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Proteomic and Metabolomic Analysis of Smooth Muscle
Cells Derived From the Arterial Media and Adventitial
Progenitors of Apolipoprotein E-Deficient Mice

Manuel Mayr, Anna Zampetaki, Anissa Sidibe, Ursula Mayr, Xiaoke Yin, Ayesha I. De Souza,
Yuen-Li Chung, Basetti Madhu, Paul H. Quax, Yanhua Hu, John R. Griffiths, Qingbo Xu

Abstract—We have recently demonstrated that stem cell antigen 1-positive (Sca-1") progenitors exist in the vascular adventitia
of apolipoprotein E—deficient (apoE~'") mice and contribute to smooth muscle cell (SMC) accumulation in vein graft
atherosclerosis. Using a combined proteomic and metabolomic approach, we now characterize these local progenitors, which
participate in the formation of native atherosclerotic lesions in chow-fed apoE ™~ mice. Unlike Sca-1" progenitors from
embryonic stem cells, the resident Sca-17 stem cell population from the vasculature acquired a mature aortic SMC phenotype
after platelet-derived growth factor-BB stimulation. It shared proteomic and metabolomic characteristics of apoE '~ SMCs,
which were clearly distinct from wild-type SMCs under normoxic and hypoxic conditions. Among the differentially expressed
proteins were key enzymes in glucose metabolism, resulting in faster glucose consumption and a compensatory reduction in
baseline interleukin-6 secretion. The latter was associated with a marked upregulation of insulin-like growth factor binding
proteins (IGFBPs) 3 and 6. Notably, reconstitution of interleukin-6 to levels measured in the conditioned medium of wild-type
SMCs attenuated the elevated IGFBP expression in apoE '~ SMCs and their vascular progenitors. This coregulation of apoE,
interleukin-6, and IGFBPs was replicated in wild-type SMCs from hypercholesterolemic mice and confirmed by silencing
apoE expression in SMCs from normocholesterolemic mice. In summary, we provide evidence that Sca-1" progenitors
contribute to native atherosclerosis in apoE ™'~ mice, that apoE deficiency and hypercholesterolemia alter progenitor cell
behavior, and that inflammatory cytokines such as interleukin-6 act as metabolic regulators in SMCs of hyperlipidemic mice.
(Circ Res. 2008;102:1046-1056.)

Key Words: atherosclerosis m insulin-like growth factor-1 m progenitor cells ® proteomics
m vascular smooth muscle

With the introduction of apolipoprotein (apo)E-deficient
strains, the mouse became the preferred animal model
in cardiovascular research.! ApoE is a glycoprotein that is
synthesized in the liver and the brain, but it is also produced
locally in the vessel wall, mainly in infiltrating monocytes
and macrophages,? and gets recruited from the circulation
after vascular injury.? Besides apoE-mediated cholesterol
transport, lipid-independent effects of apoE also have rele-
vance in vitro and in vivo. For instance, apoE is synthesized
in quiescent but not actively proliferating smooth muscle
cells (SMCs) in culture* and suppresses growth factor and
oxidized LDL~induced SMC migration and proliferation.> A
possible role of apoE in modulation of SMC growth in vivo
is supported by observations that the numbers of intimal
SMCs are increased in fibroproliferative atherosclerotic
plaques of chow-fed apoE ™"~ mice but reduced after vascular
injury in transgenic mice overexpressing apoE.!¢ Similarly,

we found that vein grafts of apoE™~ mice showed increased
neointima formation even if grafted to normolipidemic wild-
type animals.” Notably, atherosclerosis is more severe in
chow-fed apoE™"~ mice than in cholesterol-fed apoE*'* mice
despite similar plasma cholesterol levels.® Differences in
protein expression and metabolism between apoE~'~ and
apoE™* SMCs, however, remain to be elucidated.

Besides local SMCs, vascular progenitors may contribute
to SMC accumulation in vascular disease.”~'# We focused on
a resident population of stem cell antigen 1 positive (Sca-17)
progenitors present in the adventitia of apoE™~ mice that
repopulates vein grafts following SMC death.!315-17 Al-
though these progenitors express SMC markers on platelet-
derived growth factor (PDGF)-BB stimulation,'> a more
comprehensive assessment at the molecular level is needed to
establish whether these progenitor cell-derived cells truly
belong to the SMC lineage. We have recently used proteom-
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Figure 1. Sca-1* progenitors participate in atherosclerosis. Aortic roots from 10-week-old (A and B) and 12-month-old (C and D)
apoE~'~ mice were sectioned and labeled with anti-Sca-1 antibodies. Sections were developed with alkaline phosphatase anti-alkaline
phosphatase (APAAP) techniques and counterstained with hematoxylin (blue). Arrows highlight Sca-1* cells. Note that Sca-1* cells are
predominantly detectable in early (C) rather than complex (D) atherosclerotic lesions.

ics to demonstrate that Sca-1" progenitors derived from
embryonic stem cells can express a panel of SMC markers in
response to PDGF-BB stimulation without acquiring a mature
SMC phenotype.'s Instead, these SMC-like cells maintained
characteristics of their embryonic stem cell origin.!” Conse-
quently, the question arose as to whether SMCs derived from
adult progenitor cells in the adventitia of apoE~"~ mice would
be more similar to mature aortic SMCs. Because the pheno-
type of progenitor—derived cells is better reflected in their
instantaneous protein profiles than the expression of a se-
lected panel of marker proteins,?® we compared the proteome
of SMCs derived from adult Sca-1" progenitors with aortic
SMCs derived from apoE~'~ and apoE*" mice by using
difference in-gel electrophoresis (DIGE) and tandem mass
spectrometry.

Materials and Methods

An expanded Materials and Methods section is available in the
online data supplement http://circres.ahajournals.org.

Key techniques involved adaptations of previously published
protocols, including those for the culture of SMCs,?! the isolation of
Sca-1* progenitors from the aortic adventitia,!3 differentiation of
embryonic stem cells into SMC-like cells,'® immunohistochemistry,’
2D gel electrophoresis,?> tandem mass spectrometry,>> NMR spec-
troscopy,>* and RNase Protection assay.?* Protocols for proteomic
analysis are available on our web site at http://www.vascular-
proteomics.com.

Results
Resident Sca-1* cells contribute to atherogenesis in
apoE ™~ mice. Sca-17 cells resided within the adventitia of
aortas from 10-week-old apoE~'~ mice (Figure 1A and 1B)
but not apoE*'* mice.!3 Their recruitment to the vascula-
ture coincided with increased expression of the CXC
chemokine stromal cell-derived factor (SDF)-1a25: real-
time PCR measurements revealed that the SDF-1a/
GAPDH ratio was 0.97%+0.12 and 0.74=0.10 in aortas of
apoE~~ and apoE"'" mice, respectively (n=4, P=0.028).
On cholesterol feeding, Sca-1" cells also appeared in the
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Figure 2. Proteomic characterization of
SMCs and their vascular progenitors.

A, Match matrix highlighting similarity
between proteomic profiles of Sca-1*
progenitors derived from embryonic
stem cells or isolated from the adventitia
of adult mice before and after PDGF-BB
treatment. Bright green color denotes
similarity; brown and red color, dissimi-
larity. Note that under PDGF-BB treat-
ment, Scal™ progenitors from adult
mice, but not from embryonic stem cells,
resemble a mature SMC phenotype.
ESC indicates embryonic stem cells;
SMC, mature aortic SMCs; AdSca1,
Sca-1* progenitors derived from the
adventitia; ADSMC, adventitial Sca-1*
progenitors after PDGF-BB stimulation;
esScal®, Sca-1" progenitors derived
from murine embryonic stem cells;
esSMCs, embryonic stem cell-derived
Sca-1" progenitors after PDGF-BB stim-
ulation. The score plot in B shows a
principal component analysis of pro-
teomic profiles from SMCs derived from
adult Sca-1* progenitors and from aortic
SMCs of apoE™" (Wt) and apoE~~ (apoE)
mice under normoxic and hypoxic condi-
tions. The black ellipse represents the
95% significance level. C, Hierarchical

Frotain:

clustering was applied to rearrange the
dataset. The spot maps in each experi-
mental group were divided into 4 clus-
ters. All apoE*'* and apoE~'~ SMCs
were closely grouped. Furthermore,
there was a clear separation between
hypoxia and normoxia. Moreover, SMCs
derived from adventitial Scal* progeni-
tors (boxed lanes) were grouped with
apoE~~ SMCs. X-axis indicates spot
maps; y-axis, proteins. Red color denotes
increase; green color, decrease. Black
color indicates no change. Bar shows
the log standard abundance value inter-
val for the colors; =0.3 denotes proteins
with 3-fold increase or decrease.

~ —

WT —
€3 0 03

adventitia of apoE"" mice but fewer compared with
apoE™~ mice (data not shown). During atherogenesis,
numerous Sca-1" progenitors were present in early lesions
(Figure 1C), whereas they were scarce in complex ather-
oma of 12-month-old apoE~'~ mice (Figure 1D). Nonethe-
less, even in advanced lesions, there were almost twice as

ApoE

many cells staining for Sca-1 (=2.3+0.9% of total lesional
cells of the aortic root) compared with other progenitor cell
markers, including c-kit (1.120.3%), CD34 (1.6%£0.5%),
and fetal liver kinase 1 (0.4%0.3%). No staining was
observed for the embryonic stem cell marker SSEA-1 (data
not shown).
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Proteomic Characterization of Progenitor
Cell-Derived SMCs

To get a better understanding of their biological potential,
Sca-1" resident progenitor cells were isolated from the
adventitia as described previously'® and characterized by
proteomics. For comparison, Sca-1" progenitors were also
prepared from embryonic stem cells.'$2¢ As indicated by the
match matrix of their proteomic profiles (Figure 2A), the
similarity of Sca-1" progenitors to mature aortic SMCs was
independent of their vascular or embryonic origin. Unlike
Sca-1" progenitors derived from embryonic stem cells, how-
ever, the proteome of adventitial Sca-1" cells closely resem-
bled mature SMCs after PDGF-BB treatment. To accurately
quantify differences in protein expression, we compared
apoE™*, apoE ™", and Sca-1"—derived SMCs under normoxia
and hypoxia (18 hours, 5% O, balanced with N,) using DIGE.
Principal component analysis (Figure 2B) and hierarchical
clustering (Figure 2C) revealed that after in vitro differenti-
ation with PDGF-BB, the proteome of adult Sca-1" progen-
itors was reminiscent of their apoE ™'~ origin.

