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Abstract. We studied the effect of nutrient/herbal extract
mixture (NM) supplementation prior to angiotensin II (AngIl)
administration on ApoE KO mice. Angll-mediated injuries,
which included increased atherosclerotic lesion size (by 31%)
and severity (by 200%), as well as an increased number of
necrotic cores (by 44%), were attenuated by NM supplementa-
tion, resulting in the reduction of lesion size by 20% (p=0.09),
lesion severity by 31% (p=0.13) and the average number of
necrotic cores per arterial tree by 39% (p=0.35), compared to
mice fed the regular diet. The frequency of Type B thoracic
aortic dissections and abdominal aneurysms in Angll-treated
mice was reduced from 55.6% to 14.3 and 42.9%, respec-
tively, with NM supplementation. Macrophage density in
the aortic lesions of NM-supplemented Angll-treated mice
was 20% lower (p=0.033) than in mice on the regular diet,
whereas collagen density in NM mice was increased by 208%
(p=0.026) compared to that in mice fed the regular diet,
making for a more stable plaque type. NM-supplemented
mice showed a significant reduction in total cholesterol (32%
decrease, p=0.0001) and LDL (66% decrease, p<0.0001),
commonly measured risk factors for cardiovascular disease.
In conclusion, NM consumption prior to Angll administration
in ApoE KO mice minimized aortic dissections, inflammatory
monocyte recruitment to plaques, plaque mass and abdominal
aortic dilation.

Introduction

Numerous clinical and epidemiological studies have identi-
fied systemic arterial hypertension as an independent and
potent risk factor for the development of atherosclerosis (1,2).
Studies have implicated the renin-angiotensin II system in
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atherogenesis. Angiotensin II (Angll) is known to mediate
its atherogenic effects through superoxide radical forma-
tion, cytokine generation by the arterial wall and mechanical
stresses that result from vasoconstriction. Genetically engi-
neered mouse models, such as ApoE KO mice, have been
developed to help elucidate the pathogenesis of atherosclerosis
(3,4). Angll has been shown to intensify atherosclerosis and
to generate aortic dissections in mice (5,6).

Epidemiological studies have shown that the high
consumption of fruits and vegetables is associated with a
reduced risk of cardiovascular disease (7). Clinical studies
have demonstrated that the consumption of fruits and
vegetables for several weeks or months reduced such param-
eters as cholesterolemia, oxidative stress, homocysteinemia,
endothelial dysfunction and blood pressure (8-11). Flavonol
intake (mainly apple and tea) was inversely correlated to
coronary mortality in women (12). Furthermore, epidemio-
logic and clinical studies have documented the benefits of
individual nutrients in the prevention of cardiovascular
disease (13,14). Our study confirmed the cardioprotective
effects of supplementation with vitamins, minerals, amino
acids and co-enzymes on the effects of nutrient supplemen-
tation on the progression of early coronary atherosclerosis.
In this pilot study, the extent of coronary calcification in
55 patients diagnosed with early coronary atherosclerosis
was measured prior to and after 1 year of nutrient supple-
mentation using an Imatron C-100 Ultrafast CT scanner.
Progression of coronary calcification as determined by the
coronary artery scan score decreased significantly (from
0.49 to 0.28 mm monthly growth) after a year of nutritional
intervention (15).

Naturally occurring compounds demonstrate a wider
spectrum of biological activity and fewer side effects than
synthetic drugs, and a mixture of natural compounds often
produces synergistically enhanced therapeutic actions. This
reasoning prompted us to investigate whether nutrient and
herb supplementation of ApoE (-/-) mice would beneficially
modulate AnglI-induced atherosclerotic damage. The specific
nutrient/herb mixture (NM) was formulated based on the
anti-atherogenic effects of the compounds. For example,
apoprotein E-deficient mice fed green tea for 14 weeks exhib-
ited an attenuation of aortic atheromatous areas by 23% and
decreased aortic cholesterol and triglyceride levels compared
to the control group (16).
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Table I. Treatment summary.
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Groups Murine Diet duration (12 weeks AnglI treatment osmotic pump Age at time of harvest
(no. in group) genotype starting at 24 weeks of age) duration (age at implantation) (weeks)

