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The Ubiquitin-Proteasome System and Inflammatory
Activity in Diabetic Atherosclerotic Plaques

Effects of Rosiglitazone Treatment
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The role of ubiquitin-proteasome system in the accelerated
atherosclerotic progression of diabetic patients is unclear.
We evaluated ubiquitin-proteasome activity in carotid
plaques of asymptomatic diabetic and nondiabetic pa-
tients, as well as the effect of rosiglitazone, a peroxisome
proliferator-activated receptor (PPAR)-y activator, in di-
abetic plaques. Plaques were obtained from 46 type 2
diabetic and 30 nondiabetic patients undergoing carotid
endarterectomy. Diabetic patients received 8 mg rosiglita-
zone (n = 23) or placebo (n = 23) for 4 months before
scheduled endarterectomy. Plaques were analyzed for mac-
rophages (CD68), T-cells (CD3), inflammatory cells (HLA-
DR), ubiquitin, proteasome 20S activity, nuclear factor
(NF)-kB, inhibitor of kB (IkB)-B, tumor necrosis factor
(TNF)-, nitrotyrosine, matrix metalloproteinase (MMP)-
9, and collagen content (immunohistochemistry and en-
zyme-linked immunosorbent assay). Compared with non-
diabetic plaques, diabetic plaques had more macrophages,
T-cells, and HLA-DR+ cells (P < 0.001); more ubiquitin,
proteasome 20S activity (TNF-«), and NF-xB (P < 0.001);
and more markers of oxidative stress (mitrotyrosine and
O, production) and MMP-9 (P < 0.01), along with a lesser
collagen content and IkB- levels (P < 0.001). Compared
with placebo-treated plaques, rosiglitazone-treated dia-
betic plaques presented less inflammatory cells (P < 0.01);
less ubiquitin, proteasome 20S, TNF-«, and NF-kB (P <
0.01); less nitrotyrosine and superoxide anion production
(P < 0.01); and greater collagen content (P < 0.01),
indicating a more stable plaque phenotype. Similar findings
were obtained in circulating monocytes obtained from the
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two groups of diabetic patients and cultured in the pres-
ence or absence of rosiglitazone (7.0 pmol/1). Ubiquitin-
proteasome over-activity is associated with enhanced
inflammatory reaction and NF-«kB expression in diabetic
plaques. The inhibition of ubiquitin-proteasome activity in
atherosclerotic lesions of diabetic patients by rosiglita-
zone is associated with morphological and compositional
characteristics of a potential stable plaque phenotype,
possibly by downregulating NF-kB-mediated inflammatory
pathways. Diabetes 55:622-632, 2006

ardiovascular disease represents the leading
cause of death in patients with type 2 diabetes
(1). Diabetes leads to increased vulnerability for
plaque disruption and mediates increased inci-
dence and severity of clinical events (2). Inflammation,
particularly in diabetes, plays a central role in the cascade
of events that result in plaque erosion and fissuring (2).
There is emerging evidence that the ubiquitin-proteasome
system, the major pathway for nonlysosomal intracellular
protein degradation in eucaryotic cells, induces inflamma-
tion in both initial stage and progression of atherosclerosis
(3). The ubiquitin-mediated proteolytic pathway involves
the conjugation of multiple moieties of ubiquitin, a 76-
amino acid polypeptide, to cellular proteins in a multien-
zymatic process, targeting these proteins to degradation
(4). This ligation of ubiquitin by a series of ubiquitin-
conjugating enzymes produce polyubiquitin chains, which
serve as targeting signals for degradation of the protein by
the proteasome. The multicatalytic proteasome consists of
a central catalytic core, the 20S proteasome, and two
regulatory 19S complexes (5). Moreover, the ubiquitin-
proteasome pathway is required for activation of nuclear
factor kappa B (NF-kB), a central transcription factor that
regulates inflammatory genes, by degradation of its inhib-
itory IkB proteins (6). Although it has been demonstrated
that diabetes may upregulate ubiquitin-proteasome path-
way in rat muscle (7), still no evidence exists about the
potential role of ubiquitin-proteasome system in the evo-
lution of atherosclerotic plaques of diabetic patients. We
hypothesized that by increasing ubiquitin-proteasome ac-
tivity, diabetes may enhance the inflammatory potential of
atherosclerotic plaques favoring instability.
This study was designed to identify differences in in-
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flammatory infiltration as well as ubiquitin-proteasome
activity between carotid plaques of asymptomatic diabetic
and nondiabetic patients. Because experimental and
pathological studies suggest that activation of peroxisome
proliferator-activated receptor (PPAR)-y may reduce in-
flammation (8) and inhibit ubiquitin-proteasome activity
(9), the study also evaluated the effect of the PPAR-y
agonist rosiglitazone on ubiquitin-proteasome activity in
carotid plaques of diabetic patients.

