
Summary. The effect of fructose in conjunction with
high cholesterol diet in the development of
atherosclerotic lesions in coronary arteries is not well
established. Microswine were fed high cholesterol (HC)
or a high cholesterol-high fructose (HCHF) diet
containing 18-20% calories from fructose. All swine had
high levels of serum cholesterol and non-HDL,
thickened intima and accumulation of collagen in the
coronaries. Swine fed with HC diet had less stenosis in
coronary arteries, lower serum levels of non-HDL,
triglycerides, cholesterol, and blood glucose than HCHF
group. Coronary lesions in the HC swine were not as
progressed as in HCHF and showed low LDL-expressed
lipid-laden foam cells. The M1/M2 macrophage
phenotype in the HCHF swine differed with the
progression of atherosclerosis, with higher density of
M1-phenotype in HCHF swine. There was high
expression of CCR7 (M1-phenotype) in more advanced
lesions in the fibrous cap-like areas, whereas M2-
macrophages were abundant in the foam-cell cores.
These findings suggest that the addition of a fructose to
high cholesterol diet accelerates atherosclerotic lesions
in coronary arteries with an increase in M1-macrophages
and the propensity to develop features of metabolic
syndrome.
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Introduction

In the United States, 71% of the diet is composed of
dairy products, cereals, refined sugars, refined vegetable
oils and alcohol (Cordain et al., 2005). This
“Westernized” diet is usually high in processed foods
that contain trans- or saturated fats, sugars and
cholesterol. Approximately 31.9 million adults in the
USA have total serum cholesterol levels greater than 240
mg/dL and approximately 27.9 million adults have
diabetes mellitus, diagnosed and undiagnosed combined
(Go et al., 2013). The per capita availability of processed
foods containing added fats and oils increased 63% from
1970 to 2005 (52.6 versus 85.5 lbs per person,
respectively). The per capita availability of added sugars
and sweeteners increased 19% from 1970 to 2005 (119.1
versus 141.6 lbs per person, respectively), attributed
mainly to corn sweeteners, including high fructose corn
syrup (Wells and Buzby, 2008). High fructose corn syrup
is usually found in soft drinks, fruit-flavored
noncarbonated beverages, baked goods and other
processed foods; but is also a component of canned
foods, cereals, flavored dairy products, and fast foods
(Duffey and Popkin, 2008). 

Fructose intake may also be a risk factor for
metabolic syndrome. Rats fed a fructose diet developed
metabolic syndrome whereas rats fed diets of glucose
and starch did not (Nakagawa et al., 2006), and diets
composed of fructose have been found to cause impaired
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glucose tolerance and insulin resistance (Faeh et al.,
2005). Several clinical features characterize metabolic
syndrome. These include abdominal obesity, atherogenic
dyslipidemia (characterized by elevated triglycerides and
low concentrations of HDL levels), elevated blood
pressure, insulin resistance, pro-inflammatory state, and
a pro-thrombotic state (Grundy et al., 2004). Clinical
outcomes of metabolic syndrome are coronary heart
disease/cardiovascular disease.

A contributing factor for cardiovascular disease
(CVD) is the development of atherosclerosis, a multiple-
stage inflammatory disease that thickens arteries due to
the accumulation of apolipoprotein B-containing
lipoproteins (apoB-LPs) in various vessels and restricts
blood circulation. The endothelial cells of these vessels
respond to the apoB-LPs by producing chemoattractants
that recruit monocytes. In the pre-lesion stage,
monocytes adhere to the endothelium of atherosclerotic
vessels, begin to infiltrate the intima of these vessels,
and phagocytose lipids to eventually become foam cells
(Gerrity, 1981). Monocytes can differentiate into
macrophages due to macrophage-colony stimulating
factor (M-CSF) and further be differentiated into subsets
of macrophages (M1, M2) based on the type of
cytokines present. As atherogenesis progresses, more
macrophages (acting as foam cells) accumulate within
the lesion, devouring lipids, and eventually forming a
necrotic core. 