1 (n=9) ApoE KO Regular rodent diet None 24

2 (n=9) ApoE KO Regular rodent diet None 36

3 (n=9) ApoE KO Regular rodent diet 4 weeks (32 weeks) 36

4 (n=9) ApoE KO Supplemented NM 0.5% None 36

5 (n=7) ApoE KO Supplemented NM 0.5% 4 weeks (32 weeks) 36

6 (n=8) Wild-type Regular rodent diet None 24

7 (n=9) Wild-type Regular rodent diet None 36

Materials and methods

Diet. The regular and supplemented mouse chow (0.5% NM
w/w) were milled and pressed by Purina Mills, LLC. NM
was prepared by VitaTech (Hayward, CA) and consisted of
the following ingredients in the relative amounts indicated per
1000 mg NM: 161 mg green tea extract (40% EGCG); 113 mg
gotu kola extract (10% asiatic acid); 81 mg quercetin; 194 mg
L-ascorbic acid; 161 mg L-lysine; 161 mg L-proline; 32 mg
L-methionine; 32 mg L-cysteine HCL; 58 mg choline bitartrate;
1.7 mg copper glycinate; 3.2 ug cyanocobalamin; 0.2 mg folic
acid and 1.3 mg pyridoxine HCI. Mice consumed approximately
4 g of chow per day (measured as an average of food weight
consumed by 36 mice over ~3 weeks); thus, supplemented mice
consumed ~20 mg of NM per day or 800 mg/kg bodyweight.

Animals. Eight-week-old C57B6 ApoE (-/-) male mice (n=45)
and wild-type male mice (n=17) were obtained from Jackson
Laboratories. Mice were acclimatized and maintained on a 12-h
light/dark cycle with provision of Purina Test Diet mouse chow
without additives and water ad libitum in pathogen-free micro-
insulator cages. All procedures were performed according to the
humane and customary care and use of experimental animals,
and followed a protocol approved by the Internal Animal Care
and Use Committee of the Dr. Rath Research Institute.

Treatment groups. The mice were divided into groups as
follows: the 45 ApoE KO mice were divided into 5 groups of
9 mice each (Groups 1-5). Group 1 (baseline control) mice were
fed a diet not supplemented with AnglIl and were harvested at
24 weeks of age. Group 2 mice were maintained on a regular
rodent diet not supplemented with Angll and were harvested at
36 weeks of age. Group 3 mice were maintained on a regular
rodent diet, implanted with Angll-loaded osmotic pumps
(Alzet model 2004; ALZA, Palo Alto) at 32 weeks of age and
harvested 4 weeks later at 36 weeks of age. Group 4 mice were
maintained on 0.5% NM chow for 12 weeks and were harvested
at 36 weeks of age. Group 5 mice were maintained on 0.5%
NM chow for 12 weeks, implanted with Angll-loaded osmotic
pumps at 32 weeks of age and harvested at 36 weeks of age.
Two animals succumbed to complications due to surgery. The
17 wild-type mice, which served as the controls, were divided
into two groups: Group 6 (n=8) mice, harvested at 24 weeks of
age, and Group 7 (n=9) mice, harvested at 36 weeks of age. A
summary of the treatment groups is shown in Table I.

Angiotensin Il osmotic pump installation. Using an anaesthesia
machine (VMS Matrx) with a precision isoflurane vapor-
izer and pressurized oxygen gas, 18 ApoE (-/-) mice were
induced before being implanted with osmotic pumps (Alzet
Model 2004) in the dorsum subcutaneous pouch. Each pump
contained 200 pl of 4 mM human Angll, 150 mM NaCl and
0.01 N acetic acid (previously sterilized by 0.2 uM filtration).
At these conditions, Angll was released at an approximate rate
of 27 nmol per 24 h.

Aortic harvest. Harvests from each group were made at 4 and
16 weeks post-Angll administration. Under isoflurane anes-
thesia, blood samples were collected through a retrograde left
ventricle puncture and stored for biochemical analysis. The
viscera and organs were removed, exposing the descending
aorta and its branches. Ice cold PBS (500 ul to 1 ml) was
perfused through the aorta through a left ventricular puncture
to flush out the aortic lumen via the abdominal aorta bifurca-
tions. The PBS wash was removed from the renal and hepatic
bifurcation area using a syringe without a needle. A dissecting
microscope was used to magnify the proximal aorta, the
aortic arch, the brachiocephalic artery, the left subclavian
and left carotid arteries and the thoracic aorta. The entire
aortic tree was retrieved through the diaphragm using micro-
forceps and microscissors and stored individually in formalin
after adipose and connective tissue was trimmed in ice-cold
PBS. The abdominal aorta including the iliac bifurcation was
retrieved and stored in the same manner.

Aortic arch and great vessel lesion analysis. Coronal 5-uM
sections of the formalin-fixed, paraffin-embedded aortic tree
capturing the entire group of aorta ascendens, braciocephalic
(innominate) artery, left carotid, left subclavian, aorta descen-
dens and thoracic aorta were collected from all specimens.
Three 5-uM step sections were taken 50 yM apart and then
35 serial sections were taken. Serial sections representative
of the brachiocephalic artery lumen throughout each group
were selected from 30-35 for Elastin Van Gieson (EVG)
staining. Standard EVG staining was performed before
mounting slides and capturing digital images with a SPOT
digital camera at a magnification of x2. Digital planimetry
of a defined area of the aortic tree and its major vessels was
performed using Scion Image. A semi-circle of the ascending
and descending aortic arch was demarcated by a line drawn
from the incision near the aortic root through the opposing



MOLECULAR MEDICINE REPORTS 3: 417-425, 2010

descending aorta. An arbitrary maximum length of 150 pixels
of the brachiocephalic, left carotid and left subclavian artery
areas was included with the aortic arch area measurements.
Aortic lesions were graded as per Columbia University Core
A definitions based on Reddick ef al (6) and Kanters ef al (17).
Type III/Type B aortic dissections as evidenced by subadven-
titial thrombus and histological confirmation were counted
per group. Lesion areas were expressed as the total lesion area
over total lumenal area. Necrotic cores were counted in the
measured area of each slide.