RESEARCH DESIGN AND METHODS

The study group comprised 46 type 2 diabetic and 30 nondiabetic patients
(nondiabetic group) with asymptomatic carotid stenosis, enlisted to undergo
carotid endarterectomy for extracranial high-grade (>70%) internal carotid
artery stenosis (10). Diabetes was categorized according to American Diabe-
tes Association criteria (11). The diabetic patients were randomized in a
double-blind fashion to receive rosiglitazone (4 mg b.i.d., n = 23) or placebo
(n = 23) for 4 months, according to human studies evaluating the carotid
arterial intima-media thickness progression as well as circulating markers of
inflammation after PPAR-y agonist treatments (12,8). In the placebo group, the
dose of other concomitant hypoglycemic medication was changed to obtain a
similar profile of metabolic parameters. Additional antidiabetic therapy,
including sulfonylurea, metformin, and insulin, was titrated for optimal
glycemic control for 4 months. After the treatment period, all patients had
undergone endarterectomy. Fasting plasma glucose, insulin, and serum lipids,
as well as insulin resistance index (by homeostasis model assessment of
insulin resistance [HOMA-IR]) (13), were measured at baseline, monthly, and
before endarterectomy. Moreover, C-reactive protein (CRP) serum levels (by
enzyme-linked immunosorbent assay [ELISA]; Diagnostic Systems Labora-
tory) were measured at baseline and before endarterectomy in 12 patients
from the control group, 15 from the placebo group, and 16 from the
rosiglitazone group. Written informed consent was obtained from all patients
before each examination. The local ethics review committee approved the
study.

Atherectomy specimens. After surgery, the specimens were cut perpendic-
ular to the long axis into two halves. The first half was frozen in liquid nitrogen
for the following ELISA analysis. A portion of the other half specimen was
immediately immersion-fixed in 10% buffered formalin. Sections were serially
cut at 5 pm, mounted on lysine-coated slides, and stained with hematoxylin
and eosin and with the trichrome method. Carotid artery specimens were
analyzed by light microscopy.

Immunohistochemistry. After the surgical procedure, samples were imme-
diately frozen in isopentane and cooled in liquid nitrogen. Similar regions of
the plaque were analyzed (Fig. 1). Serial sections were incubated with specific
antibodies: anti-ubiquitin, anti-proteasome 20S, anti-HLA-DR, anti-CD68, and
anti-CD3 (Dako); anti-IkB-f and anti-matrix metalloproteinase (MMP)-9
(Santa Cruz); and anti-tumor necrosis factor (TNF)-a (R&D). Specific anti-
bodies that selectively recognize the activated form of NF-«kB (p65 and p50
subunits; Santa Cruz) were used. Analysis of immunohistochemistry was
performed with a personal computer-based quantitative 24-bit color image
analysis system (IM500; Leica Microsystem AG).
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FIG. 1. Representative example of plaques studied. This
section is representative of the plaque region analyzed. The
section was stained with hematoxylin-eosin. Plaque section
at low magnification.

Biochemical assays. Plaques were lysed and centrifuged for 10 min at
10,0009 at 4°C. After centrifugation, 20 ng of each sample were loaded,
electrophoresed in polyacrylamide gel, and electroblotted onto a nitrocellu-
lose membrane. Each determination was repeated at least three times.
Ubiquitin, IkB-B, MMP-9, TNF-a, and nitrotyrosine levels were quantified in
plaques using a specific ELISA kits (from Santa Cruz, R&D Systems, and
Imgenex). Nuclear extracts from plaque specimens were obtained as de-
scribed by Ohlsson et al. (14). We used a specific antibody that selectively
recognizes the activated form of the NF-kB subunit p65. NF-kB binding to kB
sites was assessed using the Trans-AM NF-kB p65 transcription factor assay
kit (Active Motif Europe; Rixensart). In this assay, an oligonucleotide con-
taining the NF-kB consensus site is attached to a 96-well plate. The active form
of NF-kB contained in cell extracts specifically binds to this oligonucleotide
and can be revealed by incubation with antibodies. Thereafter, whole-cell
extracts were prepared, and 10 pg of total cellular proteins were analyzed for
p65 binding to kB oligonucleotide according to the manufacturer’s instruc-
tions. In addition, we analyzed the expression of the activated p50 subunit by
specific Trans-AM NF-kB p50 transcription factor assay kit (Active Motif;
Rixensart). For the quantitative measurement of the proteasome 20S activity,
a specific SDS activation kit (Boston Biochem) was used. Nitrotyrosine was
assayed into the plaque tissue with a kit supplied by Hycult Biotech.
Macrophages extraction from atherosclerotic plaques. Macrophages
were selectively extracted from plaques as described by de Vries et al. (15).
Biochemical assay on cell homogenates for ubiquitin and proteasome 20S
determinations were performed as illustrated earlier.

Measurement of O,~. Production of O, was measured as the superoxide
dismutase—inhibitable reduction of cytochrome c, as previously described (16)
Isolation and culture of blood monocytes. Peripheral blood monocytes
from 10 diabetic and 10 nondiabetic patients were purified and cultured as
described by Cipollone et al. (17). Monocytes from diabetic patients (24 X
1054 ml of Dulbecco’s modified Eagle’s medium) were cultured in the
presence or absence of rosiglitazone (7.0 umol/l for 48 h) and in the presence
or absence of MG132 (10 mmol/l stock solutions in DMSO; Calbiochem), a
specific proteasome inhibitor (10 wmol/l for 5 h). At the end of the incubation,
adherent monocytes were scraped, collected, and lysed, and ubiquitin, pro-
teasome 20S, NF-«kB, IkB-B, and O, production were evaluated.

Statistical analysis. Data are presented as mean *= SD. Continuous variables
were compared among the groups of patients with one-way ANOVA for
normally distributed data and Kruskal-Wallis for non-normally distributed
data. When differences were found among the groups, Bonferroni correction
was used to make pairwise comparisons. P = 0.05 was considered statistically
significant. All calculations were performed using SPSS 12.