Proteomic Comparison of ApoE~'~ SMCs

Under Normoxia

Among the differentially expressed proteins (n=6, supple-
mental Figure I and supplemental Table I) were chaperones
and endoplasmic reticulum proteins of the unfolded protein
response quality-control system (UPR), such as erp29/Bip,
glucose-regulated protein 78 and 94 (grp78, grp94), and
protein disulfide isomerases A3 and A6. The UPR system has
previously been shown to be activated at all stages of
atherosclerosis in apoE™~ mice.?” It reduces new protein
synthesis by translational attenuation and eliminates mis-
folded proteins by the ubiquitin proteasome system. This is
consistent with the observed downregulation of enzymes
involved in amino acid metabolism and eukaryotic elongation
factors, eEF1 delta and eEF2. The latter mediates the trans-
location step of elongation and is phosphorylated by a
calcium- and calmodulin-dependent protein kinase regulated
by insulin through the rapamycin-sensitive mTOR pathway.?8
When the differentially expressed proteins (n=51) were
submitted to Ingenuity Pathway Analysis (Ingenuity System,
Mountain View, Calif), the computational algorithms built 3
protein association networks (supplemental Figure II) and
returned downregulation of amino acid metabolism and
upregulation of glycolysis/glucose metabolism as the top
canonical pathways.

Proteomic Comparison of ApoE~"~ SMCs

Under Hypoxia

Protein changes in hypoxic (n=12) compared with normoxic
(n=8) SMCs are summarized in supplemental Figure III and
supplemental Table II. In all cell lines, hypoxia induced an
upregulation of glycolytic enzymes, as well as lactate dehy-
drogenase, with a concomitant downregulation of the pyru-
vate dehydrogenase complex, the bridge between aerobic and
anaerobic glucose metabolism (supplemental Figure IV). Key
enzymes of alternative glucose pathways, however, were
predominantly upregulated in mature and progenitor-derived
apoE™"~ SMCs, ie, aldose reductase for the sorbitol pathway

Proteomics of Resident Vascular Progenitor Cells 1049
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Figure 3. Representative enzymatic changes. Key enzymes in
glucose metabolism were differentially expressed in wild-type
(Wt), apoE ", and adventitial progenitor-derived SMCs (AdSMC)
under normoxic (N) and hypoxic (H) conditions. Note that the
pattern for lactate dehydrogenase (LDH), dihydrolipoyl dehydro-
genase (PDH E3), and aldose reductase (AR) in AASMCs is
more similar to mature apoE~'~ SMCs than wild-type controls.

(Figure 3). The metabolic alterations in apoE-deficient SMCs
were associated with an increase of transaldolase, the revers-
ible link between glycolysis and the pentose phosphate
pathway, as well as isoforms of cytosolic malate dehydroge-
nase and aspartate aminotransferase, the 2 enzymatic compo-
nents of the malate-aspartate shuttle, which is responsible for
transporting reducing equivalents from glycolysis into mito-
chondria. In addition, several of the differentially expressed
proteins identified in normoxic apoE™~ SMCs were con-
firmed after hypoxia and their quantitative differences were
almost identical in the 2 independent proteomic datasets, eg,
for ezrin, fascin, annexin A2, and eEF2 (supplemental Figure
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Figure 4. Glucose metabolism. A, Protein extracts of wild-type (Wt) and apoE~~ SMCs were probed with antibodies to pyruvate kinase
(PK) and lactate dehydrogenase (LDH). B through D, Lactate dehydrogenase activity (B), glucose depletion in the culture medium (C),
and cellular ATP (D), as measured under normoxic and hypoxic conditions. E, Increased susceptibility to oxidative stress—-induced cell
death. Survival of wild-type (white bars), apoE™'~ SMCs (black bars), and progenitor-derived SMCs (gray bar) after incubation with glu-
cose oxidase or diethylmaleate (DEM) in high glucose medium (25 mmol/L) for 24 hours is shown. Significant difference from controls:
*P<0.05, **P<0.01. F, Oxidation of redox-sensitive proteins. Peroxiredoxins are a family of antioxidants that act by being the reducing
substrate itself. Differences in the sulfoxidation of cytosolic (I, Il) and mitochondrial (lll) peroxiredoxins, as quantified by specific anti-
bodies recognizing only the oxidized isoforms. No difference was observed for total Prx Il and Ill.

V and supplemental Table III). Thus, cellular differences
persisted in hypoxia, but enzymatic changes became more
pronounced.

Immunoblotting and Enzymatic Assays

Consistent with our proteomic experiment, pyruvate kinase
and lactate dehydrogenase increased in both apoE** and
apoE™~ SMCs after hypoxia (Figure 4A), with the latter
showing a tendency toward even higher levels. Despite
similar net enzyme concentrations under normoxia, lactate
dehydrogenase activity (Figure 4B) and glucose consumption
(Figure 4C) were elevated in apoE™'~ SMCs. ATP levels were
similar to apoE"* SMCs under normoxic conditions but
lower in apoE™~~ SMCs and progenitor-derived SMCs after
hypoxia (Figure 4D). Compared with wild-type controls,
apoE™"~ SMCs and their progenitors were resistant to treat-
ment with glucose oxidase as substrate depletion in the
culture medium protected them against glucose oxidase—
mediated oxidative injury (Figure 4E). They were, however,
more susceptible to cell death in response to other oxidative
stress stimuli,” ie, lowering the intracellular antioxidant glu-
tathione by treatment with diethylmaleate (Figure 4E), and
increased free radical generation in apoE™'~ SMCs was
evidenced by oxidation of redox-sensitive proteins, such as

peroxiredoxins, providing additional confirmation of our
proteomic data (supplemental Table III and Figure 4F).

Metabolomic Comparison of apoE~'~ SMCs

To further clarify the metabolic effects of apoE deficiency,
we measured metabolites in cellular extracts of normoxic
SMCs cultivated in normal (5 mmol/L) and high glucose
concentrations (25 mmol/L) by high-resolution NMR spec-
troscopy.?® Quantitative data are included as supplemental
Table IV. High glucose concentrations (25 mmol/L) resulted
in a rise of myoinositol, which is exchanged for sorbitol to
maintain osmoregulation. Notably, lactate levels were higher
in apoE™"" than apoE*"* SMCs, and carnitine, required for the
import of long-chain fatty acids into mitochondria and for
transporting acetyl-coenzyme A out of the mitochondria to
avoid a fatty acid—induced block of glycolysis, decreased by
normalizing glucose concentrations in the culture medium in
apoE™"", but not apoE*"* SMCs.

The effect of hypoxia on SMC metabolites is summarized
in supplemental Table V. Apart from glycolic acid, cellular
metabolites were similar in hypoxic apoE** and apoE~"~
SMCs. NMR spectroscopy, however, confirmed that apoE ™"~
SMCs consumed glucose faster than their wild-type controls,
as indicated by a depletion of glucose in the conditioned
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Figure 5. IGFBP expression. Expres-

— 37kD sion of IGFBP-3 and -6 was quanti-
fied in wild-type (Wt) and apoE™~~
SMCs and their adventitial progeni-
tors (AdSMC) by RT-PCR (A) and
immunoblotting (B).
o | — 25kD

medium and a corresponding rise in acetate, an endproduct of
lipid metabolites (supplemental Figure VI). Thus, metabolism
in apoE™~ SMCs was similar to hypoxic but not normoxic
SMCs.

Interleukin-6 and Insulin-Like Growth Factor
Binding Proteins

Apart from systemic factors, such as insulin, glucose metab-
olism is also regulated locally, ie, by the production of
insulin-like growth factor (IGF) binding proteins (IGFBPs).
We, therefore, evaluated IGFBP-1 to -7 expression in
apoE™*, apoE™"", and progenitor-derived SMCs using RT-
PCR. Whereas IGFBP-1 and -5 were undetectable in murine
SMCs, expression of IGFBP-4 and -7 was identical in all cell
lines. ApoE deficiency, however, was associated with a
marked increase in IGFBP-3 and -6 at the mRNA (Figure 5A)
and at the protein level (Figure 5B). Notably, IGFBP-3 was
induced in apoE*" SMCs by lowering glucose or oxygen
concentrations in the culture medium, whereas IGFBP-6 was
not inducible in wild-type SMCs despite its abundance in
apoE™~ and progenitor-derived SMCs.