Abdominal aneurysm analysis. Wet abdominal aortae with
and without aneurysms were removed from formalin and
placed in ExCell Plus (American Mastertech Scientific, Inc.)
non-formalin fixative overnight. Abdominal aortae were
trimmed of adipose tissue under ExCell Plus and moved into
the physiological orientation in a 60-mm dish of Excell Plus
under a dissecting microscope fitted with a SPOT digital
camera. A millimeter ruler was placed in frame and images
were captured at a magnification of x1.5. The maximal
diameter of abdominal aortae and/or their aneurysms was
measured against the millimeter ruler in frame to generate
diameter values.

Collagen percentage per lesion. Images of arterial trees stained
with EVG were loaded as indexed color images utilizing
Scion Image software. The curved object pen was used to
draw a border around a lesion, which was then placed into a
new Scion image file. The area of the lesion was obtained in
pixels before repeating the process for the collagenous area
of the lesion. The average collagen percentage per lesion
was obtained by combining all the lesion collagen areas as a
fraction of the combined lesion areas.

Macrophage percentage per lesion and smooth muscle
cell percentage per lesion. Images of arterial trees
immunohistochemically stained for macrophages or smooth
muscle cells were loaded utilizing Scion Image software, using
the red channel of the image for analysis. The curved object
pen was used to draw a border around a lesion, and the total
area of the lesion was obtained in pixels. Using the threshold
and/or density function, the color bandwidth representing the
brown 3,3'-diaminobenzidine (DAB) signal in the original was
demarcated. The pixel area of this selection was determined
and recorded. The percentage of macrophages per lesion or
of smooth muscle cells (SMC) per lesion was expressed as
the sum of the pixel area of the cell type over the sum of the
pixel area of the total lesion areas. Primary antibody for the
macrophages was Cedarlane Purified Anti-Mouse MAC-2
Monoclonal Antibody Rat IgG2a (CL8942AP) diluted
1:2,500 in blocking solution, and secondary antibody was
Vector Laboratories Rabbit Biotinylated Anti-Rat IgG (H + L)
affinity purified mouse adsorbed antibody (BA-4001), diluted
to 7.5 ug/ml in blocking solution for a working concentration
of 15 ul of reconstituted antibody (0.5 mg/ml in distilled
water) into 1 ml. The concentration of 7.5 pg/ml corresponds
to that of the concentration of Biotinylated secondary antibody
used in the Vector Laboratories Vectastain Elite ABC kit for
mouse IgG (PK-6102). The secondary antibody supplied in
this kit was BA-2000 at a concentration of 1.5 mg/ml. The
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working concentration of the secondary antibody was 50 ul
into 10 ml or 1:200 for 7.5 ug/ml. For SMC, the primary
antibody was Sigma Monoclonal Anti-actin, o smooth muscle
clone 1A4, mouse IgG2a isotype (A5228), provided at 2 mg/ 1
and diluted 1:2,500 in M.O.M. diluent (Vector Laboratories).
The secondary antibody used was M.O.M. Biotinylated Anti-
Mouse IgG Reagent. The assays were developed using the
Vectastain Elite ABC kit with DAB, which generates a brown
color for positive binding.

Lipid percentage per lesion. The assumption was made that,
in the complex pathology of the atherosclerotic lesion, the
missing spaces found in the necrotic cores represented the
free lipid destroyed during formalin-fixed paraffin-embedded
section preparation. The size of the lipid area per lesion was
expressed as the sum of the pixel areas of the lipid areas over
the sum of the pixel area representing the total lesion area.

Plasma lipid assay. Blood for plasma analysis was drawn
from the heart. Plasma samples were shipped for rodent blood
plasma lipid profile analysis to IDEXX Laboratories (West
Sacramento, CA; catalog #6291).

Ascorbic acid assay. Blood samples were collected from the
heart and urine samples from the bladder using syringes.
Ascorbic acid content was measured by the fluorescent method
detailed by Vislisela et al (18). The data are presented either as
pmol/l for body fluids (blood plasma and urine) or as nmol/g
wet tissue for tissue (heart and liver homogenates).