During the atherogenesis of the disease, different
types of macrophages are activated. Macrophages can be
differentiated into M1 and M2 subsets based on the type
of cytokines present. The M1-phenotype is characterized
by pro-inflammatory IFN-γ or TNF-α- polarized
macrophages that produce reactive oxygen species and
M2-phenotype is characterized by anti-inflammatory IL-
4 or IL-13- polarized macrophages. M1-macrophages
are generally recruited first after muscle injury (Collins
and Grounds, 2001) that may switch to a M2 phenotype
(CX3CR1hi/Ly6C- cells differentiated into F4/80+ mΦs)
after ingesting cellular debris (Arnold et al., 2007). In
some studies, M2-macrophages occur in early stages of
inflammation but then the phenotype shifts to M1
polarized macrophages in more advanced stages of
inflammation. The adipose tissue macrophages isolated
from lean control mice were polarized towards an M2
phenotype (IL-10+ and Arginase-1+), whereas the obese,
insulin resistant mice had macrophages polarized
towards an M1 state with increased expression of iNOS
and decreased expression of Arginase-1 (Lumeng et al.,
2007). 

Thus, it appears that the excess fat and sugar in the
“Westernized diets” may be producing the inflammatory
response that initiates cardiovascular disease. However,
there are no controlled studies comparing the effect of a
high fructose diet in the development of atherosclerosis.
In this article, we report the comparative effect of high
cholesterol diet with and without fructose, which is
similar to most consumed diets in the Western world, on
the development of coronary artery lesions. In order to

better understand the inflammatory process, we
examined the infiltration of M1/M2 macrophages in
coronary artery atherosclerotic lesions in a swine model.
Swine models have advantages over other animal
models because swine are phylogenetically and
anatomically similar to humans; swine have a similar
omnivorous diet to humans; and swine are similar to
humans in vascular response to a high fat diet
(Hamamdzic and Wilensky, 2013). Miniature swine are
especially useful because of their smaller size, their
growth rate, and their traceability (Swindle et al., 1994). 
Materials and methods

Porcine model

The Institutional Animal Care and Use Committee
of Creighton University approved the research protocol
(#0930). Swine were housed and cared for according to
NIH and USDA guidelines in the Animal Resource
Facility of Creighton University. Micro Yucatan™
miniature swine were purchased from Sinclair Bio-
resources (Windham, MA). 

Three female Yucatan™ miniature swine were fed a
control diet (Harlan Teklad Miniswine diet, Madison
WI) and three other female Micro Yucatan™ miniature
swine were fed a special high cholesterol diet (Gupta et
al., 2012). The high cholesterol diet (HC) consisted of
37.2% corn (8.5% protein), 23.5% soybean meal (44%
protein), 20% chocolate mix, 5% alfalfa, 4% cholesterol,
4% peanut oil, 1.5% sodium cholate, and 1% lard; with
52.8% of the kilocalories from carbohydrates and 23.1%
of the kilocalories from fat. On month 4, the Micro
Yucatan™ miniature swine on control diet were
switched to a high cholesterol-high fructose diet-HCHF
(Harlan Laboratories). The HCHF diet was designed to
replicate the high fat diet of the western world. The main
ingredients in the HCHF diet were fructose (230g/Kg),
casein (195g/Kg), sucrose (127.5g/Kg), cholesterol
(40g/Kg), maltodextrin (90 g/Kg), lard (110 g/Kg),
coconut oil (110 g/Kg), sodium cholate (15 g/Kg),
cellulose (26 g/Kg), hydrogenated vegetable shortening
(55 g/Kg), and soybean oil (10 g/Kg); with 18-20% of
the kilocalories from fructose and 45% of the
kilocalories from fat. The diets were formulated to be
isocaloric with each swine receiving approximately
2700-4500 Kcal/day.

Originally, the HCHF swine were to be fed the
HCHF diet for at least 26 weeks (6 months), to increase
the probability of developing metabolic syndrome, and
the HC swine for 26 weeks as comparison. One of the
HCHF swine was euthanized after 22 weeks of the diet
because of health factors affecting its quality of life. The
Institutional Animal Care and Use Committee of
Creighton University recommended euthanasia. The
other five swine were fed their respective diets for at
least 26 weeks. 