RESULTS

Demographic data for the study population are presented
in Table 1. Percentage of carotid diameter reduction, risk
factors, and concomitant nonhypoglycemic therapy did
not differ among the groups (Table 1). In diabetic patients,
mean plasma glucose between weeks 0 and 16 decreased
similarly with placebo (—1.6 = 0.6 mmol/], P < 0.05) and
rosiglitazone (—1.5 = 0.6 mmol/l, P < 0.05), while HbA, .
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TABLE 1
Characteristics of study patients

Variables Control group Placebo group Rosiglitazone group

n 30 23 23

Age (years) 69 = 2 68 = 3 69 = 2

Male 16 (53.3) 13 (56.5) 12 (52.2)

Patients characteristics
Family history of IHD 14 (46.7) 13 (56.5) 16 (69.6)
Hypertension 15 (50) 11 (47.8) 10 (43.5)
Hypercholesterolemia 13 (43.3) 10 (43.5) 9(39.1)
Cigarette smoking 12 (40) 7 (30.4) 8 (34.8)
Coronary artery disease 13 (43.3) 14 (60.9) 16 (69.6)
BMI (kg/m?) 276 =2 282 *+ 2 289 £3
Systolic blood pressure (mmHg) 128 = 12 129 = 11 130 = 12
Diastolic blood pressure (mmHg) 81+4 814 82 *3
A1C (%) 4.9 * 1.1%F 81=*14 82=*15
Blood glucose (mmol/l) 6 * 0.9%F 9.7+ 14 9.6 = 1.3
Insulin (pU/ml) 8.06 * 3.3%F 10.6 = 2.4 10.8 = 2.7
HOMA-IR 2.15 * 0.9%F 457 £ 1.3 4.61 = 1.3
CRP (mg/dl) 0.86 = 0.09*7 1.22 = 0.08 1.19 = 0.09
Total cholesterol (mmol/l) 5.64 = 0.09 5.63 = 0.09 5.67 = 0.10
HDL cholesterol (mmol/1) 1.26 = 0.10 1.22 = 0.08 1.21 = 0.09
Triglycerides (mmol/l) 1.94 + 0.33 1.95 + 0.31 1.97 = 0.34
Stenosis severity (%) 75.5 £ 4.9 76.4 = 4.5 76.2 = 3.8
Macrophage-rich areas (%) 5+ 2%f 24+5 14 + 6*
T-cells per mm? section area 15 = T*f 70 = 13 41 = 12%
HLA-DR (%) 12 + 3% 315 19 + 6*

Active therapy
Aspirin 24 (80) 21 (91.3) 20 (86.9)
Warfarin 2 (6.6) 1(4.3) 1(4.3)
B-Blocker 7(23.3) 5 (21.7) 52L7)
Calcium-channel blocker 3 (10) 4(174) 3(13.1)
Statin 20 (66.6) 17 (73.9) 16 (69.6)
ACE inhibitor 16 (53.3) 14 (60.9) 12 (52.1)
Diuretic agent 9 (30) 6 (26.1) 7 (30.4)
AT-2 antagonist 14 (46.6) 12 (52.1) 11 (48.7)
Insulin — 16 (69.6) 17 (73.9)
Sulfonylureas — 8(34.8) 7 (30.4)
Metformin — 6 (26.1) 5(21.7)

Data are means = SD or n (%). *P < 0.05 vs. the placebo group; P < 0.05 vs. the rosiglitazone group. IHD, ischemic heart disease.

(A1C) levels showed a trend to decrease in both groups
(—0.83 = 0.4%, P = 0.14, and —0.87 = 0.5%, P = 0.16,
respectively). In the placebo group, glimepiride was tested
and its daily dose was adjusted in four patients to a range
of 1-6 mg/day. Metformin was adjusted during the study in
three patients; the daily dose range was 500-1,700 mg/day.
Insulin was adjusted in nine patients. HOMA-IR decreased
in the rosiglitazone group but remained unchanged in the
placebo group (—1.1 = 0.3 vs. —0.4 = 0.2, P < 0.01). In
diabetic patients, the decline in CRP was —0.12 mg/dl in
the placebo group and —0.42 mg/dl in the rosiglitazone
group (Table 2). No patient in either group developed any
clinical events during the study.

Plaque composition. Compared with nondiabetic pa-
tients, diabetic patients (all) had a significantly greater
portion of plaque area occupied by macrophages (19 = 5
vs. b £ 2%; P < 0.01) and T-cells (65 = 13 vs. 156 = 7%; P <
0.01), as well as greater expression of HLA-DR antigen
(26 £ 5 vs.12 £ 3%, P < 0.01) (Table 1 and Fig. 2).
Compared with the placebo group, the rosiglitazone group
presented a significantly smaller portion of plaque area
occupied by macrophages (P < 0.01) and T-cells (P <
0.01), as well as lower expression of HLA-DR (P < 0.01)
(Table 1 and Fig. 2). Both immunohistochemistry and
ELISA revealed markedly higher staining and levels of
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TNF-a in all diabetic lesions compared with nondiabetic
lesions (P < 0.001). In diabetic patients, staining and levels
of TNF-a were significantly more abundant in lesions from
placebo than lesions from the rosiglitazone group (P <
0.001) (Fig. 2). MMP-9 levels were more abundant in
diabetic than in nondiabetic lesions (P < 0.001); in dia-
betic patients, MMP-9 levels were more abundant in le-
sions from the placebo group than those from the
rosiglitazone group (P < 0.001). Lower content of intersti-
tial collagen was found in plaques of all diabetic patients
compared with nondiabetic patients. Content of interstitial
collagen of plaques from rosiglitazone-treated patients
was higher compared with that from placebo-treated pa-
tients (P < 0.01) (Fig. 2).

