a likely
explanation for the diminished creatine pool and reduced
ATP levels at 5 mmol/L glucose. Impaired glucose metabo-
lism in PKC��/� SMCs was reflected as a decrease in alanine,
accumulation of lactate, decreased oxidation of certain amino
acids, and compensatory upregulation of alternative metabol-
ic pathways. First, lipid metabolism was increased as evi-
denced by proteomic changes in acyl-CoA dehydrogenase
and aldehyde dehydrogenase 3A1 and a corresponding ele-
vation of carnitine and phosphocholine, the precursor for
phosphatidylcholine. The biosynthesis of phosphatidylcho-
line is driven by the availability of free fatty acids, which are

Figure 6. Increased resistance to oxidative stress-induced cell death in PKC��/� SMCs. PKC��/� SMCs (black bars) and PKC��/� SMCs
(white bars) were treated with 100 �mol/L diethylmaleate (DEM). GSH (A) and ATP (B) concentrations were measured at the indicated time-
points and SMC survival was quantified after 24 hours using a proliferation/cell death kit (Promega). Black, gray, and white bars represent
absorbance values for PKC��/� SMCs, PKC��/�, and PKC��/� SMCs, respectively (C). *Significant difference from controls P�0.05, **P�0.01.
DEM-induced expression of heme oxygenase-1 (HO-1) in PKC��/� and PKC��/� SMCs (n�5) (D). Note that the decrease in actin in PKC��/�

SMCs is a consequence of increased cell death. Comparison of HO-1 induction in PKC��/� and PKC��/� SMCs after treatment with DEM
(50 �mol/L) and cadmium chloride (CdCl2, 10 �mol/L) (n�3) (E).

Figure 7. Impaired Rho signaling in PKC��/� SMCs. Protein extracts of PKC��/� and
PKC��/� SMCs were separated on a pH 4 to 7 IPG strip, followed by a 12% SDS polyacryl-
amide gel. The spots corresponding to RhoGDI� are marked with an arrow (A). Results of
Western blot analysis are shown for expression differences of RhoGDI� (n�3) (B) and
mechanical stress-induced Rho activation in quiescent SMCs as determined by RhoGTP
pull-down assays (C). Rho activation after mechanical stress (10 minutes, 15% elongation, 1
Hz) was quantified by densitometry (n�4) (D). Black and white bars represent absorbance
values for PKC��/� SMCs and PKC��/� SMCs, respectively. *Significant difference from
unstressed controls and PKC��/� SMCs, P�0.05.
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preferentially converted to phospholipids if they escape
mitochondrial oxidation. Aldehyde dehydrogenases catalyze
the oxidation of medium and long-chain fatty aldehydes to
their corresponding carboxylic acids. Acyl-CoA dehydroge-
nases are responsible for �-oxidation of short chain fatty
acids. Second, the pentose phosphate pathway can account
for complete oxidation of glucose, the main products being
NADPH and CO2. All tissues in which this pathway is active
use NADPH in reductive synthesis including synthesis of
GSH.37 Glucose 6-phosphate dehydrogenase is the first and
rate-limiting enzyme in the pentose phosphate pathway. Two
other NADP�-linked dehydrogenases contribute to the gen-
eration of cytosolic NADPH, malic enzyme, and cytoplasmic
isocitrate dehydrogenase.17,38 Both glucose 6-phosphate de-
hydrogenase and cytoplasmic isocitrate dehydrogenase were
altered in our proteomic analysis of PKC��/� SMCs. Thus,
PKC�-associated changes in glucose metabolism appear to
contribute to an increase in GSH, which plays an essential
role in maintaining cellular redox balance.

Another important observation of this study is the upregu-
lation of RhoGDI�, an endogenous inhibitor of Rho signaling
pathways, which was associated with cytoskeletal abnormal-
ities and a phenotypic modulation in PKC��/� SMCs. Rho
signaling is a key regulator of SMC differentiation.30 SMC-
specific markers are regulated at a transcriptional level.
Except for �-SM actin, transcription of these genes is
downregulated in dedifferentiated SMCs. Loss of PKC�
coincided with decreased expression of SMC differentiation
markers, including SM22, SMMHC, and calponin, suggest-
ing that PKC� is required for maintaining SMC
differentiation.