Venous blood was collected from each swine for
complete metabolic and lipid profile. Blood was
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collected before the swine were fed the diet, each month
of the diet, and right before euthanasia.
Histology

The whole heart was removed and coronary arteries
were excised. The right coronary was excised from the
aorta to the ventricular branch and both LAD and LCX
were excised. Right and left coronaries were fixed in
10% buffered formalin for 24 hours. Then, the tissues
were processed in a Sakura Tissue Tek VIP Tissue
Processor and embedded in paraffin. The 4.5 μm
sections of tissue block were cut and placed on slides.
These slides were stained with hematoxylin and eosin
(H&E) and Trichrome and Movat Pentachrome stain.
The expression of CD68+ cells (macrophages), CCR7+
M1 macrophages, and CD206+ M2 macrophages was
evaluated by immunofluorescence (IF). An antigen-
specific for LDL was detected by immunohisto-
chemistry. 
Histological staining

Tissue sections were routinely stained with
hematoxylin and eosin; trichrome stained with a Thermo
Scientific* Richard-Allan Scientific* Masson Trichrome
Kit (Kalamazoo, MI) per the manufacturers’ instructions,
and pentachrome stained with the American MasterTech
Russell-Movat Pentachrome stain kit (Lodi, CA) per
manufacturers’ instructions. 
Immunohistochemistry

Tissue sections on the slides were deparaffinized in
xylene, rehydrated in ethanol, and rinsed in double-
distilled water. Antigen retrieval was at 95°C for 20
minutes using DAKO Target Retrieval solution
(Carpenteria, CA). Then, slides were rinsed in 1xPBS,
endogenous peroxidases were blocked in 3% H2O2/PBS
for 20 minutes, and rinsed again in 1xPBS. Blocking
serum from a VECTASTAIN™ ABC kit containing
serum rabbit IgG was incubated on slides for 1 hour at
room temp. Slides were drained and the primary
antibody from Abcam® (Anti-LDL ab14519) was
incubated on the slides for 1 hour at room temp. Slides
were rinsed in 1xPBS, and secondary antibody from the
VECTASTAIN™ ABC kit was incubated on slides for 2
hours at room temp. Slides were rinsed in 1xPBS, and
the VECTASTAIN™ ABC-HRP (horseradish
peroxidase) was incubated for 30 minutes on the slides
at room temp, slides were then rinsed with 1xPBS and
DAB (3,3’-diaminobenzidine) from Vector laboratories
was added to the slides for 2 to 10 minutes until the
brown color of the DAB started to form. After the DAB
had developed sufficiently, slides were washed, stained
in hematoxylin, rinsed, dehydrated in ethanol and
cleared in xylene. Tissue sections were viewed with a
Nikon Eclipse Ci microscope and images were
photographed with a Nikon DS-L3 camera. These

images were captured using the Nikon DS-L3 software. 
Immunofluorescence

Tissue sections on the slides were deparaffinized in
xylene, rehydrated in ethanol, and rinsed in double-
distilled water. Antigen retrieval was at 95°C for 25
minutes using DAKO Target Retrieval solution
(Carpenteria, CA), slides were rinsed in 1xPBS, and
tissue sections on the slides were incubated in normal
goat serum from Vector Laboratories for 2 hours at room
temp. Primary antibody from abcam® (Anti-CD68
ab49777, and a combination of either anti-CCR7
ab32527 or Anti-mannose receptor ab64693) was then
added overnight at 4°C. On the following day, slides
were rinsed in 1xPBS and the secondary antibody
(abcam® goat polyclonal to rabbit IgG FITC ab97199 or
Invitrogen Alexa-Fluor® 594 goat anti-mouse IgG) was
incubated on the slides for 2 hours at room temp. Slides
were then rinsed in 1xPBS and Vector laboratories DAPI
mounting medium was added to each slide. Tissue
sections were viewed with an Olympus BX-51 epi-
fluorescent microscope and images were photographed
with an Olympus DP71 camera. These images were
captured using Olympus DP Controller software with the
exposure set to SFL-Auto. The number of CCD7+ cells
and CD206+ cells in the sections of coronary artery
plaques was counted, based on the positive immuno-
reactivity to the antibody, in a blinded manner by two
different observers. The distribution and the number of
CCR7+ and CD206+ cells were compared within the
plaques of the HCHF swine as well as in the plaques of
HC swine. The total number of CCR7+ to CD206+ cells
was also compared between the swine of both
experimental groups. 
Statistical analysis