Ubiquitin-proteasome activity. Immunohistochemistry
revealed higher staining of ubiquitin and proteasome 20S
in diabetic inflammatory cells than in nondiabetic inflam-
matory cells (P < 0.01), with the highest staining detected
in patients randomized to placebo. A similar pattern of
response was seen for ubiquitin plaque levels (P < 0.001)
and proteasome 20S plaque activity (P < 0.001) (Fig. 3).
Ubiquitin and proteasome 20S in macrophages ex-
tracted from plaques. To identify whether the higher
ubiquitin-proteasome levels observed in diabetic plaques
were produced by macrophages, we repeated quantitative
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TABLE 2
Metabolic parameters of diabetic patients after rosiglitazone and
placebo treatments

Variables Placebo group Rosiglitazone group
n 23 23
BMI (kg/m?) 27197 2915
Systolic blood pressure

(mmHg) 126 = 13 126 = 15
Diastolic blood pressure

(mmHg) 826 80 =4
A1C (%) 7315 73+ 18
Blood glucose (mmol/1) 8.1+ 1.7* 8.1 = 1.9*%
Insulin (uU/ml) 10.6 = 2.7 104 £2.9
HOMA-IR 447 £ 15 3.51 £ 1.2%F
CRP (mg/dl) 1.1 £0.07 0.77 £ 0.09%F
Total cholesterol

(mmol/1) 5.61 = 0.11 5.69 = 0.14
HDL cholesterol

(mmol/l) 1.24 = 0.09 1.29 £ 0.1
Triglycerides (mmol/l) 1.85 = 0.32 1.89 = 0.36

Data are means = SD. *P < 0.05 vs. baseline data; TP < 0.05 vs. the
placebo group.

analyses on macrophages selectively extracted from seven
plaques randomly selected from each of the three groups.
The small sample size used was not sufficient to reach an
adequate statistical power for the comparisons among
groups, so we can only describe the tendency of central
measures for the three groups. However, we observed that
the placebo group had the highest of both ubiquitin levels
(457.9 £ 99 ng/mg) and proteasome 20S activity (76.3 = 22
pmol/mg); the nondiabetic group had the lowest levels
(ubiquitin 237 = 78 ng/mg, proteasome 20S 27.6 * 6
pmol/mg), and rosiglitazone had intermediate levels (ubig-
uitin 339 = 89 ng/mg, proteasome 20S 41.9 = 12 pmol/mg).
Colocalization of proteasome 20S and ubiquitin with
macrophages in diabetic plaques. Serial sections of
diabetic plaques were incubated with the primary antibod-
ies anti-ubiquitin, anti-proteasome 20S, and anti-CDG68.
The expression of both ubiquitin and proteasome 20S were
associated with CD68+ macrophages in plaque sections
(Fig. 4). Thus, these analyses confirmed the concomitant
presence of ubiquitin and proteasome 20S in macrophages
of diabetic plaque.

NF-kB activity. NF-kB activation, as reflected by the
selective analysis of the activated form of both p50 and
p65, was significantly higher in both placebo (P < 0.01)
and rosiglitazone (P < 0.01) inflammatory cells than in
nondiabetic macrophages. In plaques from diabetic pa-
tients, both p60 (P < 0.01) and p65 (P < 0.001) were
significantly higher in placebo-treated than in rosiglita-
zone-treated patients. Immunohistochemistry and quanti-
tative analyses revealed lower staining and levels for Ik B-
in diabetic inflammatory cells than in nondiabetic inflam-
matory cells (placebo P < 0.01, rosiglitazone P < 0.001).
Moreover, both staining for and levels of IkB-B were
higher in rosiglitazone than in placebo plaques (Fig. 5).
Quantification of oxidative stress. Higher nitrotyrosine
levels were found in diabetic plaques than in nondiabetic
plaques (diabetic placebo 3.4 = 0.43 nmol/pg, diabetic
rosiglitazone 2.4 = 0.23 nmol/pg, nondiabetic group 1.2 =
0.31 nmol/pg, P < 0.001). A similar pattern was found for
O, production (diabetic placebo 6.22 = 1.5 pmol/l, diabetic
rosiglitazone 3.87 = 1.2 pmol/l, nondiabetic group 2.34 = 0.98
pmol/l, P < 0.01). In diabetic patients, nitrotyrosine levels
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and O, production were significantly higher in plaques from
placebo-treated than in rosiglitazone-treated patients (ni-
trotyrosine 3.4 = 0.43 vs. 2.4 = 0.23 nmol/pg, P < 0.01; O,
6.22 * 1.5 vs. 3.87 = 1.2 pmol/l, P < 0.01).

In vitro study. Monocytes from diabetic patients evi-
denced higher levels of ubiquitin, p50, p65, and O,
production, as well as higher proteasome 20S, along with
a lesser IkB-B levels compared with monocytes from
nondiabetic patients (P < 0.01). Levels of ubiquitin, p50,
p65, and O, production, as well as proteasome 20S
activity, were significantly lower in the diabetic monocytes
incubated with rosiglitazone than in diabetic monocytes
incubated without rosiglitazone (P < 0.01), whereas IkB-3
levels were significantly higher in the diabetic monocytes
incubated with rosiglitazone than in diabetic monocytes
incubated without rosiglitazone (P < 0.01) (Fig. 6). Levels
of p50 and p65 levels were significantly lower in the
diabetic monocytes incubated with MG132 than in those
incubated without MG132 (p50 16.8 £ 1.3 vs. 20 *= 1.6
ng/mg, P < 0.01; p65 25 = 3.2 vs. 30.4 = 1.5 ng/mg, P <
0.01), whereas IkB- (32.8 = 8.7 vs. 19 = 24 ng/mg, P <
0.01) was significantly higher in the diabetic monocytes
incubated with MG132 than in those incubated without
MG132. Although ubiquitin levels were higher in mono-
cytes incubated with MG132, there were not statistically
significant differences among the groups (434.7 = 38.5 vs.
410 = 44.4 ng/mg, P = 0.2).