Ascorbic acid synthesis assay. The ascorbic acid synthesis
rate in collected liver tissue samples was measured by the
method detailed by Ching et al (19). Data are presented either
as uymol ascorbic acid per gram of wet liver tissue per 30 min,
or as mg of ascorbic acid/animal/day after adjustment for the
whole liver weight and time.

Statistical analysis. Results are expressed as the means + SD
for the groups. The independent sample t-test was used to
compare the results from the two AnglI-treated groups utilizing
MedCalc (Mariakerke, Belgium).

Results

Effect of NM supplementation on Angll-induced aortic
arch and great vessel plaque formation. Mean lesion size
in the aortas of Angll-treated mice fed the regular rodent
diet (Group 3) was 20% larger (p=0.09) than that found in
NM-supplemented mice (Group 5), as shown in Fig. 1A.
Lesion size in untreated ApoE KO mice (Group 2) was 23%
less than that in Angll-treated ApoE KO mice on the control
diet, but did not reach statistical significance. Wild-type mice
did not develop any lesions. AnglI treatment of ApoE KO mice
led to a 200% (p=0.005) increase in lesion severity (Average
Columbia core grade) compared to untreated control mice, as
shown in Fig. 1B. NM supplementation prior to AnglI treat-
ment resulted in a 31% (p=0.13) reduction in lesion severity.
Likewise, among Angll-treated mice, the average number
of necrotic cores per arterial tree section was 39% (p=0.35)
lower in NM-supplemented mice than in unsupplemented
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Figure 1. Development of atherosclerotic lesions in the arterial trees of the
groups. (A) Lesion differences among the groups. (B) Necrotic cores and
lesion grades of the groups. (C) Aortic tree sections representative of ath-
erosclerotic lesions in Angll-treated ApoE KO mice at 4 weeks post AnglI
administration.

mice, as shown in Fig. 1B. The mean number of necrotic cores
in untreated control mice was 30% (p=0.25) of that found in
Angll-treated controls. Aortic tree sections representative of
atherosclerotic lesions in Angll-treated mice are shown in
Fig. 1C.

Effect of NM supplementation on the density of macrophages
in lesions. The mean density of macrophages in the aortic
lesions of Angll-treated mice fed the regular rodent diet
(Group 3) was 20% higher (p=0.033) than that in AnglI-
treated mice supplemented with NM (Group 5), as shown
in Fig. 2A. Mean macrophage infiltration (% of lesion) in
untreated ApoE KO mice (Group 2) was 28% (p=0.043)
less than in Angll-treated ApoE KO mice on the control
diet (Group 3). NM-supplemented untreated ApoE KO mice
(Group 4) had the lowest macrophage lesion density of the
groups, 15% lower than the unsupplemented untreated
ApoE KO mice (Group 2), but the difference did not reach
statistical significance. Aortic tree sections representative of
macrophages in the atherosclerotic lesions of Angll-treated
mice are shown in Fig. 2B.
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Figure 2. Density of macrophages in atherosclerotic lesions in arterial trees
in groups. (A) Mean density of macrophages in groups. (B) Macrophages in
representative aortic tree sections of atherosclerotic lesions in Angll-treated
ApoE KO mice at 4 weeks post Angll administration.
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Figure 3. Density of smooth muscle cells in atherosclerotic lesions in the
arterial trees of the groups. (A) Mean density of SMC in groups. (B) SMC in
representative aortic tree sections of atherosclerotic lesions in AnglI-treated
ApoE KO mice at 4 weeks post Angll administration.

Effect of NM supplementation on the density of smooth
muscle cells in lesions. The mean density of SMC in the
aortic lesions of NM-supplemented ApoE KO mice treated
with Angll (Group 5) was not significantly different than
that found in Angll-treated mice fed the regular rodent
diet (Group 3), as shown in Fig. 3A. Mean SMC infiltration
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Figure 4. Density of collagen in atherosclerotic lesions in the arterial trees of
the groups. (A) Mean density of collagen in the aortic lesions of the groups.
(B) Collagen in representative aortic tree sections of atherosclerotic lesions in
Angll-treated ApoE KO mice at 4 weeks post Angll administration.

(% of lesion) in untreated ApoE KO mice fed the regular diet
(Group 2) was 24% less than in the lesions of Angll-treated
ApoE KO mice fed the regular diet (Group 3), but did not
reach statistical significance (p=0.49). The mean SMC density
of NM-supplemented untreated mice (Group 4) was 29% less
than that in the untreated mice fed the regular diet (Group 2),
but did not reach statistical significance (p=0.23). Aortic tree
sections representative of SMC in the atherosclerotic lesions
of Angll-treated mice are shown in Fig. 3B.

