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Background-—Endothelial dysfunction promotes atherosclerosis. We investigated whether in vivo magnetic resonance imaging
(MRI) using an albumin-binding contrast agent, gadofosveset, could monitor the efficacy of minocycline and ebselen in reducing
endothelial permeability and atherosclerotic burden in the brachiocephalic artery of high-fat diet (HFD)–fed ApoE�/� mice.

Methods and Results-—ApoE�/� mice were scanned 12 weeks after commencement of either a normal diet (controls) or an HFD.
HFD-fed ApoE�/� mice were either untreated or treated with minocycline or ebselen for 12 weeks. Delayed-enhancement MRI and
T1 mapping of the brachiocephalic artery, 30 minutes after injection of gadofosveset, showed increased vessel wall enhancement
and relaxation rate (R1, s

�1) in untreated HFD-fed ApoE�/� mice (R1=3.8�0.52 s�1) compared with controls (R1=2.15�0.34 s�1,
P<0.001). Conversely, minocycline-treated (R1=2.7�0.17 s�1, P<0.001) and ebselen-treated (R1=2.7�0.23 s�1, P<0.001)
ApoE�/� mice showed less vessel wall enhancement compared with untreated HFD-fed ApoE�/� mice. Mass spectroscopy
showed a lower gadolinium concentration in the brachiocephalic artery of treated (minocycline=28.5�3 lmol/L, ebse-
len=32.4�4 lmol/L) compared with untreated HFD-fed ApoE�/� mice (191�4.8 lmol/L) (P<0.02). Both interventions resulted
in a lower plaque burden as measured by delayed-enhancement MRI (minocycline=0.14�0.02 mm2, ebselen=0.20�0.09 mm2,
untreated=0.44�0.01 mm2; P<0.001) and histology (minocycline=0.13�0.05 mm2, ebselen=0.18�0.02 mm2, untreated=
0.32�0.04 mm2; P<0.002). Endothelium cells displayed fewer structural changes and smaller gap junction width in treated
compared with untreated animals as seen by electron microscopy (minocycline=42.3�8.4 nm, ebselen=56.5�17 nm,
untreated=2400�39 nm; P<0.001). Tissue flow cytometry of the brachiocephalic artery showed lower monocyte/macrophage
content in both ebselen- and minocycline-treated mice (8.06�3.2% and 7.62�1.73%, respectively) compared with untreated
animals (20.1�2.2%) (P=0.03), with significant attenuation of the proinflammatory Ly6Chigh subtype (untreated mice, 42.64�6.1%
of total monocytes; ebselen, 14.07�9.5% of total monocytes; minocycline, 26.42�0.6% of total monocytes).

Conclusions-—We demonstrate that contrast-enhanced MRI with an albumin-binding contrast agent can be used to noninvasively
monitor the effect of interventions on endothelial permeability and plaque burden. Blood albumin leakage could be a surrogate
marker for the in vivo evaluation of interventions that aim at restoring endothelial integrity. ( J Am Heart Assoc. 2013;2:e000402
doi: 10.1161/JAHA.113.000402)
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A therosclerosis is a chronic disease of the vessels and a
major cause of morbidity and mortality in Western

societies and developing countries. Dysfunction of the
vascular endothelium promotes atherosclerosis through leu-
kocyte and monocyte arterial infiltration, platelet activation,
and smooth muscle cell proliferation.1 In addition, damaged
endothelium can promote vasospasm and thrombosis, caus-
ing acute cardiovascular events.1 Therefore, testing of treat-
ments that could restore/improve endothelial function and
reduce endothelial permeability may be beneficial in reducing
atherosclerotic risk.