It has been demonstrated previously that tumor necrosis
factor (TNF)-a regulates IGFBP-3 expression in SMCs.?®
Because TNF-a secretion was below detectable levels in the
culture supernatant of murine SMCs (data not shown), we
used a global approach (ie, RNase protection assay) to
compare the capacity of wild-type, apoE™"~, and progenitor-
derived SMCs to produce other inflammatory mediators,
including interleukin (IL)-1e, IL-183, IL-1Ra, IL-6, IL-10,

IL-12p35, 1L12p40, IL-18, interferon-y, and macrophage
migration inhibitory factor. Expression was compared at
baseline and after stimulation with bacterial lipopolysaccha-
rides or TNF-a because apoE has been shown to suppress
type I inflammatory responses in vivo.3° Representative gels
are shown in Figure 6. Whereas a transcriptional upregulation
of interferon-inducible protein-10 and T-cell activation gene
3 was observed in apoE™~ SMCs and progenitor-derived
SMCs after treatment with TNF-a and lipopolysaccharides,
baseline mRNA transcripts for IL-18 were higher and for IL-6
lower in apoE™"~ SMCs compared with wild-type controls.
Subsequent measurements at the protein level confirmed a
marked reduction of IL-6 secretion (Figure 7A, mean*SEM:
1.0+0.2 ng/mL in apoE~~ SMCs and 4.8+1.7 ng/mL in
progenitor-derived SMCs versus 24.3+1.8 ng/mL in apoE*'*
SMCs, respectively, P<<0.001 [ANOVA]). Whereas glucose
concentrations in the culture medium did not alter the
baseline levels of IL-6 secretion in normoxic apoE~'~ SMCs,
the hypoxia-induced increase of IL-6 in apoE™"~ SMCs was
more pronounced in normal (5 mmol/L) than high
(25 mmol/L) glucose medium (4.8 ng/mL versus 2.7 ng/mL,
paired ¢ test P<<0.05). In contrast, glucose concentrations had
no significant effect on the IL-6 release from hypoxic
wild-type SMCs (data not shown). Thus, IL-6 secretion is
substantially lower in apoE™"~ SMCs but more responsive to
glucose concentrations under hypoxia.

Next, we evaluated whether IL-6 would alter the IGFBP
system. SMCs were incubated in fresh culture medium
supplemented with 1 ng/mL and 10 ng/mL IL-6 for 24 hours.

Downloaded from http://circres.ahajournals.org/ by guest on December 20, 2013


http://circres.ahajournals.org/
http://circres.ahajournals.org/

1052 Circulation Research May 9, 2008

WT  ApoE-/- AdSMC

TNFa - + - I .
IPS - - & - - % - = #
Ltn -

RANTES

- — .. —p RANTES
MIP-1b

MIP-1a

MIP-2
1P-10

- P2

MCP-1 —q

TCA-3

Eotaxin

EEECEBREE

IFhy

WT ApoE-/- AdSMC

TNFa - + - - + - - 4+ -

IL-12p35
IL-12p40
IL-10
IL-1a
IL-1b

IL-1Ra

MIF

L32

IPE. = w B o o A o= ow B

IL-18 — IL-1Ra
e s 18
.- - - - > 5
gEEmsRmmEs >

GAPDH

i - 132

.. —p GAPDH

Figure 6. Cytokine expression. Total RNA was isolated from cells and analyzed by RNase Protection assay. GAPDH was used as a

loading control.

Subsequently, mRNA transcripts for IGFBPs were quantified
by RT-PCR. The administration of IL-6 resulted in transcrip-
tional downregulation of IGFBP-3 and -6 but not other
IGFBPs in apoE™~ and progenitor-derived SMCs (Figure
7B), demonstrating that the reduced levels of IL-6 account for
the elevated IGFBP expression in apoE~"~ SMCs.

IGFBPs in ApoE*"* SMCs From
Hypercholesterolemic Mice

To establish whether the observed alterations resulted from
apoE deficiency or hypercholesterolemia, we isolated aortic
SMCs from cholesterol-fed wild-type mice. In these cells,
too, a downregulation of apoE and IL-6 was associated with
an upregulation of IGFBP-3 and IGFBP-6, confirming our
concept of coregulation of apoE, IL-6 and IGFBPs (Figure
8A and 8B). Next, we silenced apoE expression using small
interfering (si)RNA technology: downregulation of apoE by
RNA interference was sufficient to reduce IL-6 secretion and
to elevate IGFBP-6 expression in SMCs from normocholes-
terolemic mice. IGFBP-3, however, was not affected (Figure
8A and 8C). Thus, the observed phenotype in apoE~'~ SMCs
is probably the result of a combined effect of apoE deficiency
and hypercholesterolemia.

Discussion
Possible roles of local progenitor cell populations within the
vessel wall include a physical reconstruction of tissue during
vascular repair, a paracrine support for growth of endogenous
cells, or a limitation of inflammation. In the present study, we
demonstrate that resident Sca-17 cells migrate from the
adventitia to the media during early atherosclerosis until they
finally blend into the tissue in more complex lesions. Using a
proteomic approach, we established that these adult progen-

itors have the potential of acquiring a mature SMC pheno-
type: unlike Sca-1" progenitors derived from embryonic stem
cells, Sca-17" cells from the adventitia of aortas of apoE ™"~
mice had protein profiles similar to aortic SMCs after
incubation with PDGF-BB in vitro. Notably, they maintained
functional alterations indicative of their apoE ™'~ origin, as
evidenced by their accelerated glucose consumption, in-
creased transcription of IL-18, decreased synthesis of IL-6,
elevated expression of IGFBP-3 and -6, and their suscepti-
bility to oxidative stress. Thus, our data support the possibil-
ity of a physical incorporation of adult progenitors in the
vasculature, although their overall similarity to mature
apoE™"~ SMCs, especially with respect to cytokine profiles,
argues against a paracrine support or a limiting effect on
inflammation.

Metabolism in ApoE~'~ SMCs

In our previous proteomic and metabolomic analysis of aortas
from apoE ™~ mice,3! we demonstrated that inefficient energy
metabolism and increased oxidative stress preceded athero-
sclerotic lesion formation in hyperlipidemic animals. It is
well established that oxygen consumption in the vasculature
is augmented by accumulation of inflammatory cells and that
lipid deposition in the arteries reduces the diffusion distance
of oxygen and water soluble metabolites such as glucose, the
main source of energy for the vasculature. Interestingly,
cultivated aortic SMCs from apoE~'~ mice showed acceler-
ated glucose consumption and increased susceptibility to
oxidative stress. Notably, the hyperglycemia-induced down-
regulation of the glucose transport is important for protecting
cells against an excessive influx of glucose, a key factor for
oxidative stress.
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IGFBP expression.

Insulin-Like Growth Factor Binding Proteins

Glucose metabolism is modulated by insulin sensitivity in the
target tissue. IGF-1 is a potent hypoglycemic agent with a
similar function to insulin and an important survival factor for
SMC:s in atherosclerotic lesions.32:33 Unlike insulin, the bio-
availability of IGF in the circulation and in the extracellular
space is regulated by IGFBPs, which are produced by local
tissues and modulate IGF-1 effects.>> Whereas liver-derived
IGFBP-1 is the main binding partner for IGF-1 in the
circulation and IGFBP-1 circulating levels correlate nega-
tively with cardiovascular disease, IGFBP-3 has a similar
ability to bind IGF-1 but is also produced in local tissues and
plasma levels increase in patients with cardiovascular dis-
ease.>* Notably, IGFBP-3 has intrinsic bioactivity and has

recently been implicated in the differentiation of hemato-
poietic progenitors during vascular development.3> In this
respect, it is noteworthy that IL-6 supplementation normal-
ized IGFBP-3 levels faster than IGFBP-6 in progenitor-
derived SMCs, whereas the opposite was the case in mature
apoE™~ SMCs (Figure 7B).

The expression, secretion, and regulation of IGFBPs in
SMCs are known to be species specific: rat and murine
wild-type SMCs expressed predominantly mRNA transcripts
for IGFBP-2 and 4.3 Whereas angiotensin II, thrombin, and
reactive oxygen species reduced levels of IGFBP-4, IGFBP-2
and IGFBP-4 significantly increased in response native LDL
and oxidized LDL and TNF-« induced IGFBP-3.29-32.3¢ The
present study is, to our knowledge, the first evidence that
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IGFBP-3, whereas the same stimuli had no effect on
IGFBP-6. Both, IGFBP-3 and IGFBP-6, however, were
upregulated in apoE™~ SMCs and progenitor-derived SMCs.
This phenotype was replicated in apoE™* SMCs from cho-
lesterol-fed mice. To exclude that our findings were attribut-
able to an inflammatory response following chronic hyper-
cholesterolemia, we silenced apoE expression in wild-type
SMCs from normocholesterolemic mice: in this experiment,
too, downregulation of apoE was accompanied by decreased
IL-6 production and a rise in IGFBP-6. Only IGFBP-3 was
unchanged. These findings are consistent with our observa-
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Figure 8. IGFBP expression in apoE"* SMCs. Aortic
SMCs were cultivated from cholesterol-fed apoE**
mice (WT+Chol). A, Note the correlation among apoE,
IL-6, IGFBP-3, and IGFBP-6 expression. Treatment with
siRNA directed toward apoE (siApoE) was sufficient to
reduce IL-6 and upregulate IGFBP-6 in SMCs from nor-
mocholesterolemic mice. siCtrl denotes SMCs treated
with control siRNA. B and C, Verification at the protein
level.
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tions that IGFBP-3 is more responsive to environmental
factors, ie, glucose and oxygen concentrations in the culture
medium, and less dependent on the expression levels of apoE
than IGFBP-6 (Figure 5). As summarized in supplemental
Table VI, we demonstrated by 3 different methods (ie, by
feeding a cholesterol-rich diet, by RNA interference, and by
deleting the endogenous gene) that a reduction of apoE
expression in SMCs resulted in a downregulation of IL-6 and
a corresponding rise in IGFBP expression, which was revers-
ible by supplementing IL-6 to the culture medium. Thus, we
provide clear evidence that chronic hypercholesterolemia has
lasting metabolic effects on SMCs, which are not only
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attributable to the inflammatory response in the vasculature
but also influenced by the expression levels of apoE.

Metabolic Effects of Cytokines

Although metabolic disturbances are recognized as a key
factor in both the initiation and progression of atherosclerosis,
inflammatory cytokines are predominantly studied in the
context of inflammation and their pronounced metabolic
actions that contribute to the general adaptation of the
organism during inflammatory stress are attracting less atten-
tion in cardiovascular research. IL-6 is known to play a key
role in the immune and acute phase response. IL-6 expression
is higher in atherosclerotic than normal arteries, and injection
of IL-6 accelerates atherosclerosis in apoE '~ mice.?” In
addition to its potent inflammatory properties, however, IL-6
may have profound metabolic effects in vascular SMCs. In
skeletal muscle, for example, IL-6 has been implicated as
“exercise factor”383° that acts in a paracrine manner on
neighboring muscle cells and is released within minutes. The
depletion of glycogen stores within muscle fibers triggers the
release of IL-6 to increase glucose supply by stimulating
lipolysis in the adipose tissue and glycogen breakdown in the
liver.3® In contrast to TNF-«, 1L-6 does not make cells
insensitive to insulin but stimulates glucose uptake and the
rise of IL-6 during prolonged exercise can become as high as
in sepsis.