Effect of NM supplementation on the density of collagen
in lesions. The mean collagen density (% of lesion) in the
aortic lesions of untreated ApoE KO mice fed the regular
rodent diet (Group 2) was 129% (p=0.57) of the density in the
lesions of Angll-treated ApoE KO mice fed the regular diet
(Group 3), as shown in Fig. 4A. The mean collagen density
in NM-supplemented ApoE KO mice treated with Angll
(Group 5) was 208% (p=0.026) that in the AnglI-treated mice
fed the regular diet (Group 3). The mean collagen density in
NM-supplemented untreated ApoE KO mice (Group 4) was
224% (p=0.034) that in the untreated ApoE KO mice fed the
regular diet (Group 2). Representative sections of the aortic
tree showing collagen density in the lesions of Angll-treated
mice are shown in Fig. 4B.

Effect of NM supplementation on Angll-induced Type B
aortic dissection. After 4 weeks of Angll administration to
ApoE KO mice (Group 3), dramatic Type B aortic dissections
occurred, complete with massive sub-adventitial thrombi
and false lumens. Thoracic dissections, mostly of Type B,
occurred with a frequency of 55.6% in the animals fed the
regular rodent diet (Group 3); however, NM-supplemented
AnglI-treated ApoE KO mice (Group 5) were found to have a
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Figure 5. Development of aortic tree dissections and abdominal aneurysms
in groups. (A) Frequency of aortic tree dissection and abdominal aortic aneu-
rysms in AnglI-treated ApoE KO mice at 4 weeks post Angll administration.
(B) Representative aortic dissections from AnglI-treated ApoE KO mice.
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Figure 6. Abdominal aneurysms in groups. (A) Mean maximal diameter of
abdominal aneurysms in groups. (B) Representative aortic dissections from
AnglI-treated ApoE KO mice.

frequency of only 14.3%, as shown in Fig. SA. Representative
sections of the aortic tree from Groups 3 and 5 are shown in
Fig. 5B.
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Figure 7. Abdominal aorta lipid area. (A) Mean lipid area percentage per
lesion in groups. (B) Representative lipids in AngllI-treated ApoE KO mice.

Effect of NM on the size and frequency of Angll-induced
abdominal aneurysms. After 4 weeks of Angll administration
to ApoE KO mice, mice on the regular rodent diet showed a
frequency of abdominal aneurysms of 55.6%, while those on
the NM-supplemented diet showed a frequency of 42.9%, as
shown in Fig. SA. Angll treatment of ApoE KO mice main-
tained on the regular rodent diet (Group 3) resulted in a mean
vessel diameter of 1.75+0.66 mm. As shown in Fig. 6A, NM
supplementation of ApoE KO mice treated with AnglI reduced
the effect of Angll treatment by 8% (p=0.74), resulting in a
mean diameter of 1.61+0.95 mm. The mean diameter of
abdominal aortas in AnglI-treated ApoE KO mice fed a control
diet (Group 3) was observed to be 186% (p=0.004) that in
untreated ApoE KO mice (Group 2). Representative abdominal
aneurysms found in ApoE KO groups are shown in Fig. 6B.

Effect of NM supplementation on lipid area in abdominal
aortas. The abdominal aorta lipid area in untreated ApoE KO
mice increased by 269% (p=0.0015) with age (Group 2 vs.
Group 1), as shown in Fig. 7A. AnglI treatment of ApoE KO
mice (Group 3) increased the lipid area by 229% compared
to age-matched untreated ApoE KO mice (Group 2). NM
supplementation of Angll-treated ApoE KO mice (Group 5)
reduced the lipid area by 60% (p=0.0003) compared to AnglI-
treated mice fed a control diet (Group 3). No lesions were
detected in wild-type mice. Representative abdominal aortas
stained for lipids from Angll-treated mice (Groups 3 and 5)
are shown in Fig. 7B.

Effect of NM supplementation on plasma lipid status. Wild-
type mice (Groups 6 and 7) had the lowest total cholesterol and
LDL plasma levels and the highest HDL levels of the mouse
groups. Untreated 24-week-old ApoE KO mice fed the control
diet (Group 1) showed dramatically increased total cholesterol
(869%, p=<0.0001) and LDL (545%, p<0.0001) and decreased
HDL (65%, p=0.0003) compared to 24-week-old wild-type mice.
Similarly, untreated 36-week-old ApoE KO mice fed the regular

IVANOV et al: NUTRIENTS MODULATE ANGIOTENSIN II-MEDIATED ATHEROSCLEROSIS

diet (Group 2) showed dramatically increased total cholesterol
(1020%, p<0.0001) and LDL (1085%, p<0.0001), and decreased
HDL (49%, p<0.0001) compared to the age-matched wild-type
mice (Group 7). These changes increased with age; 36-week-old
ApoE KO mice (Group 2) compared to 24-week ApoE KO mice
(Group 1) showed a 133% increase (p<0.0001) in total choles-
terol, a 226% increase (p=0.0015) in LDL and a decrease to
86% (p=0.27) in HDL levels. Angll-treated ApoE KO mice on
the regular rodent diet (Group 3) showed an insignificant change
in total cholesterol, LDL and HDL compared to untreated ApoE
mice (Group 2). Compared to Angll-treated mice on the regular
diet (Group 3), NM-supplemented mice treated with Angll
showed a significant reduction in total cholesterol (32% decrease,
p=0.0001) and LDL (66% decrease, p<0.0001) and insignificant
reduction in HDL (14% decrease, p=0.12). Untreated ApoE KO
mice supplemented with NM (Group 4) showed a 27% decrease
(P<0.05) in LDL levels and no significant differences in total
and HDL cholesterol compared to untreated controls (Group 2).
Results are shown in Table II.