DISCUSSION

This study shows that ubiquitin-proteasome system over-
activity is associated with the inflammatory process of
atherosclerotic plaques of type 2 diabetic patients. In
particular, the ubiquitin-proteasome activity was greater in
diabetic atherosclerotic lesions as compared with nondia-
betic lesions, and it was associated with higher NI*-kB and
MMP-9 levels along with less interstitial collagen content.
All this might increase the risk of future acute ischemic
events precipitated by inflammatory-dependent rupture of
atherosclerotic plaques. Moreover, we provide evidence
that the PPAR-y agonist rosiglitazone may prevent plaque
progression to an unstable phenotype in diabetic patients
by reducing ubiquitin-proteasome activity.

A previous postmortem study (18) has reported en-
hanced ubiquitin expression in unstable coronary
plaques. However, the study did not provide any evi-
dence about ubiquitin expression in subgroups of high-
risk plaques, such as those found in diabetic patients, or
assess the specific pathway transducing environmental
stimuli in ubiquitin-proteasome overexpression. In our
study, macrophages, T-cells, and HDLA-DR+ inflamma-
tory cells were more abundant in diabetic plaques and
represented the major source of ubiquitin-proteasome
activity, suggesting the presence of an active inflamma-
tory reaction in diabetic plaques. Concomitantly higher
expression of ubiquitin and proteasome was found in
human plaque macrophages obtained from the asymp-
tomatic carotid lesions of patients with type 2 diabetes
compared with nondiabetic lesions. In agreement with
the difference in ubiquitin-proteasome staining pattern,
the histological milieu of the lesions appears different
with regard to cellularity, but not in the degree of vessel
stenosis, suggesting that diabetic and nondiabetic le-
sions are only different in regard to inflammatory bur-
den. These data are consistent with previous findings
that the inflammatory response was greater in diabetic
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FIG. 2. A: Representative sections show immunochemistry for CD68, CD3, and HLA-DR in nondiabetic, placebo-treated, and rosiglitazone-treated
diabetic plaques. The boxes show the immunochemistry at low magnification. B: ELISA for MMP-9, TNF-«, and sirius red staining for collagen
content in nondiabetic, placebo-treated, and rosiglitazone-treated diabetic plaques. (The boxplots show the median, 25th, and 75th percentiles,
range, and extreme values.) C: Representative sections show immunochemistry for MMP-9, TNF-«, and sirius red staining for collagen content
in nondiabetic, placebo-treated, and rosiglitazone-treated diabetic plaques. The boxes show the immunochemistry at low magnification. Similar
regions of plaque are shown. These results are typical of nondiabetic, placebo-treated, and rosiglitazone-treated diabetic plaques. *P < 0.05 vs.
the placebo group; P < 0.05 vs. the rosiglitazone group.
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immunohistochemistry in nondiabetic, placebo-treated, and rosiglitazone-treated diabetic plaques. The boxes show the immunochemistry at low
magnification. C: Negative control. Similar regions of the plaque are shown. These results are typical of nondiabetic, placebo-treated, and
rosiglitazone-treated diabetic plaques. *P < 0.05 vs. the placebo group; P < 0.05 vs. the rosiglitazone group.

than in nondiabetic plaques (17). Moreover, an associa-
tion between RAGE-expressing macrophages and up-
regulation of inflammatory NF-kB, COX-2/mPGES-1, and
MMPs has been shown in carotid arteries of diabetic
patients (17). Finally, a recent postmortem study (19)
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demonstrates an increase in apoptotic macrophages and
smooth muscle cells in coronary arteries of diabetic
patients, which may be related to necrotic core expan-
sion, thinning of the fibrous cap, and plaque instability.
Hence, the differences in plaque behavior likely stem
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from differences in the presence of stimuli (i.e., oxida-
tive stress, as evidenced by high O,  production and
nitrotyrosine levels) for selective expression of ubig-
uitin-proteasome, capable of disrupting plaque stability
via NF-kB induction.

NF-kB is normally bound to IkB in the cytosol; this
binding prevents its movement into the nucleus (20).
Various cellular stimuli, such as oxidative stress, induce
ubiquitination of phosphorylated IkBs and subsequent
degradation by the proteasome (21). Degradation of IkBs
results in unmasking of the nuclear localization signal of
NF-kB dimers, which subsequently translocates to the
nucleus, where it induces the transcription of proinflam-
matory cytokines that play a central role in plaque insta-
bility progression, like TNF-a (22,23). Our findings also
suggest that diabetes may induce phosphorylation and
degradation of IkBs via the ubiquitin-proteasome overac-
tivity, thus enhancing NF-kB activation. Previous reports
evidenced the involvement of the ubiquitin-proteasome
system in NF-«B activation, particularly under conditions
of aggravated oxidative stress. Oxidative stress is the
common factor underlying insulin resistance, type 2 dia-
betes, and cardiovascular disease and may explain the
presence of inflammation in each of these conditions (24).
Although it is well recognized that inflammation is one
manifestation of oxidative stress, and the pathways that
generate the mediators of inflammation, such as interleu-
kins, are all induced by oxidative stress (25), the mecha-
nism by which oxidative stress may be involved in
inflammatory process of type 2 diabetic plaques is not fully
clarified. In this context, our data suggest a novel mecha-
nism by which oxidative stress, increasing ubiquitin-pro-
teasome activity, may mediate inflammatory activity in
diabetic atherosclerotic plaques. Of note, it has been
shown that oxidative stress can stimulate the ubiquitin
system in macrophages by inducing the expression of
components of its enzymatic machinery, such as ubiquitin-
binding proteins (26,27). Accordingly, in cultured mono-
cytes from diabetic patients, we evidenced that O,
production, as well as ubiquitin-proteasome activity and
NF-kB levels, were significantly higher when compared
with nondiabetic patients. Thus, we can speculate that
increased ubiquitin-proteasome activity in plaque macro-
phages, as a consequence of oxidative stress overexpres-
sion, may enhance the synthesis of NF-«B in the same cell,
possibly representing a crucial step in the pathophysiology
of diabetic plaque instability. Because of the study design,
we cannot exclude whether the ubiquitin-proteasome
pathway exerts also a protective compensatory response
(28), or whether it is merely a correlative marker for the
presence of inflammatory cells in diabetic lesions. How-
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FIG. 4. Diabetic plaque sections show that
ubiquitin and proteasome 20S colocalize with
macrophage immunoreactivity.