Magnetic resonance imaging (MRI) is a noninvasive imag-
ing modality that offers high spatial resolution for the
morphological and compositional evaluation of the vessel
wall.2–13 However, noninvasive MRI assessment of endothelial
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permeability14 and function15–17 has only recently been
achieved. Gadofosveset is a clinically approved gadolin-
ium-based contrast agent that reversibly binds to serum
albumin, resulting in a prolonged vascular presence and a 5-fold
to 10-fold increase in relaxivity (r1).18,19 Although, gadofosve-
set is a blood-pool agent, it may enter the vasculature through
leaky neovessels20,21 and damaged endothelium.14 We have
recently demonstrated that gadofosveset-enhanced MRI
allowed noninvasive visualization and quantification of endo-
thelial permeability in the brachiocephalic artery of high-fat diet
(HFD)–fed ApoE�/� mice. Contrast uptake correlated with
endothelial cell damage, widening of the gap junctions, and
plaque burden.22 Moreover, treatment of mice with statins
showed less endothelial damage and plaque development. We
thus postulated that statins might have a 2-fold effect—first,
lowering total cholesterol levels, and second, having an
anti-inflammatory effect. In the current work, we aimed to
study the effect of 2 other interventions, ebselen (antioxidant)
and minocycline (antibiotic), which belong to completely
different drug classes, and we focused on their effects on
endothelial integrity and plaque development.

Ebselen is a lipid-soluble low-molecular-weight sele-
no-organic compound and a known glutathione peroxidase-1
mimetic. Ebselen acts by reducing lipid hydroperoxides and
scavenging peroxyl radicals. Ebselen has been shown to
improve endothelial function and reduce atherosclerotic burden
in different animal models23,24 and myocardial infarct size in
rabbits.25 Minocycline is a tetracycline derivate with vasculo-
protective effects independent of its antimicrobial properties.
Minocycline reduced neointima formation following vascular
injury of the rat carotid artery26 and plaque metalloproteinase
(MMP) activity promoting plaque stabilization.27 Recently, it
was shown that minocycline reduced plaque size and inhibited
proliferation of vascular smoothmuscle cells through a PARP-1-
and p27Kip1-dependent mechanism in ApoE�/� mice.28

In addition to endothelial dysfunction, inflammation is
another hallmark of atherosclerosis. Monocytes are major cell
components of the innate immune system that accumulate
quickly in response to injury or infection. Circulating mono-
cytes can be divided into 2 subsets, namely, 6Chigh and
Ly6Clow cells.29 In mice, Ly-6Chigh monocytes were shown to
be potent inflammatory mediators,29,30 whereas Ly-6Clow

monocytes were shown to exhibit “patrolling” behavior31 and
may be important in the resolution of inflammation.32

Hypercholesterolemic mice gradually accumulate Ly-6Chigh

monocytes in blood and developing lesions.33,34 Ly-6Chigh

monocytes adhere to the activated endothelium, differentiate
to macrophages within the developing plaque, and contribute
to inflammation.33,35–37 Although Ly-6Clow monocytes
increase less severely, they take up oxidized low-density
lipoprotein and likely differentiate into dendritic cells on tissue
infiltration.38,39

Considering that minocycline and ebselen have atheropro-
tective effects, we investigated the effects of these interven-
tions on: (1) endothelial permeability and plaque burden, using
gadofosveset-enhanced noninvasive MRI methods that we
have previously developed; and (2) on plaque inflammation as
assessed by flow-cytometry analysis of plaque monocyte/
macrophage infiltration.

Materials and Methods

Animals
Homozygous male ApoE�/� mice (B6.129P2–ApoEtm1Unc/J)
were purchased from Charles Rivers Laboratories (Edinburgh,
UK). Eight-week-old ApoE�/� mice were fed either a normal
chow diet and used as controls (n=6) or were switched to an
HFD containing 21% fat from lard and 0.15% (wt/wt)
cholesterol (Special Diets Services, Witham, UK) for 12 weeks.
HFD-fed ApoE�/� mice were either left untreated (n=6) or
treated with ebselen (n=6; 5 mg/kg body weight dissolved in
5% CM-cellulose; Sigma, Aldrich)23,24 or minocycline (n=6;
1.5 mg/kg; PL Holder, Generic, UK).27 Ebselen was adminis-
tered by daily gavage, and minocycline was administered in the
drinking water concurrently with the HFD for 12 weeks. All
mice were imaged at the end of the 12-week period. All
procedures used in these studies were licensed under the
United Kingdom Animal (Scientific Procedures) Act 1986.