Atherosclerotic lesions occur at preferential sites along the
vasculature, and increased metabolic demand may explain
why specific hemodynamic conditions initiate disease at
these particular locations but not in their vicinity. We have
demonstrated recently that mechanical stretch is a potent
inducer of IL-6 in vascular SMCs.?* We now report that IL-6
secretion is inversely correlated with glucose consumption:
wild-type SMCs consumed less glucose but secreted more
IL-6, whereas high glucose turnover in apoE™~~ SMCs and
progenitor-derived SMCs was associated with low levels of
IL-6 secretion. Moreover, their hypoxia-induced increase in
IL-6 secretion was attenuated by higher glucose concentra-
tions in the culture medium, indicating that substrate avail-
ability constitutes an important factor determining cytokine
release. By regulating IGFBP synthesis and modulating IGF
availability, IL-6 may constitute an integral component of the
inflammatory—metabolic interplay in vascular SMCs.

IL-18 is another important regulator in the homeostasis of
energy intake.*® IL-18'~ mice showed insulin resistance at
the level of muscle and adipose tissue and increased fat
deposition in the arterial walls.*® Like 1L-6,37 IL-18 admin-
istration accelerated atherosclerosis in apoE ™"~ mice.#! More-
over, a double knockout for IL-18 and apoE had reduced
atherosclerosis despite higher cholesterol levels,*> and over-
expression of an IL-18 binding protein in apoE™"~ mice
prevented lesion development and promoted a stable plaque
phenotype.** The increase in IL-18 transcription, as observed
in the present study, is consistent with a recent report that
apoE is a negative regulator of IL-18.#4 Overall, it is apparent
that cytokines not only regulate immune or inflammatory
responses in atherosclerosis but also contribute to glucose
homeostasis** in the SMC compartment.

Proteomics of Resident Vascular Progenitor Cells 1055

Therapeutic Potential of Resident Progenitor Cells
Our findings demonstrate that resident Sca-1" progenitors
from the aortic adventitia are a viable source of vascular
SMCs and differentiate more readily toward the vascular
SMC lineage than embryonic stem cell-derived progenitors.
Remarkably, they shared many characteristics of apoE ™"~
SMCs, including their increased susceptibility to oxidative
stress, although Sca-1" cells were harvested from disease-free
aortas of young apoE™"~ mice and differentiated to SMCs in
a normolipidemic environment. These data suggest that the
deletion of the apoE gene has effects that extend beyond
SMC differentiation to the progenitor level. In addition,
besides reducing the number of circulating progenitors, vas-
cular risk factors, such as hypercholesterolemia, may also
influence the differentiation and regenerative potential of
local stem cell populations, ie, by increasing hypoxia-
regulated factors such as IGFBP-3,3> a recently identified
modulator of vascular survival and regrowth in an oxygen-
deprived environment.*6

Summary

By integrating multiple phenotypic facets of mature and
progenitor cell-derived SMCs from hyperlipidemic mice, we
illustrate how changes in the proteome, the secretome, and
the metabolome are reciprocally connected and how proteom-
ics offers an opportunity to progress toward a molecular
classification of stem cell-derived cells.
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MATERIAL AND METHODS

Mice. All procedures were performed according to protocols approved by the
Institutional Committee for Use and Care of Laboratory Animals. ApoE-deficient mice on
a C57BL/6 background were purchased from Jackson Laboratories (West Grove, Pa) and
maintained in our laboratory. ApoE*+ and apoE’ mice were on a normal chow diet
containing 4.5% fat by weight (0.02% cholesterol), kept on a light/dark (12/12h) cycle at
22°C receiving food and water ad libitum. For apoE-- mice genotyping, a Jackson’s PCR
protocol was used with primers: oIMR180 5'- GCC TAG CCG AGG GAG AGC CG-3',
oIMR181 5'- TGT GAC TTG GGA GCT CTG CAG C -3' and oIMR182 5'- GCC GCC
CCG ACT GCA TCT -3'. 2 months-old apoE++ mice were also fed a high-cholesterol diet
for 8 weeks (1.25% cholesterol, 17% coconut butter, from Test diet, USA). Plasma
cholesterol levels were measured by the cholesterol oxidase method (Sigma). The aortic
root and a portion of the heart were harvested from 10 week-old and 12 month-old mice
and frozen in liquid nitrogen.

Immunohistochemistry. The procedure used in the present study was similar to
that described previously!. Briefly, serial 5-um thick frozen sections of aortic roots were
overlaid with rat monoclonal antibodies against mouse SSEA-1 (stage-specific embryonic
antigen-1; MAB4301, Chemicon Europe, Hampshire, UK), sca-1 (stem cell antigen)
(R&D Systems, Cat No. AF1226), c-kit (Pharmingen, cat No. 553352), CD31 (Abcam
Ltd, Cambridge, UK, Cat No. ab7388), CD34 (Abcam Ltd, Cambridge, UK, Cat No.
ab6330), Flk-1 (BD Biosiences Pharmingen, Cat No. 550549), MAC-1 (CDI11b/18)
(PharMingen, San Diego, CA) and alpha-actin (Sigma, C6198 and A5691). Sections were

visualized with alkaline phosphatase-anti-alkaline phosphatase (APAAP) complex

2
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(Dakopatts) and developed using a substrate solution (Sigma). The sections were
counterstained with haematoxylin. Semi-quantitive evaluation was performed at 400x
magnification. Positive stained cells in the vessel wall were counted and expressed as the
range of the cell number or the percentage of total nuclei.

Cell culture. Mature SMCs were cultivated from aortas of 3 month-old apoE++

and apoE-/- mice on normal chow diet as described previously!2. Cell identity was

routinely assessed by immunohistochemistry using antibodies specific to alpha smooth
muscle actin and smooth muscle myosin. SMC marker expression was similar in cultured

apoE+* and apoE”- SMCs (data not shown). Sca-1* vascular progenitor cells were
isolated from the adventitia of 3 months-old apoE-’- mice by magnetic cell sorting as
described previously3. Stimulation by PDGF-BB (10ng/ml) for 5 passages resulted in
mRNA expression of smooth muscle alpha-actin, SM22, calponin and smooth muscle
myosin heavy chain. Verification by FACS analysis showed that the majority of Sca-1*-
derived SMCs expressed SMC markers®. For hypoxia, SMCs were seeded at a
concentration of 1 x 109 for a T75 flask on day 1. On day 2, medium was be changed, and
SMCs were divided into 2 groups; one group was placed in 1% O, 5% CO> balanced
with N2 for 18 hours while the other group was continued in the 95% air and 5% CO»
incubator.

Differentiation of ES cells to SMCs. Murine ES cells (ES-D3 cell line,
CRL-1934, ATCC) were maintained as described previously* in DMEM (ATCC)
containing 10% fetal bovine serum (FBS, ATCC), 10ng/ml recombinant human
leukaemia inhibitory factor (LIF, Chemicon), 0.1mM 2-mercaptoethanol (Sigma), 2mM

L-glutamine (Invitrogen), 100U/ml Penicillin (Invitrogen), and 100xg/ml streptomycin
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(Invitrogen). Undifferentiated ES cells were incubated at 37°C in a humidified
atmosphere with 5% CO» and passaged into flasks coated with 0.04% gelatine (Sigma) at
a ratio of 1:6 to 1:10 every 2 days. During the differentiation process, ES cells were first
pre-differentiated in collagen type IV (Trevigen)-coated flasks for 3-4 days in basic
differentiation medium (DM): oa-minimal essential medium (oo MEM, Invitrogen),
supplemented with 10% FCS (Invitrogen), S0uM 2-mercaptoethanol (Sigma), 2mM L-
glutamine (Invitrogen), 100U/ml Penicillin (Invitrogen), and 100xg/ml streptomycin
(Invitrogen). Sca-1+ cells were isolated by magnetic labelling cell sorting system
(MACS) using anti-Sca-1 magnetic beads (Miltenyi Biotec) as described in our previous
studies3. Sca-1+ cells were resuspended in fresh DM with 10ng/ml PDGF-BB (Sigma).
After 5 passages, a panel of smooth muscle cell markers was detected in ES cell-derived
SMCs (esSMCs) by FACS, immunofluorescent staining and reverse transcription PCR.
esSMCs were continuously cultured in basic differentiation medium>.