Effect of NM supplementation on ascorbate status. The
ascorbic acid status of the groups is shown in Table III.

Blood plasma ascorbate. The mean plasma ascorbate was
significantly increased (150%, p=0.007) in NM-supplemented
ApoE KO mice not treated with Angll (Group 4 compared
to Group 2). Angll treatment alone resulted in significantly
increased (139%, p=0.007) mean plasma ascorbate (Group 3
compared to Group 2). Plasma ascorbate in NM-supplemented
Angll-treated mice (Group 5) did not differ from the levels in
AnglI-treated mice on the control diet (Group 3).

Urine ascorbate. The mean urine ascorbate level in Angll-
treated ApoE KO mice supplemented with NM (Group 5) was
significantly higher (200%, p=0.002) than in Angll-treated
mice on the control diet (Group 3). AngllI treatment significantly
reduced (50%, p=0.0001) urine ascorbate (Group 3 compared
to Group 2). ApoE KO mice (Group 2) had higher (119%) urine
ascorbate compared to age-matched wild-type mice (Group 7),
but the difference did not reach statistical significance.

Heart ascorbate. The mean ascorbate level of heart tissue
was not affected by NM supplementation (Groups 4 and 5
compared to Groups 2 and 3, respectively). Mice challenged
with Angll had a significantly increased heart tissue ascor-
bate: a 130% (p=0.002) increase in Group 3 levels compared
to Group 2, and a 104% (p=0.015) increase in Group 5
compared to Group 4.

Liver ascorbate. The mean liver tissue ascorbate level
in mice supplemented with NM but not challenged with
Angll (Group 4) was significantly increased (112%, p=0.028)
compared to the levels observed in untreated mice on the control
diet (Group 2). AnglI challenge significantly increased (125%,
p=0.0004) liver ascorbate (Group 3) compared to untreated
mice (Group 2). NM supplementation in mice challenged with
Angll (Group 5) did not significantly affect liver ascorbate
levels compared to mice on the control diet (Group 3).

Effect of NM supplementation on ascorbate synthesis in the
liver. Differences in ascorbate synthesis between KO mice
and wild-type mice were not consistent (comparative results
are shown in Table IV). Ascorbate synthesis was higher
in KO mice at 24 weeks of age (Group 1 vs. Group 6), but
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Table II. Effect of Angll and NM on plasma cholesterol in ApoE KO and wild-type mice.
Groups Total cholesterol (mg/dl) HDL (mg/dl) LDL (mg/dl)
1 (n=9) 603.8+83.92 31.0+9.6* 39.8+11.52
2 (n=9) 800.8+187.2° 26.8+5.6%° 90.1+37.9°
3 (n=9) 768.5£72.9° 29.3+5.82 87.0+14.0°
4 (n=9) 780.1+£111.8° 22.7+6.2° 57.2+18.5¢
5 (n=7) 524.4+100.12 25.3+3.04° 30.3+10.0°
6 (n=8) 69.5+4.5¢ 48.0£3.5¢ 7.3+0.6¢
7 (n=9) 78.5£3.7¢ 55.1£3.0¢ 8.3+0.7¢

Superscripts indicate statistically significant differences between groups.

Table III. Ascorbic acid levels in wild-type and ApoE KO mice.

Groups Plasma ascorbate Heart tissue ascorbate Liver tissue ascorbate Urine ascorbate
(p#mol/l) (nmol/g) (nmol/g) (mmol/l)

1 (n=9) 70.8+16.6%¢ 446.2+43.8v¢ 082.3+188.72b< ND

2 (n=9) 70.0£16.72¢ 394.2+39.12 867.7£108.6* 2.30+0.52°

3 (n=9) 97.4+20.3° 515.9+91.0° 1087.9+101.2° 1.18+0.732

4 (n=9) 104.7+£29.2° 406.6+47.23¢ 974.3£76.4° 3.01+0.44¢

5 (=7) 86.6+16.8°¢ 469.7+£43.8° 1014.1+178.93b¢ 2.19+0.75b4

6 (n=8) 65.3+6.4° 380.1+54.8° 882.5+£140.92¢ ND

7 (n=9) 57.4+10.9¢ 381.3+43.0¢ 1027.7£131.7°¢ 1.56+0.78%4

Superscripts indicate statistically significant differences between groups.