MRI Protocol
In vivo vessel wall imaging was performed using a 3T Philips
Achieva MR scanner (Philips Healthcare, Best, The Nether-
lands) equipped with a clinical gradient system (30 mT/m,
200 mT/m per millisecond) and a single-loop surface coil
(diameter, 23 mm) as previously described.22 Briefly, anes-
thetized mice were imaged in the prone position before and
30 minutes after intravenous administration of 0.03 mmol/
kg gadofosveset (Ablavar, Lantheus Medical Imaging, North
Billerica). Following a 3D GRE scout scan, time-of-flight
images were acquired for visualization of the aortic arch and
the brachiocephalic and carotid arteries and for planning of
the subsequent scans. A 2D-Look-Locker sequence was used
to determine the optimal inversion time for blood signal
nulling. An inversion-recovery 3D fast-gradient echo sequence
was acquired 30 minutes postinjection and was used
for visualization of contrast uptake. Imaging parameters
were FOV, 3093098 mm; matrix, 3049304; resolution,
0.190.1 mm; measured slice thickness, 0.5 mm; slices, 32;
TR/TE, 28/8 ms; TR between subsequent IR pulses,
1000 ms; and flip angle, 30°. T1 mapping was performed
using 2 nonselective inversion pulses with inversion times
ranging from 20 to 3000 ms, followed by 8 segmented
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readouts.40 Images were acquired with FOV, 3692298 mm;
matrix, 1929102; in-plane resolution, 0.1890.22 mm; mea-
sured slice thickness, 0.5 mm; slices, 16; TR/TE, 9.6/4.9 ms;
and flip angle, 10°.

MRI Image Analysis
Vessel wall area was calculated by manually segmenting the
visually enhanced region of the vessel wall as seen on the
delayed-enhancement (DE) MRI images using OsiriX (OsiriX
Foundation, Geneva, Switzerland), and T1 values were com-
puted on a pixel-by-pixel basis using in-house Matlab software
(Mathworks, Natick, MA) as previously described.22

Tissue Flow Cytometry
Immediately after collection, the brachiocephalic artery was
microdissected and digested at 37°C for 1 hour in an
enzymatic cocktail containing 125 U/mL collagenase type
XI, 60 U/mL hyaluronidase type I-s, 60 U/mL DNase 1, and
450 U/mL collagenase type 1 (Sigma-Aldrich) in PBS supple-
mented with 20 mmol/L Hepes.20 The artery was then
mashed through a 70-lm strainer to obtain a cell suspension.
The latter was resuspended in PBS supplemented with 0.2%
BSA and incubated at 4°C for 20 minutes with a combination
of the following antibodies: Per-CP anti-mouse lymphocyte
markers (Lin) including B220, CD90, Ly6G, and NK1.1; APC
anti-mouse F4/80; FITC anti-mouse CD115; and PE anti--
mouse Ly-6C or CD11b (all antibodies were from eBioscienc-
es, apart from the antimouse B220, which was purchased
from Becton & Dickinson). A total of 50 000 events were
acquired and on postacquisition analysis performed using
FlowJo software (Tree Star, Ashland, OR); monocytes/macro-
phages were identified as a CD11bhigh F4/80+ CD115+ Lin�

(B220, CD90, Ly6G, NK1.1) population41 and reported as
percentage of cells per artery. Ly6C staining identified
Ly-6Chigh and Ly-6Clow subsets within the monocytic popula-
tion. The percentage of each subset over total monocytes/
macrophages is reported.

Histology

Tissue harvesting

Anesthetized mice were perfused through the left ventricle
with physiological saline (electron microscopy studies) or
formalin (standard histology) for 10 minutes and subse-
quently were euthanized.

Transmission electron microscopy

Brachiocephalic and left carotid arteries (n=2 per group) were
pinned down and fixed in 2% glutaraldehyde in 0.1 mol/L

sodium phosphate buffer (pH 7.4) for 2 hours, washed with
sodium phosphate buffer for 2 hours, and postfixed in 1%
OsO4 for 2 hours. Samples were dehydrated and embedded in
epoxy resin. Semithin sections (0.2 lm) were stained with
toluidine blue for light microscopy examinations and were
used to guide sampling for transmission electron microscopy
studies. Sections (0.09 lm) were collected on 150 mesh
copper grids and double-stained with uranyl acetate and lead
citrate for electron microscopy examinations (H7650, Hitachi,
Tokyo, Japan). Gap junction width was measured on electron
microscopy sections cut perpendicular to the long axis of the
vessel wall using ImageJ (NIH) as previously described.22

Inductively coupled mass spectrometry

Gadolinium concentrations of the vessel wall were determined
by inductively coupled mass mass spectrometry (ICP-MS) as
previously described.22 Briefly, the brachiocephalic artery was
collected and snap-frozen in liquid nitrogen (n=2 per group).
Prior to ICP-MS, the samples were digested in 300 lL of 70%
nitric acid overnight at room temperature, followed by dilution
in 1 mL of deionized water. Gadolinium concentrations were
normalized to the weight of the tissue.