Hemodynamic forces are known to be instrumental in the
pathogenesis of vein graft stenosis.39 We have demonstrated
previously that mechanical stress can induce SMC apoptosis
in vivo and in vitro.26,27,40,41 Two signaling pathways appear
to be involved in initiating SMC apoptosis after mechanical
stress: Rac/p38 MAPK activation and oxidative DNA dam-
age.26,27 These findings were subsequently confirmed by
others.42–44 Importantly, enhanced apoptosis after mechanical
injury is associated with a decrease in GSH levels,45 and the
response of SMCs to mechanical strain is modulated by
glucose 6-phosphate dehydrogenase activity.23 Therefore, our
mechanistic data provide a better explanation of why

PKC��/� SMCs are resistant to apoptosis and contribute to
accelerated neointima formation in PKC��/� vein grafts.

In summary, the present study provides new insights into
PKC� isoform specific effects, which could not have been
obtained by studying individual signaling pathways. Our
integrated approach highlights the intimate connections be-
tween glucose metabolism and susceptibility to cell death,
and identifies PKC� as one of the key kinases in vascular
SMCs, ideally positioned to serve as a “sentinel” responding
to abnormalities in glucose metabolism, oxidative stress, and
cytoskeleton rearrangement. Our findings highlight potential
targets for gene or drug therapy, because enhanced PKC�
induction in the vessel wall could reduce neointima formation
by promoting SMC apoptosis and maintaining SMC differ-
entiation after mechanical injury.
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Material. Antibodies to RhoGDIa were purchased from Zymogen (50-100,

dilution 1:500). All other antibodies were products from Santa Cruz: HO-1 (H-105,

dilution 1:200), actin (I-19, 1:200). Anti-Rho antibodies were supplied with the Rho

activation kits and used at the recommended concentrations (Upstate, Pierce).

Smooth muscle cell culture SMCs were cultured in DMEM (25 mM glucose,

Gibco) supplemented with 15% fetal calf serum, penicillin (100 U⁄ml), and

streptomycin (100 µg⁄ml). Cells were incubated at 37°C in a humidified atmosphere

of 5% CO2 and passaged by treatment with 0.05% trypsin ⁄ 0.02% EDTA solution.

For cell signalling, SMCs were made quiescent by serum starvation for 3 days. For

ATP and GSH measurements as well as experiments related to oxidative stress, SMCs

were also cultivated in normoglucose medium (5mM, Sigma). The purity of SMCs

was routinely confirmed by immunostaining with antibodies against a-actin.

Experiments were conducted on SMCs achieving subconfluence at passages 15 to 35.

Two-dimensional gel electrophoresis (2-DE). SMCs were homogenised in

lysis buffer (9.5 M urea, 2% w/v CHAPS. 0.8% w/v Pharmalyte, pH 3-10 and 1% w/v

DTT) containing a cocktail of protease inhibitors (Complete Mini, Roche) and

centrifuged at 13,000 g at 20°C for 10 min. A minor pellet containing insoluble

proteins remained after lysis in urea buffer and subsequent centrifugation. The

supernatant containing soluble proteins was harvested and protein concentration was

determined 1 using a modification of the method described by Bradford 2. Solubilised

samples were divided into aliquots and stored at –80°C. For two-dimensional gel

electrophoresis (2-DE), extracts were loaded on nonlinear immobilized pH gradient

18-cm strips, 3-10 (Amersham Pharmacia Biotech.). For analytical and preparative

gels, respectively, a protein load of 100 µg and 400 µg was applied to each IPG strip

using an in-gel rehydration method. Samples were diluted in rehydration solution (8
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M urea, 0.5% w/v CHAPS, 0.2% w/v DTT, and 0.2 % w/v Pharmalyte pH 3-10) and

rehydrated overnight in a reswelling tray. Strips were focussed at 0.05 mA/IPG strip

for 60 kVh at 20°C. Once IEF was completed the strips were equilibrated in 6M urea

containing 30% v/v glycerol, 2% w/v SDS and 0.01% w/v Bromphenol blue, with

addition of 1% w/v DTT for 15 min, followed by the same buffer without DTT, but

with the addition of 4.8% w/v iodoacetamide for 15 min. SDS-PAGE was performed

using 12% T, 2.6% C separating polyacrylamide gels without a stacking gel, using the

Ettan DALT system (Amersham). The second dimension was terminated when the

Bromphenol dye front had migrated off the lower end to the gels. After

electrophoresis, gels were fixed overnight in methanol: acetic acid: water solution

(4:1:5 v/v/v). 2-DE protein profiles were visualised by silver staining using the Plus

one silver staining kit (Amersham Pharmacia Biotech.) with slight modifications to

ensure compatibility with subsequent mass spectrometry analysis. For image analysis,

silver-stained gels were scanned in transmission scan mode using a calibrated scanner

(GS-800, Biorad). Raw 2-DE gels were analysed using the PDQuest Software

(Biorad). Normalization was performed for total spot number/volume. Differences

were confirmed by an automated analysis software (Proteomeweaver,  Definiens). For

the present study, 8 gels were processed in parallel to guarantee a maximum of

comparability. Each 2-DE run was at least repeated once. All 2-DE gels were of high

quality in terms of resolution as well as consistency in spot patterns. A molecular

weight and pI grid was computed based on the identification of 200 spots (Mayr et al,

unpublished data) using the PDQuest Software.