The blood chemistry data and % stenosis data was
analyzed by GraphPad Prism 5.0 (GraphPad Software,
Inc). The values are presented as mean ± SEM and
analyzed using unpaired t-tests. Statistically significant
differences were determined at p<0.05. The luminal and
internal elastic lamina area was measured by NIH
ImageJ software (http://rsb.info.nih.gov/ij/) (Gupta et al.,
2012). Briefly, percent area stenosis was calculated as
[1-(luminal area/internal elastic lamina area)]*100. At
least three hematoxylin and eosin-stained sections from
the left and right coronary vessels were measured from
each swine. 
Results

Blood chemistry and weight

The blood chemistry and weight values for each
microswine are displayed in Fig. 1 as line and bar
graphs. Each line graph corresponds to monthly
measurements taken from each microswine during the
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10-month period of the study. To compare the HC diet to
the HCHF diet, these values were compared with
unpaired t-tests (bar graphs). The fasting blood glucose
was increased in the HCHF swine compared to HC
swine, with mean values of 102±8.4 and 84±4.4 mg/dL,
respectively (Fig. 1A). Though this was not a significant
increase at the alpha level of 0.05 (p=0.08), there was a
considerable trend toward significance; at least two of
the HCHF swine had fasting glucose levels above 130
mg/dL (line graph Fig. 1A). The HCHF swine had a
highly significant mean difference in weight compared
to HC swine (p<0.0001), with the mean body weight of
the HC swine at 23±1.6 Kg and the mean body weight of
HCHF swine at 70.3±4.5 Kg (Fig. 1B). The difference in
weight was visible in month-6 of the study, after two
months of the HCHF diet (line graph Fig. 1B). At the

time of euthanasia at month-10, the HCHF swine had
reached 91 to 95 Kg in weight. 

All the other values in the blood chemistry in HCHF
swine were significantly increased compared to the HC
swine, including serum triglycerides (p=0.002) (Fig.
1C), serum total cholesterol (p=0.001) (Fig. 1D), serum
non-HDL (p=0.002) (Fig. 1E), and serum HDL (p=0.01)
(Fig. 1F). Elevated triglycerides were first detected in
the HCHF swine in month-7, after three months of the
HCHF diet (line graph Fig. 1C). Triglycerides peaked at
61 to 66 mg/dL in month-8 (four months of the HCHF
diet).
Comparison of histological analysis

The size and appearance of the coronary lesions
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Fig. 1. A comparison of the weight and blood chemistry values between the HC and HCHF swine. Monthly data points of blood chemistry and weight for
each microswine are plotted on the line graphs. The values were pooled together and analyzed with unpaired t-tests. The bar graphs are the results of
the unpaired t-tests. Results are the mean ± SEM for fasting blood glucose, weight, serum levels of triglycerides, total cholesterol, non-HDL, and HDL.
Statistically significant differences between the HCHF and HC swine are shown with asterisk: ****p<0.0001, **p=0.0015, *p=0.01 (n=3 in each
experimental group).



differed between the HCHF swine (Fig. 2A,B) and HC
swine (Fig. 2C-D). The percent stenosis in the coronary
arteries of the HCHF compared to the HC swine was not
statistically significant (α=0.05), but had a high trend
towards significance at a p value of 0.08. The mean

percent stenosis was nearly doubled in the HCHF
coronary arteries at 40±7.6%, compared to that in HC
coronaries, 22±6.2% (Fig. 2E). 

Though there was staining of the LDL antibody in
both HCHF (Fig. 2F-G) and HC swine (Fig. 2H-I), the
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Fig. 2. H&E staining to show histology of coronary arteries of HCHF (A-B) and HC (C-D) swine. There was intimal thickening in all vessels (note arrows)
and greater neointima formation in the HCHF swine (note arrows A-B). Mean % area of stenosis in the coronary arteries of HC and HCHF swine was
analyzed by unpaired t-tests (E). (n=3 in each experimental group). Immunohistochemistry of LDL in coronaries of HCHF (F-G) and HC (H-I) swine.
Note dark staining of LDL (see arrows) in plaques indicating presence of foam-cells (G). Trichrome staining in the coronary arteries of HCHF (J-K) and
HC (L-M) swine is shown. Note collagen deposition in neointima (arrows J) and foam cell layer of HCHF swine (arrows K); and in media of HC swine
(arrows L-M). Pentachrome staining in the coronary arteries of HCHF (N-O) and HC (P-Q) swine is shown. The outer proteoglycan layer is visible in the
HCHF swine (N-O) and fragmentation of elastin (arrows O); and proteoglycan deposition within media (arrows P) and neointima in HC swine (arrows Q).
Scale bar: 100 µm.



immunostaining for LDL in the HCHF swine was more
concentrated in the outer layer of the lesion and adhered
to the remaining foam cells in lipid core areas of the
lesion (Fig. 2G). This may indicate that the outer layer is
mainly composed of LDL-filled foam cells in the HCHF
swine. 