Statistical Analysis
The Statistical Package for the Social Sciences 18.0 (SPSS
Inc, Chicago, IL) was used. For multiple-group analysis,
statistical comparisons were performed by 1-way analysis of
variance followed by the Bonferroni post hoc test for analyzing
the MRI measurements (R1 and delayed area of enhancement
when sample size=6). For analysis of ICP, flow cytometry, and
histological data, the Kruskal–Wallis test followed by a Dunn’s
post hoc test was used because of the small sample size
(n=2). Correlation analysis was performed using Spearman
correlation. Intra- and interobserver variability for the seg-
mentation of the vessel wall on MRI images was performed
using intraclass correlation analysis based on a random-
effects model. The data are presented as the mean�SD.
P<0.05 was used to define statistical significance.

Results

Treatment With Minocycline and Ebselen
Reduced Endothelial Permeability, Plaque Burden,
and Gadofosveset Uptake
On postcontrast DE-MRI, greater enhancement of the brachi-
ocephalic artery of ApoE�/� mice exposed to HFD for
12 weeks was observed compared with control mice (Fig-
ure 1A1-3 and 1B1-3). Conversely, mice treated with ebselen
and minocycline showed decreased vessel wall enhancement
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compared with untreated animals. Vessel wall gadolinium
uptake was quantified using relaxation rate (R1) maps
(Figure 1A3 through 1D3; yellow coloration indicates a high
R1).

En face images (Figure 2A through 2C) and toluidine blue–
stained cross sections (Figure 2D through 2F) illustrate the
reduction of plaque burden in the brachiocephalic artery of
treated compared with untreated ApoE�/� mice.

Quantitative MRI and Histological Analysis
Quantitative analysis of R1 showed a significant increase in R1 in
atherosclerotic HFD-fed ApoE�/� (R1=3.8�0.52 s�1) com-
pared with control (R1=2.15�0.34 s�1) mice (Figure 3A).
Conversely, treatment with ebselen (R1=2.7�0.23 s�1) and
minocycline (R1=2.7�0.17 s�1) significantly reduced the
leakage of gadofosveset into the vessel wall and thus decreased
the vessel wall R1, compared with 12-week HFD-untreated
ApoE�/�mice (P<0.001). These findings were corroborated by
quantitation of the gadolinium concentration within the arterial
wall by ICP-MS (minocycline-treated=28.5�3 lmol/L, ebse-
len-treated=32.4�4 lmol/L, untreated=191�4.8 lmol/L;

P<0.02; Figure 3B). The changes in the contrast-enhanced
area as measured on DE-MRI (minocycline=0.14�0.02 mm2,
ebselen=0.20�0.09mm2, untreated=0.44�0.01mm2; P<0.001;
Figure 3C) and the plaque burden as measured by histol-
ogy (minocycline=0.13�0.05 mm2, ebselen=0.18�0.02 mm2,
untreated=0.32�0.04 mm2; P<0.002; Figure 3D) showed a
decrease in the contrast uptake and plaque burden when
ApoE�/� mice were treated with minocycline and ebselen
compared with the untreated group. Pearson correlation
showed a significant positive correlation (r=0.58, P<0.03)
between the plaque burden area calculated using DE-MRI
images and corresponding histology. Our data showed good
intraobserver (a=0.76; 95% CI, 0.48 to 0.89) and interobserv-
er variability (a=0.75; 95% CI, 0.25 to 0.92) for segmenting
the vessel wall on MRI images.