Mass spectrometry. Gel pieces containing selected protein spots were treated

overnight with modified trypsin (Promega) according to a published protocol 3.
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Peptide fragments were recovered by sequential extractions with 50mM ammonium

hydrogen carbonate, 5% v/v formic acid, and acetonitrile. Extracts were lyophilized,

resuspended in 20 µl of 0.1% v/v TFA/ 10% v/v acetonitrile, and desalted on Zip tips

(Millipore) according to the manufacturer’s instruction. MALDI-MS was performed

using an Axima CFR spectrometer (Kratos, Manchester, UK). The instrument was

operated in the positive ion reflectron mode. a-cyano-4-hydroxy-cinnaminic acid was

applied as matrix. Spectra were internally calibrated using trypsin autolysis products.

The resulting peptide masses were searched against databases using the MASCOT

program 4. One missed cleavage per peptide was allowed and carbamidomethylation

of cysteine as well as partial oxidation of methionine were assumed. In addition to

MALDI-MS, tandem mass spectrometry was performed for sequencing of tryptic

digest peptides. Following enzymatic degradation, peptides were separated by

capillary liquid chromatography on a reverse-phase column (BioBasic-18, 100 x 0.18

mm, particle size 5 µm, Thermo Electron Corporation) and applied to a LCQ ion-trap

mass spectrometer (LCQ Deca XP Plus, Thermo Finnigan). Spectra were collected

from the ion-trap mass analyzer using full ion scan mode over the mass-to-charge

(m/z) range 300-2000. MS-MS scans were performed on each ion using dynamic

exclusion. Database search was performed using the TurboSEQUEST software

(Thermo Finnigan).

ATP and GSH measurements. Intracellular ATP and total glutathione levels

were determined by spectroscopy as described previously5,6.

Cell viability assay. For cell viability assays, SMCs (2 x 103) were cultured

in 96-well plates. After 24 h, cells were incubated with diethylmaleate (DEM). A

solution (Aqueous One Solution Cell Proliferation Assay, Promega) was added 2 h
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before the end of the incubation period and the optical density at 490 nm was

recorded by photometry7.

Western Blotting and kinase assays. Cellular protein extracts were harvested

according to an established protocol8,9. Western blotting was performed as described

previously8,9.

Rho activation assay. SMCs were seeded on silicone elastomer-bottomed

culture plates (Flexcell, McKeesport, PA) at 1.5x105 cells per well, grown for 48 h,

and subjected to cyclic strain. The Cyclic Stress Unit, a modification of the unit

initially described by Banes et al10, consisted of a computer-controlled vacuum unit

and a base plate to hold the culture plates (FX3000 AFC-CTL, Flexcell). A vacuum

(15 to 20kPa) was repetitively applied to the elastomer-bottomed plates via the base

plate. Cyclic deformation (60 cycles⁄min) with 15% elongation was applied for up to

20 min in a humidified incubator with 5% CO2 at 37°C. Rho activation was measured

by RhoGTP pull-down assays using two commercial kits (Pierce and Upstate).

Cell spreading assay. SMC were plated on a slide bottle and cultured in

DMEM supplemented with 20% FCS at 37°C in a humidified atmosphere with 5%

CO2. After 6h, cells were washed with cold phosphate buffered saline (PBS), fixed for

15 min at room temperature (2% formaldehyde, 0.2% glutaraldehyde in PBS, pH 7.2),

treated with 0.02% Triton X-100 in PBS for 2 min, washed with PBS and then

blocked with 1% bovine serum albumin (BSA) in PBS. For actin staining, cells were

incubated with rhodamine phalloidin (Sigma) for 30 min11. Counterstaining of cell

nuclei was performed with Sytox-Green (5 µM, Molecular Probes) for 20 min.

RT-PCR. Total RNA was extracted using the Fast RNA kit according to the

protocol provided by the manufacturer (Qiagen). 2 µg of total RNA was reverse

transcribed into complementary DNA (cDNA) using the Promega reverse
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transcription system. The RT products were examined by PCR with primers for SMC

differentiation markers as described previously12.
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