In the trichrome staining, all vessels showed
deposition of collagen within the muscle layer, as
evidenced by blue staining in the tunica media (Fig. 2 J-
M). The collagen staining appeared denser at the edge of
the tunica media near the initiating point of neointimal
formation in the HC swine (Fig. 2L-M). The more
advanced lesions of the coronaries in HCHF swine (Fig.
2J-K) resembled those described by Stary (1994) as
Type IIa lesions composed of intimal smooth muscles
cells containing lipid droplets and an extracellular layer
of foam cells. The trichrome stain revealed that the
layers of foam cells were interspersed with collagen

(Fig. 2K) and the pentachrome staining revealed that the
foam cell layer was located at the base of a proteoglycan
rich smooth muscle cell layer (Fig. 2O). The intimal
smooth muscle cells seemed engorged within the
musculoelastic intima (me) and foam cell layer, possibly
indicating the presence of lipid droplets (Fig. 2O). 

In the Movat’s Pentachrome staining, the vessels
stained red in the tunica media but there was also light
green staining, indicating the accumulation of
proteoglycans, in the media of coronary arteries in both
HC and HCHF swine (Fig. 2N-Q). The coronaries in the
HC swine were in the intimal thickening/pre-lesion stage
(Fig. 2P-Q) and did not have the outer proteoglycan
layer as seen within the plaque of coronary arteries in
HCHF swine (Fig. 2N). In the coronary arteries of both
HC and HCHF swine, elastin in all the vessels stained
black, but there was a significant loss and fragmentation
of the elastin in the coronary arteries of HCHF swine
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Fig. 3. A-D. Double immunofluorescence staining for CCR7 (marker for M1 macrophages) and CD68 (pan macrophage marker) in HCHF swine. 
E-H. Double immunofluorescence staining of CD206 (marker for M2 macrophages) and CD68 in HCHF swine. I-L. Double immunofluorescence staining
for CCR7 and CD68 in HC swine. M-P. Double immunofluorescence staining for CD206 and CD68 in HC swine. FITC (green) images are either CCR7
(B and J) or CD206 (F and N). Cy-3 (red) images are all CD68. Note bright fluorescence of CCR7 (arrows B) around the necrotic core of the atheroma
and bright fluorescence of CD206 within the necrotic core (arrows F) of the atheroma. Comparison of the FITC intensity in (J) versus (N) reveals that
more cells were expressing CCR7 compared to CD206 in HC swine (see arrows). A, E, I, M, x 40; B-D, F-H, J-L, N-P, x 400.



(Fig. 2O). 
Immunofluorescence 

In the HCHF swine, the immunoreactivity to the
CCR7 antibody was present in the tunica media/intima
of coronary arteries (Fig. 3A) and to cells in the fibrous
cap (Fig. 3B). Interestingly, the cells near the fibrous cap
and surrounding the necrotic core stained positive for
both CCR7 (Fig. 3B) and CD68 (Fig. 3C), producing a
yellowish-orange color indicating co-localization of
CD68+ and CCR7+ cells and M1 macrophages (Fig. 3D).
Staining of CD206 in HCHF swine coronaries was
restricted to the center of the atheroma and a portion of
the media (Fig. 3E). However, the cells within the
necrotic core in the coronary arteries of HCHF swine
stained positive for CD206 (Fig. 3F) and CD68 (Fig.
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Fig. 4. Comparison of immunofluorescence staining of M1 macrophage marker, CCR7 (A) to Movat’s pentachrome stain (B) in the coronary artery of an
HCHF swine. Top row, x 200; Bottom row, x 400.

3G), producing the co-localization of CD68+ and
CD206+ cells (Fig. 3H), indicating the presence of M2
macrophages. 