Treatment With Minocycline and Ebselen
Decrease the Extent of Endothelial Damage and
the Width of the Gap Junctions
The effects of ebselen and minocycline on the morphology of
the endothelial cells and their gap junctions were studied
by electron microscopy. Endothelial cells with early signs
of structural changes including cytoplasmic vacuolation
(Figure 4A), cuboidal shape, cytoplasmic extensions (Fig-
ure 4B and 4C), and detachment from the internal elastic
lamina were observed in ebselen-treated and minocy-
cline-treated mice (Figure 4B). However, cellular apoptosis
and denudation were not observed in either of the treatment
groups compared with untreated mice as we have previously
reported.22

Figure 1. Treatment with minocycline and ebselen reduced endo-
thelial permeability, plaque burden, and gadofosveset uptake. A1
through D1 and A2 through D2, Cross-sectional DE-MRI and DE-MRI
fused with MRA images of the brachiocephalic artery. ApoE�/� mice
on an HFD showed increased vessel wall enhancement corresponding
to plaque progression, whereas minocycline- and ebselen-treated
ApoE�/�mice showed less enhancement. A3 through D3, Correspond-
ing R1 maps quantify the amount of gadofosveset within the vessel
wall. Intense yellow signal indicates increased gadofosveset concen-
tration. DE-MRI indicates delayed-enhancement magnetic resonance
imaging; HFD, high-fat diet; MRA, magnetic resonance angiography.

Figure 2. Treatment with minocycline and ebselen reduced plaque
burden. A through C, En face images (A through C) and toluidine
blue–stained cross-sections (D through F) illustrate the reduction of
plaque burden in the brachiocephalic artery of treated ApoE�/� mice
compared with untreated mice. HFD indicates high-fat diet.
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The majority of endothelial junctions in the ebselen-treated
and minocycline-treated groups were characterized by long
cytoplasmic overlaps (Figure 4D). However, vacuolated gap
junctions with larger gap width between adjacent cells were
also observed (Figure 4E and 4F). However, the average gap
junction width was smaller in ebselen-treated (56.5�17 nm)
and minocycline-treated (42.32�8.4 nm) mice compared
with untreated mice (untreated=2400�39 nm), P<0.001
(Figure 4G).

Treatment With Minocycline and Ebselen Affects
the Tissue Monocyte Subsets
Considering the importance of inflammation in plaque devel-
opment, we tested whether the effects of minocycline and

ebselen on the endothelium decreased the level of plaque
inflammation measured as the monocyte/macrophage plaque
content (Figure 5). Both interventions significantly reduced
the content of total monocytes/macrophages within athero-
sclerotic brachiocephalic arteries to a similar extent
(8.06�3.2% and 7.62�1.73% in ebselen- and minocycline-
treated mice, respectively, versus 20.1�2.2% in untreated
animals; P=0.0067; Figure 5A). Moreover, we observed a
significant reduction in Ly-6Chigh cells infiltrating the arterial
wall in both the minocycline (26.42�0.6%) and ebselen
(14.07�9.5%) groups compared with untreated-ApoE�/�

mice (42.64�6.1%; P=0.01) (Figure 5B and 5C). Indeed, the
majority of monocytes detected within the brachiocephalic
artery of both the ebselen and minocycline groups were
Ly6Clow cells (85.53�10.33% and 72.68�0.98% in ebselen-

Figure 3. Quantitative MRI and histological analysis. A, R1 increased in atherosclerotic ApoE�/� mice and decreased in the minocycline- and
ebselen-treated animals. B, ICP-MS calculation of gadolinium concentration within the vessel wall. C, Contrast-enhanced vessel wall area. D,
Histological assessment of plaque burden. P values between groups relate to an ANOVA test with a Bonferroni correction (for A and C) and to a
Kruskal–Wallis test followed by a Dunn’s post hoc test (for B and D). ANOVA indicates analysis of variance; HFD, high-fat diet; ICP-MS, inductively
coupled mass spectrometry; MRI, magnetic resonance imaging.
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and minocycline-treated mice versus 57.35�6.10% in
untreated mice; P=0.03).