ever, the concomitant presence of ubiquitin and protea-
some 20S in diabetic macrophages, as well as the
reduction of NF-kB levels in diabetic monocytes treated
with proteasome inhibitor, suggests that the ubiquitin-
proteasome pathway may have a proinflammatory effect in
diabetic individuals. Moreover, higher expression of ubig-
uitin-proteasome and MMP-9 in diabetic lesions, one of the
most important enzymes in the process of atherosclerotic
plaque rupture (29), along with a lesser interstitial colla-
gen content, suggests an involvement of the ubiquitin
proteasome system in instability of diabetic lesion by
increasing plaque erosion.

The present findings also show an inhibitory effect of
rosiglitazone on ubiquitin-proteasome activity in diabetic
lesions. Indeed, at the same level of blood glucose levels,
diabetic patients treated with rosiglitazone had the lowest
level of ubiquitin and proteasome 20S activity, plaque
inflammatory cells, cytokines, oxidative stress, and MMP-9
associated with the highest content of plaque interstitial
collagen. Thus, patients assigned to rosiglitazone had
lesser plaque progression to an unstable phenotype than
patients assigned to placebo. In particular, the reduced
ubiquitin-proteasome activity seen in diabetic plaques of
the rosiglitazone group suggests decreased IkB degrada-
tion and hence NF-kB activation. All this may have clinical
implications because in a large series of carotid endarter-
ectomy specimens, it has been shown that plaque inflam-
mation is one of the major determinants of ischemic
events in patients affected by carotid atherosclerotic dis-
ease (30). Sufficient data in humans suggest that PPAR-y
agonists reduce common carotid arterial intima media
thickness progression as well as circulating markers of
inflammation as early as 3 months after the administration
in both nondiabetic and diabetic patients (8,12). Moreover,
there is accumulating data to suggest that PPAR-y agonists
exert anti-inflammatory and antioxidant effects, including
decreases of cytokines and MMPs in monocytes, macro-
phages, T-cells, and vascular smooth muscle cells (31-35).
In line with this evidence, we observed a significant
reduction of CRP serum levels in diabetic patients treated
with rosiglitazone. Although PPAR-y agonists may inhibit
proteasome activity in human cancer (36), until now there
was no evidence that this effect was reproducible in
human atherosclerotic plaques. The hypothesis that
plaque ubiquitin-proteasome activity is reduced by PPAR-y
agonists is also supported by our “in vitro experiments”
that evidenced a reduction of ubiquitin-proteasome activ-
ity, NF-kB levels, and O,  production associated with a
significant increment of IkB-3, in monocytes from diabetic
patients treated with rosiglitazone. The mechanism of
repression of the proteasome by rosiglitazone remains a
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mystery and requires further studies. On the other hand,
the reduction in O,  production by monocytes after
rosiglitazone treatment may allow a lower polyubiquitina-
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tion, as evidenced by a reduction in ubiquitin levels. We
therefore speculated that proteasome reduction by rosigli-
tazone may be induced by inhibition of oxidative stress
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and polyubiquitination. Rosiglitazone treatment also pro-
duced a significant reduction in insulin-resistance, as
indicated by reduced HOMA-IR levels. As insulin resis-
tance is associated with increased cardiovascular and
cerebrovascular risk (37), improved insulin sensitivity may
be one mechanism by which rosiglitazone retards athero-
genesis progression. On the other hand, oxidative stress
has been shown to induce insulin resistance through
NF-kB activation (38). In this perspective, rosiglitazone, by
reducing oxidative stress and ubiquitin-proteasome activ-
ity, may enhance both insulin sensitivity and diabetic
plaque stability. We also do not exclude the possibility that
rosiglitazone inhibits NF-«B activation through additional
mechanisms independent of PPAR-y. Indeed, a PPAR-y—
independent pathway may be operative in neuronal cells
via inhibition of inducible nitric oxide synthase (39).
Furthermore, PPAR-y agonists inhibit the nuclear translo-
cation and subsequent DNA binding of NF-«kB via an
IkB-dependent pathway by inhibiting the immune respon-
se—induced degradation of IkBs (40). This provides evi-
dence that a component of the anti-inflammatory effect is
mediated by the action of PPAR-y agonists on the systemic
immune system. Although further investigation will be
required to elucidate the upstream mechanisms by which
PPAR-y inhibits the degradation of IkBs, inhibition of
cytokine gene expression suggests that activation of
PPAR-y may alter functional elements common to both of
these pathways.