Reverse transcription-PCR. Total RNA was extracted from cells using RNeasy
kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. Reverse
transcription was performed using an Improm-1I™ RT kit (Promega, Madison, WI,
USA). 50ng of cDNA were used in a PCR kit (Invitrogen, San Diego, California, USA)
following the manufacturer's instructions. Oligonucleotide primer sequences were as
follows: smooth muscle alpha-actin (SMA): F 5'-ACG GCC GCC TCC TCT TCC TC-3',
R 5-GCC CAG CTT CGT CGT ATT CC-3'; smooth muscle protein 22 (SM22): F 5'-
GCA GTC CAA AAT TGA GAA GA-3', R 5'-CTG TTG CTG CCC ATT TGA AG-3';
smooth muscle myosin heavy chain (SMMHC): F 5'-ATC TTC TAC TAC CTG CTC

GC-3',R 5'-CGG CTG AGA ATC CAT CGG AA-3"; hl-calponin (CAL): F 5'-TAA CCG
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AGG TCC TGC CTA CG-3', R 5-TGT GGG TGG GCT CAC TCA GC-3%
glyceraldehyde-3-phosphate dehydrogenase (GAPDH): F 5'-CGG AGT CAA CGG ATT
TGG TCG TAT-3', R 5'-AGC CTT CTC CAT GGT GGT GAA GAC-3'. Stromal-derived
factor 1 alpha (SDFlalpha): F 5’- CTT CAT CCC CAT TCT CCT CA-3’, R 5" GAC
TCT GCT CTG GTG GAA GG-3’, IGFBP2: F 5’- GGT GCC AAA CAC CTC AGT CT,
R 5’- GGT ATT GGG GTT CAC ACA CC, IGFBP3: F 5’- AAG TTC CAT CCA CTC
CAT GC-3’, R 5’- AGC TCT GCT TTC TGC CTT TG-3’, IGFBP4: F 5’-AGA GCG
AAC ATC CCA ACA AC-3’,R 5°- ACA GTT TGG AAT GGG GAT GA-3’, IGFBP6: F
5’- CAG AGA CCG GCA GAA GAA TC-3’, R 5’- CAT CTG GAG ACA CTG GAC
AA-3’, IGFBP7: F 5°- CAA GAA CAT CTG GAA CGT CA-3’,R 5’- TGC GTG GCA
CTC ATA CTC TC-3’, ApoE: F 5’- GTG CTG TTG GTC ACA TTG CT-3’,R 5’- TGT
GTG ACT TGG GAG CTC TG-3’, Actin: F 5’- CTT CAT CCC CAT TCT CCT CA-3’,R
5’- GAC TCT GCT CTG GTG GAA GG-3’.

Proteomic analysis. For proteomics, cell monolayers were rinsed thoroughly with
cold PBS to remove any serum components. Protein extracts were prepared from aortic
SMCs and esSMCs using a lysis buffer (8M urea, 4% w/v CHAPS, 30mM Tris-Cl, pH
8.5) compatible with DIGE labelling (GE healthcare). After centrifugation at 13,000 g for
10 min, the supernatant containing soluble proteins was harvested and the protein
concentration was determined using a modification of the method described by Bradford
6. The fluorescence dye labelling reaction was carried out at a dye/protein ratio of
400pmol/100u g. After incubation on ice for 30 min, the labelling reaction was stopped by
scavenging non-bound dyes with 10mM lysine (L8662, Sigma) for 15 min. For two-

dimensional gel electrophoresis, samples were mixed with 2x buffer (8M urea, 4% w/v
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CHAPS, 2% w/v DTT, 2% v/v Pharmalytes 3-10 for IEF), 50y g per sample were diluted
in rehydration solution (8M urea, 0.5% w/v CHAPS, 0.2% w/v DTT, and 0.2% v/v
Pharmalyte pH 3-10) and loaded on IPG strips (18cm, pH 3-10, nonlinear, GE
healthcare). After rehydration overnight, strips were focused at 0.05 mA/IPG strip for 60
kVh at 20°C (Multiphor II, GE healthcare). Once IEF was complete 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 (total acrylamide concentration), 2.6% C (degree of cross-
linking) polyacrylamide gels without a stacking gel, using the Ettan DALT system (GE
healthcare). The second dimension was terminated when the Bromophenol blue dye front
had migrated off the lower end to the gels. After electrophoresis, fluorescence images
were acquired using the Typhoon variable mode imager 9400 (GE healthcare). Finally,
gels were fixed overnight in methanol: acetic acid: water solution (4:1:5 v/v/v). Protein
profiles were visualised by silver staining using the Plus one silver staining kit (GE
healthcare) with slight modifications’ to ensure compatibility with subsequent mass
spectrometry analysis. For documentation, silver-stained gels were scanned in
transmission scan mode using a calibrated scanner (GS-800, Bio-Rad). Match matrices
were created by using Proteomeweaver 2.0 (Definiens). DIGE gels were analysed using
the Decyder software (Version 6.5, GE healthcare). For the present study, 18 DIGE 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. Spots exhibiting a statistical difference (p<0.05) were
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excised for identification. A detailed methodology is available on our website http://

www.vascular-proteomics.com.

Tandem Mass Spectrometry. In-gel digestion with trypsin was performed

according to published methods® modified for use with an Investigator ProGest (Genomic
Solutions) robotic digestion system. Following enzymatic degradation, peptides were
separated by capillary liquid chromatography on a reverse-phase column (BioBasic-18,
100 x 0.18 mm, particle size Sym, Thermo Electron Corporation) and applied to a LCQ
ion-trap mass spectrometer (LCQ Deca XP Plus, Thermo Electron Corporation). Spectra
were collected from the ion-trap mass analyzer using full ion scan mode over the mass-
to-charge (m/z) range 300-1800. MS-MS scans were performed on each ion using
dynamic exclusion. Database searches were performed using the TurboSEQUEST
software (Bioworks Browser version 3.2, Thermo Electron Corporation) against UniProt
database. Following filter was applied: for charge state 1, Xcor > 1.5; for charge state 2,
Xcorr > 2.0; for charge state 3, Xcorr > 2.5.

Ingenuity Pathway Analysis (IPA). Differentially expressed proteins were
analyzed using Ingenuity Pathway Knowledge Base (Ingenuity System, Mountain View,
CA) to determine their most relevant interaction networks and biological functions. The
IPA algorithm proceeds by selecting the most connected protein and adding other
interconnected proteins to the network. Datasets containing protein accession numbers,
fold change and p-values were uploaded into the program application for the analysis.
The program generates networks of these proteins using the right-tailed Fisher’s Exact
Test, by comparing the number of proteins that participate in a given function, relative to

the total number of occurrences of those proteins in all functional annotations stored in
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the Ingenuity Pathways Knowledge Base, and are then ranked by score, i.e. score of 2 or
higher have a 99.9% confidence level of not being randomly assembled into a network.
This score was used as the cut-off for identifying protein networks or pathways.

Western blotting. Cellular protein extracts were harvested according to an
established protocol. Immunoblotting was performed as described previously®!0. The
following antibodies were used: pyruvate kinase (7894-9988, Biogenesis, 1:100), lactate
dehydrogenase (ab7639-1, 1:100, Abcam), peroxiredoxin-SO3 (LF-PA0004, 1:2000, Lab
Frontier), peroxiredoxin 2 (LF-PA0007, 1:2000, Lab Frontier), peroxiredoxin 3 (LF-
PA0030, 1:2000, Lab Frontier), IGFBP3 (R&D, 0.1 pg/ml, AF775), IGFBP6 (R&D, 0.1
ug/ml, AF776).

Cell viability. Cells were cultured on 96-well plates. After 48 hours, cells were
incubated with different concentrations of diethyl maleate (DEM, D97703, Sigma) or
glucose oxidase (Sigma) for 24 hours. CellTiter 96® AQueous One Solution (Cell
Proliferation Assay, Promega) was added with dilution ratio of 1:6 in DMEM. After 3
hours incubation, the optical density at 490nm was recorded using photometer!!.

Enzymatic assays. Cells were subject to normoxia or hypoxia in the presence of
SmM, 15mM, and 25mM glucose. After 24h, the remaining glucose in the culture
medium was quantified by using glucoseoxidase. Lactate dehydrogenase activity was
measured using a commercial assay (CytoTox96, Promega) and following the
manufacturer’s instruction.

RNase Protection Assay (RPA). Total RNA was extracted using the Qiagen kit
according to the manufacturer’s instructions. Rnase Protection Assay was performed,

using mCK2b, mCR4 and mCK5c¢ multi probe template sets (RiboQuant, Pharmingen,
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San Diego, CA) and [a-3?P] UTP (Amersham Biosciences) according to the

manufacturer’s recommendations. The “RNase-protected” fragments were purified and
resolved on a 5% sequencing gel and autoradiographed. For quantification, signals for
each sample of the blot were normalized to the housekeeping gene L32.

Cytokine measurements. Interleukin-6 and TNF-alpha were measured in the
conditioned cell culture medium using commercially available assays (LMCO0061 and
LMC3011, Biosource) and performed on a Luminex® automated analyser.

Proton nuclear magnetic resonance spectroscopy (NMR). Cellular metabolites
were extracted in 6% perchloric acid after rinsing the cells with cold saline!2. Neutralised
extracts were freeze-dried and reconstituted in D>0O. 0.5ml of the extracts were placed in
Smm NMR tubes. 'H NMR spectra were obtained using a Bruker S00MHz spectrometer.
The water resonance was suppressed by using gated irradiation centred on the water
frequency. 50u1 of SmM sodium 3-trimethylsilyl-2,2,3,3-tetradeuteropropionate (TSP) in
D>O was added to the samples for chemical shift calibration and quantification.
Immediately before the NMR analysis, the pH was readjusted to 7 with perchloric acid or
KOH.

siRNA knockdown. The siRNA for control and mouse apoE were purchased
from Santa Cruz Biotechnology. siRNA experiments were performed using
Oligofectamine (Invitrogen) according to the company’s recommendations. In brief,
SMCs were plated on gelatin-coated 6 well plates and 24h later, siRNA oligonucleotides
were introduced into the cells with Oligofectamine in OptiMEM in the absence of serum.

The following morning fresh complete medium was added to the cells and the transfected
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cells were further cultured for 72h. Protein and RNA samples were subsequently
harvested and analysed by Western blot analysis and RT-PCR respectively.

Statistical analysis. Statistical analysis was performed using the analysis of
variance and Student’s 7-test. Pairwise comparisons between metabolites were performed
using the Bonferroni / Dunn test. Results were given as means+SE. A P value <0.05 was
considered significant. For proteomic datasets, DIGE gels were analysed using the EDA
module of the Decyder software (GE healthcare). Principal component analysis (PCA)
was performed on all differentially expressed proteins after removal of missing values to
give an initial overview of the groupings. For pattern analysis, hierarchical clustering was
performed on the Student’s T-test<0.05 dataset to visualize if replica spot maps are

clustered together and to view the general protein patterns in the data set.
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SUPPLEMENT

Supplement Figure 1. Differentially expressed proteins in normoxic apoE/- SMCs.
Protein extracts from normoxic apoE+*+ and apoE’- SMCs were separated by two-
dimensional electrophoresis and quantified using the difference-in gel electrophoresis
approach (DIGE). Differentially expressed spots are numbered and were identified by

tandem mass spectrometry (supplemental Table I).