Discussion
In this study, we showed that administration of the synthetic
antioxidant ebselen and the tetracycline antibiotic minocy-
cline in conjunction with a high-fat diet decreased endothelial
permeability and retarded lesion formation in the brachioce-
phalic artery of atherosclerotic ApoE�/� mice, which could be
noninvasively assessed by contrast-enhanced MRI using an
albumin-binding contrast agent. Both interventions attenu-
ated the effects of hypercholesterolemia on the structural
integrity of the endothelium and the width of the gap
junctions as seen by electron microscopy. A reduced content
of monocytes/macrophages within the brachiocephalic artery
of ebselen- and minocycline-treated animals was also

observed compared with untreated mice as seen by flow
cytometry. The protective action of ebselen and minocycline
on the vascular endothelial barrier is likely to have favorably
affected monocyte vascular recruitment and inflammation in
treated animals. Indeed, both interventions attenuated the
accumulation of pro-inflammatory Ly6Chigh monocytes within
atherosclerotic tissues. Collectively, our data show that
leakage of blood albumin into the vessel wall can be used
as a surrogate marker to assess vascular permeability and the
effectiveness of interventions that aim to restore the integrity
of vascular endothelium.

We have recently demonstrated that contrast-enhanced
MRI using an albumin-binding contrast agent can be used to
noninvasively assess endothelial permeability in vivo.38

Delayed enhancement, after injection of gadofosveset, corre-
lated with atherosclerosis progression in the brachiocephalic
artery of HFD-fed ApoE�/� mice, whereas wild-type and

Figure 4. Treatment with minocycline and ebselen decreased the extent of endothelial damage and the width of the junctions. A through C,
Examples of structural changes including cytoplasmic vacuolation (A) and cytoplasmic protrusions (B and C) observed in endothelial cells of mice
treated with ebselen or minocycline. D through F, Examples of tight junctions with long cytoplasmic overlaps (D) and vacuoles (E and F) observed
in mice treated with ebselen or minocycline. G, Junction widths measured by electron microcopy. P values between groups relate to a Kruskal–
Wallis followed by a Dunn’s post hoc test. HFD indicates high-fat diet.
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statin-treated ApoE�/� mice showed less uptake. Disease
progression was accompanied by a range of morphological
changes of the endothelial cells and widening of the cell–cell
junctions.

As an extension of our previous work, we investigated the
feasibility of MRI using the albumin-binding contrast agent to
monitor the efficacy of 2 therapeutic interventions, minocy-
cline and ebselen, on vascular permeability and plaque
burden. Our study showed that both interventions retarded
lesion formation compared with in untreated mice. Lesion
size was decreased by �40% to 50%, as measured by DE-MRI
and histology, and resulted in lower gadolinium uptake, as

indicated by vessel wall relaxivity and ICP-MS measurements.
Consistent with our previous results using statin treatment,38

both minocycline and ebselen attenuated endothelial damage
in ApoE�/� mice and decreased gap junction width compared
with untreated animals, leading to decreased uptake of
gadofosveset within the vessel wall. In both groups endothe-
lial damage was limited to early-stage morphological changes
including cytoplasmic vacuolation and protrusions, but no
cellular apoptosis and denudation were observed.

Tetracycline derivates, including minocycline and doxycy-
cline, have been shown to reduce neointima formation, MMP
activity, and vascular smooth muscle cell migration after

Figure 5. Treatment with minocycline and ebselen reduced the proinflammatory profile of brachiocephalic artery. A, Monocyte characterization
in the brachiocephalic artery showing the content of monocytes/macrophages in atherosclerotic tissue of the different groups (monocytes/
macrophages were defined as CD11bhigh F4/80+ CD115+ Lin� [B220, CD90, Ly6G, NK1.1] cells). B, Illustration of the prevalence of Ly6Chigh (dark
gray) and Ly6Clow (light gray) within tissues, expressed as percentage of cells over total monocytes/macrophages. C, Flow cytometer histograms
showing typical Ly6C expression in the brachiocephalic artery of the different groups. P values between groups relate to a Kruskal–Wallis followed
by a Dunn’s post hoc test. HFD indicates high-fat diet.
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balloon injury of the carotid artery in rats and to inhibit vascular
endothelial growth factor–induced MMP-9 mRNA transcription
and protein activation in human aortic vascular smooth muscle
cells in vitro.26,42,43 The anti-inflammatory properties of
minocycline, including the reduction of interleukin-1 and tumor
necrosis factor and inhibition of NF-kB,44,45 are likely to
contribute to the reduction of neointima formation. Similarly to
our work, other studies of minocycline treatment in athero-
sclerotic ApoE�/� mice showed reduction in plaque size and
stenosis and decreased frequency and proliferation of plaque
smooth muscle cells through a PARP-1- and p27Kip1-dependent
mechanism.28 Moreover, oral administration of minocycline in
atherosclerotic rabbits markedly decreased expression of
plaque macrophages, MMP-2, and MMP-9.27