This study demonstrates enhanced ubiquitin-protea-
some activity in diabetic atherosclerotic lesions, and it
provides evidence that the activation of this system by
inflammatory cells is associated with an NF-kB-depen-
dent increase in inflammation, potentially promoting
plaque rupture. Moreover, we hypothesize that thiazolod-
inediones may reduce NF-kB activation by modulation of
ubiquitin-proteasome activity in human atherosclerotic
lesions of diabetic patients.

REFERENCES

. Grundy SM, Benjamin IJ, Burke GL, Chait A, Eckel RH, Howard BV, Mitch
W, Smith SC Jr, Sowers JR: Diabetes and cardiovascular disease: a
statement for healthcare professionals from the American Heart Associa-
tion. Circulation 100:1134-1146, 1999
2. Creager MA, Luscher TF, Cosentino F, Beckman JA: Diabetes and vascular
disease: pathophysiology, clinical consequences, and medical therapy: part
L Circulation 108:1527-1532, 2003

3. Herrmann J, Ciechanover A, Lerman LO, Lerman A: The ubiquitin-protea-
some system in cardiovascular diseases: a hypothesis extended. Cardio-
vasc Res 61:11-21, 2004

4. Hershko A, Ciechanover A, Varshavsky A: Basic medical research award:
the ubiquitin system. Nat Med 6:1073-1081, 2000

5. Coux O, Tanaka K, Goldberg AL: Structure and functions of the 20S and
26S proteasomes. Annu Rev Biochem 65:801-847, 1996

6. Palombella VJ, Rando OJ, Goldberg AL, Maniatis T: The ubiquitin-protea-
some pathway is required for processing the NF-kappa Bl precursor
protein and the activation of NF-kappa B. Cell 78:773-785, 1994

7. Lecker SH, Solomon V, Price SR, Kwon YT, Mitch WE, Goldberg AL:
Ubiquitin conjugation by the N-end rule pathway and mRNAs for its
components increase in muscles of diabetic rats. J Clin Invest 104:1411—
1420, 1999

8. Mohanty P, Aljada A, Ghanim H, Hofmeyer D, Tripathy D, Syed T,
Al-Haddad W, Dhindsa S, Dandona, P: Evidence for a potent antiinflam-
matory effect of rosiglitazone. J Clin Endocrinol Metab 89:2728-2735, 2004

9. Motomura W, Takahashi N, Nagamine M, Sawamukai M, Tanno S, Kohgo

Y, Okumura T: Growth arrest by troglitazone is mediated by p27Kipl

accumulation, which results from dual inhibition of proteasome activity

and Skp2 expression in human hepatocellular carcinoma cells. Int J

Cancer 108:41-46, 2004

Young B, Moore WS, Robertson JT, Toole JF, Ernst CB, Cohen SN,

Broderick JP, Dempsey RJ, Hosking JD: An analysis of perioperative

—_

10.

DIABETES, VOL. 55, MARCH 2006

1

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—_

1.

—_

surgical mortality and morbility in the Asymptomatic Carotid Atheroscle-
rosis Study. Stroke 27:2216-2224, 1996

. The Expert Committee on the Diagnosis and Classification of Diabetes

Mellitus: Follow-up report on the diagnosis of diabetes mellitus. Diabetes
Care 26:3160-3167, 2003

Minamikawa J, Tanaka S, Yamauchi M, Inoue D, Koshiyama H: Potent
inhibitory effect of troglitazone on carotid arterial wall thickness in type 2
diabetes. J Clin Endocrinol Metab 83:1818-1820, 1998

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner
RC: Homeostasis model assessment: insulin resistance and beta-cell func-
tion from fasting plasma glucose and insulin concentrations in man.
Diabetologia 28:412-419, 1985

Ohlsson BG, Englund MCO, Karlsson ALK, Knutsen E, Erixon C, Skribeck
H, Liu Y, Bondjers G, Wiklund O: Oxidized low density lipoprotein inhibits
lipopolysaccharide-induced binding of nuclear factor-kB to DNA and the
subsequent expression of tumor necrosis factor-a and interleukin-1f in
macrophages. J Clin Invest 98:78—89, 1996

de Vries HE, Buchner B, van Berkel TJ, Kuiper J: Specific interaction of
oxidized low-density lipoprotein with macrophage-derived foam -cells
isolated from rabbit atherosclerotic lesions. Arterioscler Thromb Vasc Biol
19:638-645, 1999

Marfella R, Esposito K, Nappo F, Siniscalchi M, Sasso FC, Portoghese M,
Pia Di Marino M, Baldi A, Cuzzocrea S, Di Filippo C, Barboso G, Baldi F,
Rossi F, D’Amico M, Giugliano D: Expression of angiogenic factors during
acute coronary syndromes in human type 2 diabetes. Diabetes 53:2383—
2391, 2004

Cipollone F, lezzi A, Fazia M, Zucchelli M, Pini B, Cuccurullo C, De Cesare D,
De Blasis G, Muraro R, Bei R, Chiarelli F, Schmidt AM, Cuccurullo F, Mezzetti
A: The receptor RAGE as a progression factor amplifying arachidonate-
dependent inflammatory and proteolytic response in human atherosclerotic
plaques: role of glycemic control. Circulation 108:1070-1077, 2003
Herrmann J, Edwards WD, Holmes DR Jr: Increased ubiquitin immunore-
activity in unstable atherosclerotic plaques associated with acute coronary
syndromes. J Am Coll Cardiol 40:1919-1927, 2002