Supplement Figure II. Pathway analysis for apoE/- SMCs. 41 proteins formed
components of three individual pathway groups. 20 were grouped in a dominant network
with a score of 47 (A). The 2 minor groups with a score of 19 and 32 were merged.
Glucose constituted a core of this protein association network (B). The orange lines

indicate the edges added during the merging of the two networks. Red and green colors

indicate up- and downregulation of protein isoforms, respectively (supplemental Table I).

Supplement Figure III. Differentially expressed proteins in hypoxic SMCs.

Protein extracts from hypoxic apoE** and apoE”- SMCs were separated by two-
dimensional electrophoresis and compared to normoxic controls using the difference-in
gel electrophoresis approach (DIGE). Differentially expressed spots are numbered and

were 1dentified by tandem mass spectrometry (supplemental Table II).

Supplement Figure IV. Alterations of enzymatic pathways in hypoxic SMCs.
Hypoxia-induced enzymatic changes as identified by proteomics are displayed in the

context of metabolic pathways (Kyoto Encyclopedia of Genes and Genomes, http://

12
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www.genome.jp/kegg/). Red and green colors indicate up- and downregulation in

hypoxic SMCs, respectively.

Supplement Figure V. Differentially expressed proteins in hypoxic apoE-- SMCs.

Protein extracts from hypoxic apoE/~ SMCs were separated by two-dimensional
electrophoresis and compared to hypoxic apoE++ SMCs using the difference-in gel
electrophoresis approach (DIGE). Differentially expressed spots are numbered and were

identified by tandem mass spectrometry (supplemental Table III).

Supplement Figure VI. Comparison of metabolites in the conditioned medium.

Metabolite concentrations in the conditioned medium of hypoxic apoE** (white) and
apoE- (black) SMCs as determined by high-resolution NMR spectroscopy. Note that the
depletion of glucose and accumulation of acetate was faster in the culture medium of

apoE~- SMCs compared to apoE*+ controls.
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Supplement Table I. Differentially expressed proteins in normoxic apoE” compared to apoE** SMCs.
p p p

SWISS PROT Calculated pI/  No.of Coverage
N Protein identity Accession No. MM Da (x10%) peptides (%) Ratio* p
Glucose metabolism
37  Pyruvate dehydrogenase E1 component alpha ODPA_MOUSE 8.49 /4323 2 5.64 1.22 0.032
43  L-lactate dehydrogenase A chain LDHA_MOUSE 7.76 136.67 13 37.46 1.23 0.0028
44  Glyceraldehyde-3-phosphate dehydrogenase G3P_MOUSE 8.45/35.68 6 22.89 1.51 0.0025
Energy metabolism
50  Voltage-dependent anion-selective channel protein VDACI1_MOUSE 8.55/32.35 6 21.62 2.34 0.00024
51 Voltage-dependent anion-selective channel protein VDACI_MOUSE 8.55/32.35 17 80.41 1.26 0.011
Lipid metabolism
22 Propionyl-CoA carboxylase alpha chain, mitochondrial PCCA_MOUSE 6.83/79.92 2 3.73 -1.55 0.0035
36  Acyl-CoA dehydrogenase, mitochondrial ACADL_MOUSE 8.53 /4791 6 13.72 1.23 0.031
47  3-Hydroxyisobutyrate dehydrogenase, mitochondrial 3HIDH_MOUSE 8.37/35.44 2 8.66 1.55 0.044
Amino Acid metabolism
20  Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 PLOD2_MOUSE 6.34 /84.53 23 3148 -1.61 0.0074
33  Ornithine aminotransferase, mitochondrial OAT_MOUSE 6.19/48.36 6 13.90 -1.40 0.032
30  Glutamate dehydrogenase 1, mitochondrial DHE3_MOUSE 8.05/61.34 12 26.16 -1.31 0.0035
46  Pyrroline-5-carboxylate reductase 1 P5SCR1_MOUSE 6.40 /3240 2 7.77 -1.38 0.0057
Calcium-binding proteins
4  Reticulocalbin-3 RCN3_MOUSE 4.74 /38.00 3 10.67 -1.49 0.0021
5  Calumenin (Crocalbin) CALU_MOUSE 4.49/37.06 8 24 .44 -1.44 0018
6  Calreticulin CRTC_MOUSE 4.33/48.00 15 33.89 1.54 0.042
26  Caldesmon 1 Q8VCQ8_MOUSE  6.98/60.45 18 28.87 -1.92 0.00080
Cytoskeleton/Myofilaments /Intermediate filaments
1 Tropomyosin 1 alpha chain TPM1_MOUSE 4.69/32.68 20 58.80 -1.58 0.02
12 Lamin B1 LAM1_MOUSE 5.11/66.66 16 30.32 1.45 0.017
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24

18
19
23
25
31
32
39
40
41
42
45

10
11
14
15
16
34
35
49

17
29
38

Lamin A

Cytoskeletal regulators
Annexin A5

Ezrin (p81)

Ezrin (p81)

Radixin

Moesin

Fascin (Singed-like-protein)
Fascin (Singed-like-protein)
Annexin A2

Annexin A2

Annexin A2

Annexin A2

PDZ and LIM domain protein 1

ER proteins

Endoplasmin

Endoplasmin

78 kDa glucose-regulated protein
Protein disulfide-isomerase A3
Protein disulfide-isomerase A3
Protein disulfide-isomerase A3
Protein disulfide-isomerase A6
Protein disulfide-isomerase A6
Endoplasmic reticulum protein Erp29

Protein folding

Stress-70 protein, mitochondrial
T-complex protein 1 subunit delta

40 kDa peptidyl-prolyl cis-trans isomerase

Transcription / translation
Elongation factor 1 -delta

LAMA_MOUSE

ANXAS_MOUSE
EZRI_MOUSE
EZRI_MOUSE
RADI_MOUSE
MOES_MOUSE
FSCN1_MOUSE
FSCN1_MOUSE
ANXA2_MOUSE
ANXA2_MOUSE
ANXA2_MOUSE
ANXA2_MOUSE
PDLI1_MOUSE

ENPL_MOUSE

ENPL_MOUSE

GRP78_MOUSE
PDIA3_MOUSE
PDIA3_MOUSE
PDIA3_MOUSE
PDIA6_MOUSE
PDIA6_MOUSE
ERP29_MOUSE

GRP75_MOUSE
TCPD_MOUSE
PPID_MOUSE

EF1D_MOUSE

15

6.54 /7421

4.83/35.75
5.80/69.30
5.80/69.30
5.85/68.60
6.24 /37.64
6.20/ 54.30
6.20/ 54.30
7.53/38.55
7.50/38.50
7.50/38.50
7.50/38.50
6.37/35.59

4.74 /1 92.48
474 /192.48
50777242
5.99/56.62
5.99/56.62
5.99/56.62
5.00/48.10
5.00/48.10
5.90/28.80

591/73.53
8.33/57.94
7.10/40.10

491/31.16

15

12
18

12
11
18
16

23
10
17
12
18
11

(W)

24
17

451

20.69
10.60
17.09

3.95
18.06
43.70

2.64
37.87
35.21
57.99
48.22

6.46

28.93

9.35
36.18
22.02
47.62
21.83
16.59
20.23
17.56

45.51
29.18
11.92

8.93

-2.02

-1.78
2.18
3.08
1.60

-201
1.87
1.34
1.53
1.32
1.50
1.67
1.39

1.65
1.67
1.94
1.42
1.53
1.42
1.24
1.57
1.43

1.77
1.33
1.37

-1.45

0.0011

0.00096
0.032
0.046

0.0025

0.00077

7.5e-005

4 8e-005

6.9e-006
0016

0.00016

2.7e-008
0.024

0.0025
0.0024
0.0036
0.0028
0.00035
0.023
0.034
0.0089
9.6e-006

0.0065
0016
0.021

0.023



13
21
27

48

7
9
28
52

Heterogeneous nuclear ribonucleoprotein K
Elongation factor 2
Far upstream element-binding protein 1

Proteolysis
Proteasome subunit alpha type 1

Others
Hypoxia up-regulated 1
Vascular cell adhesion protein 1

Programmed cell death protein 8, mitochondrial
EL AV-like protein 1

HNRPK_MOUSE
EF2_MOUSE
FUBP1_MOUSE

PSA1_MOUSE

Q80X75_MOUSE
VCAMI_MOUSE
PDCD8_MOUSE
ELAV1_MOUSE

5.39/50.98
6.42/95.78
7.73 1 68.54

6.00/29.55

520/111.12
521/81.32
9.23/66.77
9.23/36.07

[o <IN BN \® o ¢)

28.51
6.18
9.98

21.29

8.51
3.65
14.87
13.50

1.21
-1.28
1.27

1.35

1.28
-1.61
1.26
-1.20

0.011
0.0030
0.025

2.8e-005

0.023
0.00013
0016
0.030

* A negative or positive ratio indicates a decrease or an increase in apoE”~ SMCs compared to wildtype controls, respectively. P-values are

derived from t-tests.
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Supplement Table I1. Differentially expressed proteins in hypoxic compared to normoxic SMCs.