Table I'V. Ascorbic acid synthesis in wild-type and ApoE KO mice.

Groups Ascorbate synthesis rate Liver weight (mg) Ascorbate synthesis rate
(umol/g wet liver tissue/30 min) (mg per animal per 24 h)

1 (n=9) 1.99+0.222¢ 1357.2+108.1 24.59+0.93°

2 (n=9) 1.35+0.222¢ 1306.3+86.9 14.94+2.67¢

3 (n=9) 1.40+0.12° 1418.4+129.6 16.24+0.96°

4 (n=9) 1.42+0.14° 1411.2+94.0 16.97+2.43¢

5 (n=7) 1.45+0.15b¢ 1572.0+146.3 20.43+2.434

6 (n=8) 1.27+0.43¢ 1271.7£153.4 14.89+5.012¢

7 (n=9) 1.65+0.27¢ 1411.3£71.1 19.69+3.3824

Superscripts indicate statistically significant differences between groups.

lower at 36 weeks (Group 2 vs. Group 7). Angll challenge
did not influence ascorbate synthesis (Group 3 vs. Group 2).
The supplementation with NM of diets fed to mice caused an
increase in ascorbate synthesis in the liver (Groups 4 and 5
vs. Groups 2 and 3, respectively). However, this increase only
reached statistical significance in Angll-challenged animals
(Group 5 vs. Group 3). AnglI challenge did not significantly
affect the ascorbate synthesis rate. Ascorbate daily synthesis
(calculated per whole liver for each animal for a 24-h period)
was in the range of 10-30 mg ascorbate, whereas ascorbate

supplementation in this study was <4 mg a day per animal,
based on food consumption of 4 g per animal per day.

Correlations between ascorbate levels. Plasma ascorbate levels
were positively correlated to urine ascorbate levels (correla-
tion coefficient r=0.2385, p=0.067), probably indicating the
increasing clearance of excess ascorbate. Wet heart tissue
ascorbate positively correlated to plasma ascorbate (correlation
coefficient r=0.3170, p=0.014), probably indicating its depen-
dence on supply. Wet liver tissue did not correlate to plasma
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ascorbate, probably indicating impact from ascorbate biosyn-
thesis. Liver tissue ascorbate levels were positively correlated
to heart ascorbate levels (correlation coefficient r=0.4283,
p=0.0006). Liver tissue ascorbate was negatively correlated to
urine ascorbate (correlation coefficient r=-0.4152, p=0.0069),
indicating a reverse relationship between ascorbate accumula-
tion in liver tissue depots and ascorbate clearance. However,
ascorbate biosynthesis did not correlate to any tissue ascorbate
level tested.

Discussion

Excess Angll has been implicated in the acceleration of
pathological processes that lead to the development of athero-
sclerosis and vascular diseases such as inflammation through
the induction of cytokines and matrix remodeling, secondary
to the modulation of collagen synthesis and matrix metallopro-
teinases (5). The major objective of this study was to explore
the effect of nutrient supplementation on AnglI-mediated great
vessel atherosclerosis in ApoE KO mice, examining the various
parameters associated with the pathogenesis of atherosclerosis
in the ApoE KO groups and comparing the effect of nutrient
supplementation to a normal diet on these parameters, to eluci-
date the mechanisms involved. Angll-mediated injuries, which
included increases in atherosclerotic lesion size (by 31%) and
severity (by 200%) as well as an increase in the number of
necrotic cores (by 44%) were attenuated by nutrient supple-
mentation. NM reduced lesion size in Angll-treated mice by
20% and reduced lesion severity by 31% compared to AnglI-
treated mice fed the regular rodent diet. Likewise, among the
Angll-treated mice, the average number of necrotic cores per
arterial tree section was 39% higher in unsupplemented mice
than in NM-supplemented mice.

Furthermore, the frequency of thoracic aortic dissections
and abdominal aortic aneurysms induced by AnglI treatment
in ApoE KO mice was decreased with NM supplementation.
Abdominal aortic dissections, a major cause of mortality in
the elderly, are the permanent dilations of the artery (normally
defined as an increase in diameter of >50%), characterized by
the degeneration of medial elastic fibers, thinning of media,
adventitial hypertrophy and the accumulation of macrophages
and T and B lymphocytes, atherosclerotic lesions and thrombi
(20). Saraff (21) noted that in mice infused with Angll,
abdominal aortic aneurysms were formed prior to evidence
of atherosclerotic lesions. After 1-4 days of Angll treatment,
mice showed macrophage accumulation on the adventitia of
suprarenal aortas and in the thoracic aortic region and, after
4-10 days, vascular hematomas (21). In our study, the mean
density of macrophages in the aortic lesions of Angll-treated
mice fed the regular rodent diet was 20% higher than in
AnglI-treated mice supplemented with NM.