Ebselen, a peroxynitrite scavenger and antioxidant agent,
has been shown to reduce atherosclerotic burden and
improve endothelial function in different animal mod-
els.23,24,46 Studies have shown that ebselen reduced diabe-
tes-associated atherosclerosis in ApoE�/� mice.46 These
reductions were accompanied by significantly lower oxidative
stress by reducing nitrotyrosine and NADPH oxidase (Nox2)
levels; lower expression of inflammatory markers including
vascular endothelial growth factor, vascular cell adhesion
molecule–1, and MCP-1; and reduced macrophage and
vascular smooth muscle cell content. In vitro studies using
human aortic endothelial cells showed that ebselen abrogates
H2O2-induced increases in P-IKK, P-JNK, tumor necrosis
factor–a, and Nox2.24,46 In Zucker diabetic fat rats, a model
of type 2 diabetes associated with metabolic syndrome,
ebselen prevented premature endothelial cell senescence and
improved endothelial dysfunction (improved acetylcholine
response).23 Cellular antioxidant enzymes such as glutathione
peroxidase 1 and superoxide dismutase have a central role in
the control of reactive oxygen species. A prospective study in
patients with suspected coronary artery disease showed that
glutathione peroxidase-1 activity was among the strongest
univariate predictors of the risk of cardiovascular events.47

Therefore, bolstering glutathione peroxidase-1 activity by
using ebselen treatment might lower the risk of cardiovascu-
lar events. Because of its anti-inflammatory properties,
ebselen has been used in the treatment of patients with
acute ischemic stroke.48,49 The results of these clinical trials
indicate the benefit of ebselen as a neuroprotective agent.

As part of their anti-inflammatory action, we also found that
both ebselen and minocycline significantly reduced the
content of monocytes/macrophages within the brachioce-
phalic artery and significantly attenuated the accumulation of
pro-inflammatory Ly6Chigh cells. This common effect on plaque
composition can be most likely attributed to the protective
action on the endothelial barrier shared by the 2 drugs. It is
known that different adhesive molecules expressed by the
endothelium selectively recruit distinct monocyte subpopula-

tions within the arterial wall and that recruitment of Ly6Chigh

monocytes mainly occurs under proinflammatory conditions.50

Unlike Ly6Chigh monocytes, the Ly6Clow subtype appears to
have a “patrolling” behavior for the vasculature in mice.11 Our
results suggest that both drugs exerted a significant
anti-inflammatory effect at the level of the plaque, which is
most likely sustained by a protective action on the vascular
endothelium that, in turn, prevents the arterial infiltration of
pro-inflammatory Ly6Chigh monocytes. However, further exper-
iments are needed to define the phenotype of endothelial cells
and, as a consequence, the dynamics of monocyte trafficking
within atherosclerotic lesions in response to ebselen and
minocycline treatments.

Study Limitations
Our study tested the effect of minocycline and ebselen on
atherosclerosis when these drugs were administered together
with a high-fat diet in a relatively small number of animals.
Additional studies with larger sample sizes will be needed to
test whether such interventions could promote plaque
regression when administered in animals with already-estab-
lished atherosclerosis. The aim of our study was to test the
feasibility of contrast-enhanced MRI using an albumin-binding
contrast agent in monitoring the effectiveness of these
interventions of vascular permeability and endothelial dam-
age. Therefore, we did not explore the mechanisms by which
these drugs exert their atheroprotective effects or their action
on monocyte trafficking into lesions. Further studies with
larger sample sizes focusing on the cellular and molecular
levels are needed to address these issues.

Conclusions
We have demonstrated the feasibility of contrast-enhanced
MRI using gadofosveset to noninvasively visualize and quan-
tify the reduction in endothelial permeability and plaque
burden in ApoE�/� mice treated with minocycline or ebselen.
Both treatments also attenuated hypercholesterol-
emia-induced monocytosis and had a differential effect on
monocyte sunsets. This novel approach may allow screening
of the efficacy of different treatments in reducing atheroscle-
rotic disease. As gadofosveset is a clinically approved
contrast agent, it may allow translation of our findings to
patients with cardiovascular disease.
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