SWISS PROT Calculated pI/  No.of Coverage
N Protein identity Accession No. MM Da (x10%) peptides (%) Ratio* p
Glucose metabolism
14 Pyruvate kinase, M2 KPYM_MOUSE 742/57.76 12 19.43 1.22 0.0077
19  Alpha-enolase ENOA_MOUSE 6.36/47.01 22 44.11 1.47 0.039
21  Alpha-enolase ENOA_MOUSE 6.36/47.01 31 57.74 1.54 0.045
22 Alpha-enolase ENOA_MOUSE 6.36/47.01 24 63.97 1.59 0.026
29  Phosphoglycerate kinase 1 PGK1_MOUSE 7.52 /4441 4 12.02 1.22 0.016
30 L-lactate dehydrogenase A chain LDHA_MOUSE 7.61/36.50 13 33.43 1.42 0.0018
34  Triosephosphate isomerase TPIS_MOUSE 7.09/26.58 5 23.79 1.38 0.044
35  Triosephosphate isomerase TPIS_MOUSE 7.09/26.58 6 28.23 1.88 2.80e-04
Pyruvate Dehydrogenase Complex
15  Dihydrolipoyl dehydrogenase DLDH_MOUSE 797175421 16 25.54 -1.24 0.0092
16  Dihydrolipoyl dehydrogenase DLDH_MOUSE 7.97/54.21 4 9.04 -1.42 0.00073
25  Pyruvate dehydrogenase E1 component alpha subunit ~ODPA_MOUSE 8.49/43.23 3 8.46 -2.16 0.00011
Energy metabolism
31  Vacuolar ATP synthase subunit E VATE_MOUSE 9.28/26.59 2 9.21 -1.39 0.0046
33 Adenylate kinase isoenzyme 2 KAD2_MOUSE 7.16/2548 1 4.76 1.99 1.30e-05
37  Electron transfer flavoprotein beta-subunit ETFB_MOUSE 8.56/27.31 4 19.84 -1.29 8.50e-03
38  GTP:AMP phosphotransferase KAD3_MOUSE 8.87/25.43 3 17.62 -1.32 0.0022
Citric acid cycle
8  Aconitate hydratase ACON_MOUSE 8.08/85.46 14 20.90 -1.26 0.0092
9  Aconitate hydratase ACON_MOUSE 8.08 / 85.46 9 13.72 -1.27 0.012
10  Aconitate hydratase ACON_MOUSE 8.08 / 85.46 9 13.72 -1.28 0.008
11 Aconitate hydratase ACON_MOUSE 8.08/85.46 25 33.08 -1.24 0.028
26  Fumarate hydratase FUMH_MOUSE 9.12/54.37 3 9.27 -1.21 0.021
27  Fumarate hydratase FUMH_MOUSE 9.12/54.37 4 10.85 -1.22 0.034

17



20

[©) NV, SN )

17

12
28

Lipid metabolism
Aldehyde dehydrogenase
Enoyl-CoA hydratase

Cytoskeleton/Myofilaments /Intermediate filaments

Vimentin
Vimentin
Vimentin
Vimentin

Protein folding
T-complex protein 1, delta subunit
T-complex protein 1, alpha subunit

Transcription / translation
Heterogeneous nuclear ribonucleoprotein K
Far upstream element binding protein 1
Splicing factor 3b, subunit 4

Antioxidants
Thioredoxin domain containing protein 5
Gluthione transferase omega 1

Others
Reticulocalbin-1
Nucleoporin 50kDa
Flotillin-1
Argininosuccinate lyase

DHAM_MOUSE
ECHM_MOUSE

VIME_MOUSE
VIME_MOUSE
VIME_MOUSE
VIME_MOUSE

TCPD_MOUSE
TCP1_MOUSE

HNRPK_MOUSE
FUBP1_MOUSE
Q8QZY9_MOUSE

TXND5_MOUSE
GSTO1_MOUSE

RCN1_MOUSE
NUP50_MOUSE
FLOT1_MOUSE
ARLY_MOUSE

7.53/56.54
8.76 /31.48

5.06/53.69
5.06/53.69
5.06/53.69
5.06/53.69

8.33/57.94
5.76 /1 60.34

5.39/50.98
7.73 1 68.54
8.55/44.36

55174642
6.91/27.50

470 /38.11
5.94/49.50
6.71/47.51
648 /51.74

34
42
34
47

[\ SN

11

N IR NN |

44.89
30.00

57.94
78.76
57.30
77.90

8.74
5.94

15.12
13.36
3.30

23.02
18.75

23.38
7.73
16.12
1.29

-1.29
-1.33

1.23
1.21
1.23
1.30

1.20
1.30

-1.21
1.20
1.32

-1.26
1.32

-1.34

1.24
-1.21
-1.39

0.035
0.028

0.024
0.038
0.019
0.028

0.023
0.011

0.006
0.048
0.0084

0.0099
0.025

0.0079
0.001
0.022

0.0006

* A negative or positive ratio indicates a decrease or an increase in hypoxic apoE"” " and apoE”~ SMCs compared to normoxic controls,
respectively. P-values are derived from t-tests.

18



Supplement Table III. Differentially expressed proteins in hypoxic apoE” compared to apoE** SMCs.

SWISS PROT Calculated pI/  No.of Coverage
N Protein identity Accession No. MM Da (x10%) peptides (%) Ratio* p

Glucose metabolism

29  Pyruvate kinase, isozyme M2 KPYM_MOUSE 742/57.76 9 19.81 1.47 0.01

32 Glucose-6-phosphate 1-dehydrogenase X G6PD1_MOUSE 6.07/59.13 8 16.54 1.73 0.0057

42  Pyruvate dehydrogenase E1 component alpha subunit ~ ODPA_MOUSE 8.49/43.23 10 24.87 1.75 0.0026

50  Transaldolase TALDO_MOUSE 6.57/37.39 2 742 201 0.0067

52 Aldose reductase ALDR_MOUSE 6.79 / 35.60 15 34.29 1.51 0.042
Electron transport and oxidative phosphorylation

38  ATP synthase alpha chain, mitochondrial ATPA_MOUSE 9.22/59.75 14 26.04 1.75 0.012

39  ATP synthase alpha chain, mitochondrial ATPA_MOUSE 9.22/59.75 18 31.83 1.82 0.036

61  Vacuolar ATP synthase subunit E VATE1_MOUSE 9.28/26.59 2 9.21 1.45 0.0061
Malate-Aspartate Shuttle

45  Aspartate aminotransferase, cytoplasmic AATC_MOUSE 6.75/46.10 10 26.70 1.63 0.043

60 Malate dehydrogenase MDHC_MOUSE 6.16/36.47 4 13.77 1.87 0.0037
Lipid metabolism

44 Acyl coenzyme A thioester hydrolase 2, mitochondrial AC48_MOUSE 8.74/50.56 1 2.28 1.31 0.021

53  Alcohol dehydrogenase AKA1_MOUSE 6.90/36.59 6 14.46 2.11 0.0030

63  Enoyl-CoA hydratase, mitochondrial ECHM_MOUSE 8.76/31.48 4 18.62 1.52 0.0012
Amino acid metabolism

18  Delta 1-pyrroline-5-carboxylate synthetase P5SCS_MOUSE 7.18/87.30 5 591 -1.48 0.0099

40  Serine hydroxymethyl transferase 2, mitochondrial Q99K87_MOUSE 8.72/55.76 19 40.87 -2.03 0.028

43 Argininosuccinate lyase ARLY_MOUSE 6.48/51.74 1 1.29 1.25 0.026

58  Pyrroline-5-carboxylate reductase 1 P5CR1_MOUSE 6.36 /32.37 2 7.77 -1.23 0.0019
Calcium-binding proteins

22 Caldesmon 1 Q8VCQ_MOUSE 6.98 /6045 21 33.02 -1.97 0.036
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10
11
12
19
20
21

16
17
36
37
51
55
56
57

O P~ W

13
30
31
41
47

Cytoskeleton/Myofilaments /Intermediate filaments

Vimentin
Vimentin
Vimentin
Vimentin
Vimentin
Lamin A
Lamin A
Lamin A

Cytoskeletal regulators

F-actin capping protein beta subunit
Ezrin p81 Cytovillin (Villin-2)
Ezrin p81 Cytovillin (Villin 2)
Fascin (Singed-like protein)

Fascin (Singed-like protein)
Annexin A1 (Lipocortin I)

Annexin A2 (Lipocortin II)
Annexin A2 (Lipocortin II)
Annexin A2 (Lipocortin II)

Transgelin

ER proteins

Protein disulfide-isomerase (fragment)
Protein disulfide-isomerase (fragment)
Endoplasmic reticulum protein ERp29
Protein disulfide-isomerase A6

Protein folding

Stress-70 protein, mitochondrial
T-complex protein 1, zeta subunit
T-complex protein 1, zeta subunit

47 kDa heat shock protein

40kDa peptidyl-prolyl cis-trans isomerase

VIME_MOUSE
VIME_MOUSE
VIME_MOUSE
VIME_MOUSE
VIME_MOUSE
LAMA_MOUSE
LAMA_MOUSE
LAMA_MOUSE

CAPZB_MOUSE
EZRI_MOUSE
EZRI_MOUSE
FSCN1_MOUSE
FSCN1_MOUSE
ANXA1_MOUSE
ANXA2_MOUSE
ANXA2_MOUSE
ANXA2_MOUSE
TAGL_MOUSE

PDIA1_MOUSE
PDIA1_MOUSE
ERP29_MOUSE
PDIA6_MOUSE

GRP75_MOUSE
TCPZ_MOUSE
TCPZ_MOUSE
HSP47_MOUSE
PPID_MOUSE

20

5.06/53.56
5.06/53.56
5.06/53.56
5.06/53.56
5.06/53.56
6.54 /7421
6.54 /7421
6.54 /7421

54773122
5.83/69.28
5.83/69.28
6.21/54.27
6.21/54.27
7.15/38.60
7.53/38.54
7.53/38.54
7.53/38.54
8.86/22.45

479/57.14
479/57.14
590/28.82
5.00/48.10

591/73.53
6.67/57.87
6.67/57.87
8.90/46.59
7.06/40.61

14
20
38
34
47
12
25
25

15

18
19
12
19
18

— B~ N

@)