Increasing evidence indicates that plaque stabilization is
attributable to the composition of atherosclerotic plaques, and
that inflammation plays an important role in the formation
and progress of vulnerable atheorsclerotic plaques, which are
prone to rupture (22-24). Increased lipid content, especially
cholesterol ester, has been associated with the decreased
mechanical strength of the plaques (22,24). Additionally,
strong evidence suggests that the oxidation of low-density
lipoprotein by free radicals is one of the most important
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factors for the initiation of atherosclerosis (25,26). Compared
to Angll-treated mice on the regular diet, NM-supplemented
mice challenged with Angll showed a significant reduction
in total cholesterol (32% decrease, p=0.0001) and LDL (66%
decrease, p<0.0001). Furthermore, increased collagen content
in the plaques, especially the fibrous cap, maintains plaque
stability and an intact fibrous cap (22). The ratio of lipids to
collagen content is proposed as an important index to evaluate
plaque stability (24). In our study, mean collagen density in
NM-supplemented ApoE KO mice treated with Angll was
208% that in the AnglI-treated mice fed the regular diet.

Atherosclerotic plaque vulnerability has also been attrib-
uted to MMPs, which are responsible for the degradation of
the extracellular matrix (ECM), and has been linked to the
inflammatory and fibrinolytic system, as well as to lipid and
homocysteine levels (27). The composition and structure of
the ECM undergoes significant changes during the atheroscle-
rotic process as a result of the compromised regulation of the
matrix metalloproteinase network and modifications of matrix
component synthesis and deposition. An immunochemical
analysis by Katsuda er al (28) demonstrated an increased
distribution of types I and III collagen in the thickened intima
of all stages of atherosclerotic lesions. Collagen types I and
III, which are missing in normal intima, play a critical role
in the formation and progress of atherosclerosis. Though
collagen IV, a basement membrane collagen present in normal
intima, showed some increase with the progression of athero-
sclerosis, the relative amount of collagen IV to collagen I
decreased significantly in atherosclerotic tissues (28). MMP-9
degrades collagen IV and V, as well as fibronectin. In a
previous in vitro study, increased strength and integrity of
the ECM compared to the control was produced by smooth
muscle cells (SMC) exposed to a mixture of nutrients (29). The
resultant ECM was characterized by an increased collagen
type IV to I ratio and profound inhibitory effects on aortic
SMC migration and connective tissue invasion (29). We also
found that the NM showed the potential to block the develop-
ment of atherosclerotic lesions by the inhibition of atherogenic
responses of vascular SMC to pathological stimuli, such as
aortic SMC proliferation, invasion and migration from the
vessel medial to intimal layer and secretion of inflammatory
cytokines (30). In a subsequent study, we found that plant-
derived micronutrients suppressed monocyte adhesion to a
cultured human aortic endothelial cell layer by modulating its
extracellular matrix composition (31). Aortic endothelial cell
exposure to micronutrients reduced the capacity of the ECM
to bind monocyes in a dose-dependent manner. This effect was
accompanied by profound changes in the ECM composition.
Correlation analysis revealed that changes in monocyte adhe-
sion had the strongest positive correlation with ECM content
for laminin, fibronectin, collagen types II, I and IV, biglycen,
heparan sulfate and elastin (31).

Vitamin C plays a crucial role in connective tissue
metabolism, acting as the reducing co-factor in the reaction
catalyzed by prolyl and lysyl hydroxylases. Hydroxyproline
and hydroxylysine are essential for the secretion, cross-linking
and maturation of collagen, a key component of extracellular
matrix important for the maintenance of vascular integrity
(32,33). Thus, we decided to determine the ascorbate status
in all the mouse groups in order to detect any variations. In
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our study, mean plasma ascorbate and heart and liver tissue
ascorbate were increased in Angll-treated ApoE KO mice
compared to untreated mice, indicating increased synthesis
of ascorbate in response to Angll-induced atheorsclerotic
damage. NM-supplemented Angll-treated mice showed
slightly lower levels than the Angll-treated mice fed a control
diet. By contrast, in ApoE KO mice unable to synthesize
vitamin C (Gulo/ ApoE/), Nakata and Maeda showed that
chronic vitamin C deficiency severely compromised collagen
deposition and induced a type of plaque morphology potentially
vulnerable to rupture (34). Though lesion size was not affected
by vitamin C status, collagen was significantly reduced and
necrotic cores were larger in vitamin C-deficient mice (34).

In conclusion, NM consumption prior to Angll
administration in ApoE (-/-) mice minimized atherosclerotic
associated pathologies, thoracic aortic dissections and
abdominal aneurysms. Furthermore, mechanistically,
supplementation decreased inflammatory monocyte and SMC
recruitment to the plaques and increased collagen content,
thus increasing the stability of the plaques. In addition, NM
supplementation of mice resulted in a significant reduction in
total cholesterol and low-density lipoprotein.
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