Burke AP, Kolodgie FD, Zieske A, Fowler DR, Weber DK, Varghese PJ,
Farb A, Virmani R: Morphologic findings of coronary atherosclerotic
plaques in diabetics: a postmortem study. Arterioscler Thromb Vasc Biol
24:1266-71, 2004

Siebenlist U, Franzoso G, Brown K: Structure, regulation and function of
NF-kappa B. Annu Rev Cell Biol 10:405-455, 1994

Herrmann J, Gulati R, Napoli C, Woodrum JE, Lerman LO, Rodriguez-
Porcel M, Sica V, Simari RD, Ciechanover A, Lerman A: Oxidative
stress-related increase in ubiquitination in early coronary atherosclerosis.
FASEB J 17:1730-1732, 2003

Ross R. Atherosclerosis: an inflammatory disease: N Engl J Med 340:115—
126, 1999

Anwar A, Zahid AA, Scheidegger KJ, Brink M, Delafontaine P: Tumor
necrosis factor-alpha regulates insulin-like growth factor-1 and insulin-like
growth factor binding protein-3 expression in vascular smooth muscle.
Circulation 105:1220-1225, 2002

Ceriello A, Motz E: Is oxidative stress the pathogenic mechanism under-
lying insulin resistance, diabetes, and cardiovascular disease? The com-
mon soil hypothesis revisited. Arterioscler Thromb Vasc Biol 24:816-823,
2004

Roebuck KA: Oxidant stress regulation of IL-8 and ICAM-1 gene expres-
sion: differential activation and binding of the transcription factors AP-1
and NF-kappaB. Int J Mol Med 4:223-230, 1999

Ishii T, Itoh K, Sato H, Bannai S: Oxidative stress-inducible proteins in
macrophages. Free Radic Res 31:351-5, 1999

Kikuchi J, Furukawa Y, Kubo N: Induction of ubiquitin-conjugating enzyme
by aggregated low density lipoprotein in human macrophages and its
implications for atherosclerosis. Arterioscler Thromb Vasc Biol 20:128-34,
2000

Hwang GW, Furuchi T, Naganuma A: A ubiquitin-proteasome system is
responsible for the protection of yeast and human cells against methyl-
mercury. FASEB J 16:709-711, 2002

Galis ZS, Sukhova GK, Lark MW, Libby P: Increased expression of matrix
metalloproteinases and matrix degrading activity in vulnerable regions of
human atherosclerotic plaques. J Clin Invest 94:2493-2503, 1994
Spagnoli LG, Mauriello A, Sangiorgi G, Fratoni S, Bonanno E, Schwartz RS,
Piepgras DG, Pistolese R, Ippoliti A, Holmes DR Jr: Extracranial throm-
botically active carotid plaque as a risk factor for ischemic stroke. JAMA
292:1845-52, 2004

. Haffner SM, Greenberg AS, Weston WM, Chen H, Williams K, Freed MI:

Effect of rosiglitazone treatment on nontraditional markers of cardiovas-
cular disease in patients with type 2 diabetes mellitus. Circulation
106:679-684, 2002

631



UBIQUITIN-PROTEASOME SYSTEM IN DIABETIC PLAQUE

32.

33.

34.

35.

36.

Sidhu JS, Cowan D, Kaski JC: Rosiglitazone reduces endothelial cell
activation, C-reactive protein and fibrinogen levels in non-diabetic coro-
nary artery disease patients. J Am Coll Cardiol 42:1757-1763, 2003

Marx N, Libby P, Plutzky J: Peroxisome proliferator-activated receptors
(PPARSs) and their role in the vessel wall: possible mediators of cardiovas-
cular risk? J Cardiovasc Risk 8:203-210, 2001

Barbier O, Torra IP, Duguay Y: Pleiotropic actions of peroxisome prolif-
erator-activated receptors in lipid metabolism and atherosclerosis. Arte-
rioscler Thromb Vasc Biol 22:717-726, 2002

Sidhu JS, Kaski JC: Peroxisome proliferator activated receptor gamma: a
potential therapeutic target in the management of ischaemic heart disease.
Heart 86:255-258, 2001

Takeuchi S, Okumura T, Motomura W, Nagamine M, Takahashi N, Kohgo
Y: Troglitazone induces G1 arrest by p27(Kip1) induction that is mediated
by inhibition of proteasome in human gastric cancer cells. Jpn J Cancer
Res 93:774-782, 2002

632

37.

38.

39.

40.

Howard G, O’Leary DH, Zaccaro D: Insulin sensitivity and atherosclerosis.
Circulation 93:1809-1817, 1996

Ogihara T, Asano T, Katagiri H, Sakoda H, Anai M, Shojima N, Ono H,
Fujishiro M, Kushiyama A, Fukushima Y, Kikuchi M, Noguchi N, Aburatani
H, Gotoh Y, Komuro I, Fujita T: Oxidative stress induces insulin resistance
by activating the nuclear factor-kappa B pathway and disrupting normal
subcellular distribution of phosphatidylinositol 3-kinase. Diabetologia
47:794-805, 2004

Petrova TV, Akama KT, Van Elkdik LJ: Cyclopentenone prostaglandins
suppress activation of microglia: down-regulation of inducible nitric-oxide
synthase by 15-deoxy-3'*'*-prostaglandin J,. Proc Natl Acad Sci U S A
96:4668—-4673, 1999

Neurath MF, Pettersson S, Buschenfelde KHM, Strober W: Local adminis-
tration of antisense phosphorothioate oligonucleotides to the p65 subunit
of NF-«xB abrogates established experimental colitis in mice. Nat Med
2:998-1004, 1996

DIABETES, VOL. 55, MARCH 2006