A~ NN O B~

32.47
35.05
78.76
57.30
77.90
18.35
35.49
35.49

14.13
10.60
17.09

2.64
43.70
65.22
35.21
57.99
48.22
20.50

11.39
11.39
17.56

3.18

2798
6.60
17.17
4.80
11.92

-1.55
-1.29
-1.34
-1.26
-1.51
-1.53
-1.39
-141

1.33
3.53
5.33
1.56
1.98
2.81
1.32
1.41
1.39
4.34

1.21
1.26
1.84
1.54

-1.40
-1.52
-1.45
1.33
1.53

0.00069
0.022
0.0037
0.034
0.0029
0.00067
0.0054
0.0066

0.023
8.9¢-07
9.00e-05
0.018
0.017
0.032
0.041
0.025
0.028
0.035

0.047
0.043
0.0065
0.035

0.03
0.038
0.024

0.04

0.01



15
23
24
25
26
27
28
33
34
35
46
48
54
68

59
62
69

66
67

A 9~

Transcription / translation

Elongation factor 2

Activated spleen cDNA

Activated spleen cDNA

Probable RNA-dependent helicase p68
Nuclear protein SkiP

Non-POU domain containing octamer-binding protein
Polypyrimide tract-binding protein 1
Homolog, Nuclear matrix protein 200
Homolog, Nuclear matrix protein 200
Homolog, Nuclear matrix protein 200
Heterogeneous nuclear ribonucleoprotein A/B
Heterogeneous nuclear ribonucleoprotein A/B
Heterogeneous nuclear ribonucleoprotein A/B
GTP-binding nuclear protein

Proteolysis

Proteasome non-ATPase regulatory subunit
Proteasome subunit alpha type 6
Proteasome subunit beta type 3

Antioxidants
Peroxiredoxin 1
Peroxiredoxin 1

Others

Cytochrome b5

Clathrin light chain A

SET protein (Phosphatase 2A inhibitor I2PP2A)
Vascular cell adhesion protein 1

EF2_MOUSE
Q3UO0OVI_MOUSE
Q3UO0OVI_MOUSE
DDX5_MOUSE
SNW1_MOUSE
NONO_MOUSE
PTBP1_MOUSE
PRP19_MOUSE
PRP19_MOUSE
PRP19_MOUSE
ROAA_MOUSE
ROAA_MOUSE
ROAA_MOUSE
RANT_MOUSE

PSDE_MOUSE
PSA6_MOUSE
PSB3_MOUSE

PRDX1_MOUSE
PRDX1_MOUSE

CYB5_MOUSE
CLCA_MOUSE
SET_MOUSE
VCAMI_MOUSE

6.42/95.18
6.90/76.81
6.90/76.81
9.06/69.32
949/6148
9.01/54.54
84775647
6.14 /5524
6.14 /5524
6.14 /5524
7.69/30.83
7.69/30.83
7.69/30.83
6.08 /24 .45

6.06/34.58
6.35/27.37
6.15/2297

8.26/22.18
8.26/22.17

496/15.11
4.45/25.56
422/33.38
521/81.32

\S)

o0 O\ W b

12.95
20.45
18.18
21.66
12.87
10.57
16.89
13.10
2222

4.17
18.60
2421
23.51
16.67

6.45
17.48
20.00

26.13
21.61

15.79
10.21
2491
11.64

-1.26 0.0096
-1.37 0.0046
-1.36 0.013
-1.44 0.03
-1.48 0.0072
-1.26 0.019
-1.40 0.0068
-1.29 0.016
-1.27 0.0045
-1.23 0.021
-1.22 0.027
-1.23 0.0051
-1.27 0.031
1.22 0.0086
1.30 0.016
1.34 0.045
1.31 0.043
2.43 0.0059
1.91 0.017
1.95 3.00e-05
1.28 0.01
-1.22 0.039
-1.47 0.024

* A negative or positive ratio indicates a decrease or an increase in hypoxic apoE”" SMCs compared to hypoxic wildtype controls, respectively.
P-values are derived from t-tests.
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Supplement Table IV. Metabolic effects of glucose concentrations in normoxic apoE** and apoE” SMCs.

apoE™ apoE” P
5mM (n=4) 25mM (n=4) 5mM (n=5) 25mM (n=5) (ANOVA)

Leucine 25.86 (3.07) 24.27 (£1.94) 22.65 (£2.26) 31.77 (£3.89) 0.168
Isoleucine 24.37 (+1.35) 22.30 (+2.36) 20.34 (+1.95) 27.57 (+3.17) 0.166
Valine 30.90 (+1.56) 29.01 (x2.99) 29.78 (+3.06) 36.91 (x4.20) 0.292
Lactate 266.71 (+14.67) 267.05 (+28.68) 357.96 (+36.13) 617.88 (+120.63) * 0.004
Alanine 129.07 (+17.64) 154.21 (=11.41) 122.99 (£26.29) 191.96 (+15.51) 0.055
Acetate 15.86 (+3.85) 11.32 (22.61) 19.31 (+5.33) 15.34 (+2.15) 0.544
Glutamate 134.61 (+10.60) 138.94 (+10.46) 123.75 (+21.78) 138.30 (+7.69) 0.860
Succinate 19.30 (22.20) 17.38 (+1.63) 18.10 (21.97) 21.02 (x0.85) 0.451
Glutamine 49.21 (29.42) 45.05 (+4.87) 36.59 (x12.11) 47.78 (x4.10) 0.710
Choline 2.50 (+0.359) 2.23 (+0. 28) 1.80 (0.29) 3.64 (+061) * 0.021
Phosphocholine 11.32 (+1.55) 7.01 (+0.79) 12.28 (+1.35) 9.36 (+1.11) 0.029
Carnitine 31.35 (5.44) 40.93 (£5.32) 18.68 (+2.45) * 33.81 (x2.32) 0.002
Myoinositol 49.56 (+6.70) 132.50 (+39.30) 46.66 (+3.92) 187.64 (+19.73) <0.001
Glucose 21.13 (+7.45) 120.14 (+32.30) 7.98 (+2.88) 403.89 (+227.98) 0.200
Tyrosine 14.72 (+1.94) 15.68 (+0.67) 17.82 (£2.41) 18.84 (+1.58) 0.582
Total Creatine 90.58 (x11.71) 78.23 (+7.77) 76.20 (+13.49) 101.17 (+12.00) 0.246
Adenosine nucleotides 37.85 (+4.63) 41.36 (+x2.99) 35.75 (+5.99) 36.79 (+4.35) 0.091
Glycolic acid 31.36 (x10.92) 36.37 (+5.43) 27.55 (=2.85) 34.71 (x2.67) 0.439
Glycine 140.34 (+47.56) 147.38 (x11.54) 147.15 (+32.63) 234.16 (x2.67) 0.131

Data presented are given in ymol/g wet weight (mean+SE), P-values for differences between all groups were derived from ANOVA
tables (bold numbers highlight significant differences from controls in the Fisher PSLD test, * significant differences to apoE"* SMCs)
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Supplement Table V. Metabolic effects of glucose concentrations in hypoxic ap0E+/ * and apoE'/ “SMCs

apoE*/* apoE™/" P

5mM (n=9) 25mM (n=9) 5mM (n=9) 25mM (n=9) (ANOVA)
Leucine 10.95 (+1.70) 26.03 (+2.96) 9.17 (+1.00) 20.54 (+2.49) <0.001
Isoleucine 10.68 (+1.57) 24.52 (+3.24) 8.90 (+0.98) 20.10 (+2.62) <0.001
Valine 12.21 (+1.88) 28.00 (+3.69) 10.55 (+1.20) 22.79 (+2.69) <0.001
Lactate 111.74 (+23.58) 430.29 (+61.88) 83.48 (+14.58) 509.58 (+67.82) <0.001
Alanine 26.10 (£2.44) 54.59 (+5.52) 31.05 (2.84) 60.14 (+4.36) <0.001
Acetate 7.93 (22.83) 13.06 (+6.08) 11.58 (+5.73) 7.02 (£1.49) 0.742
Glutamate 57.35 (+4.63) 73.84 (+4.53) 60.96 (+3.89) 60.46 (+5.87) 0.093
Succinate 14.92 (+2.54) 9.95 (£2.65) 11.00 (22.33) 15.77 (+1.39) 0.215
Glutamine 31.26 (x10.11) 42.37 (x2.48) 20.39 (+6.31) 48.92 (+3.50) 0.017
Choline 2.67 (=0.65) 4.10 (=0.74) 3.90 (21.37) 4.21 (=0.68) 0.611
Phosphocholine 9.40 (+1.90) 11.78 (+3.35) 7.64 (+1.20) 10.86 (+1.68) 0.566
Carnitine 32.41 (£10.17) 49.11 (£12.42) 28.68 (+10.45) 42.94 (£15.79) 0.625
Taurine 68.02 (£6.93) 204.00 (+43.74) 54.59 (+2.91) 183.17 (+33.52) <0.001
Glucose 9.75 (x1.27) 148.97 (+37.87) 3.63 (x0.61) 92.05 (+23.41) <0.001
Tyrosine 5.36 (+1.66) 12.49 (+0.97) 4.27 (+0.64) 9.72 (+0.95) <0.001
Total Creatine 25.16 (=1.76) 55.70 (x14.75) 28.42 (+3.98) 58.97 (x9.92) 0.020
Adenosine nucleotides 7.88 (=1.85) 9.47 (x2.07) 7.28 (+x1.59) 12.29 (x2.77) 0.354
Glycolic acid 23.60 (+4.88) 26.57 (+9.55) 14.03 (+1.36) * 40.88 (+4.24) * <0.001
Glycine 56.81 (+5.72) 88.15 (+15.86) 51.97 (+5.61) 84.28 (+9.72) 0.031

See legend to Supplement Table IV.
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Supplement Table VI. Co-regulation of apoE, IL-6, and IGFBP expression.

ApoE” SMCs ApoE** SMCs
Control +IL-6 + Cholesterol  + si ApoE
Apo E N/A N/A v v
IL-6 4 A 4 %
IGFBP-3 A v A -
IGFBP-6 A v A A
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