In the coronary arteries of the HC swine, the
immunostaining to CCR7 was present in the tunica
media/intima layer (Fig. 3I), but there was staining of
the endothelial layer of the lesion to CCR7 (Fig. 3J) and
CD68 (Fig. 3K). Both CCR7+ and CD68+ cells were
found attached to the endothelial layer (Fig. 3L).
Interestingly, there was immunostaining of CD206 to the
same endothelial area (Fig. 3M-N), but fewer cells seem
to be CD206+ compared to CCR7+ (Fig. 3J). The co-
localization of CD68+ cells (Fig. 3O) with CD206+ cells
produces a different spectra signature (Fig. 3P)
compared to the co-localization of CD68+ cells to
CCR7+ cells (Fig. 3L), indicating the prevalence of
CCR7+ M1 macrophages over CD206+ M2 macrophages



in the coronary arteries of HC swine. 
In the HCHF swine coronary arteries, within the

same area of the plaque there was a strong positivity to
CCR7 (Fig. 4A) and staining to proteoglycans (as shown
by Movat stain) (Fig. 4B). 
Discussion

The increase in fat in the HCHF diet may be one of
the factors that contribute to higher serum total
cholesterol levels with larger and more advanced lesions
in the HCHF swine. All swine in this study had intimal
thickening and collagen deposition in the coronary
arteries and higher than normal serum total cholesterol
levels compared to swine fed a normal diet with serum
total cholesterol levels from 69 to 119 mg/dL (Gerrity et
al., 2001). However, the range of serum total cholesterol
levels in the HC swine were lower at 79-778 mg/dL
compared to the levels in HCHF swine from 400-1000
mg/dL. All the HCHF swine also had significantly
higher weights and mean serum levels for triglycerides,
total cholesterol, HDL, and non-HDL than the HC
swine; HCHF swine had higher fasting mean blood
glucose levels and greater stenosis in the coronary
arteries than the HC swine. The lesions that contributed
to the stenosis in the HCHF swine were more advanced
atheroma with lipid cores, fibrous cap, and signs of
necrotic core in the coronary arteries. 

In our study, we used a 4% cholesterol diet to
promote weight gain and to develop late-stage coronary
atheroma in Yucatan miniature swine. In another study
by Turk et al. (2005), Yucatan miniature swine diet
contained only 2% cholesterol because the objective of
their study was to examine early stages of vascular
disease. In their study, Turk et al. (2005) reported high
levels of both serum cholesterol (greater than 240 mg/dl)
and serum LDL (greater than 160 mg/dl), but detected
smaller lesions (no significant difference in intima-
media thickness compared to control) within the LAD
artery and there was no difference in body weights of the
swine (44 kg in control versus 45 kg in high fat diet).
Goodrich et al. (2003) used 4% cholesterol in Yucatan
miniature swine diet and the serum levels of total
cholesterol, LDL, and HDL were similar to the Yucatan
miniature swine diet with 2% cholesterol. However, the
swine fed the 4% cholesterol diet developed intimal
lesions greater than 0.5 mm2 and reached a body weight
of 58.7 kg after 26 weeks of the diet. This study supports
the use of 4% cholesterol to induce significant
atherosclerotic lesions similar to those found in patients
with advanced coronary artery disease.

In another study of the cardiovascular artery disease
model, the investigators used 1% methionine in
conjunction with 0.5% cholesterol to produce
atherosclerotic lesions in a rabbit model (Zulli and Hare,
2009) after 4 weeks of the diet. After 12 weeks of the
diet, total cholesterol increased and the size of the
fibrous cap was 4.8-fold higher than the fibrous caps
formed by the cholesterol diet alone. In our studies, we

did not use methionine, however, this could be a
potential way to induce atherosclerotic lesions in a pig
model. However, in our model using a high cholesterol-
high fructose diet, there was a significant increase in the
levels of serum triglycerides, whereas Zulli and Hare
(2009) did not find a significant difference in the blood
triglyceride levels between the methionine/cholesterol
groups versus the cholesterol diet alone. Nonetheless,
further studies are required to compare additional
features of metabolic syndrome using methionine in
conjunction with 0.5% cholesterol in the diet.

A high fat diet may not be the sole contributor to
larger, more advanced atherosclerotic plaques since
monosaccharides may also contribute to plaque
development. In another study, after 48 weeks of a high
fat diet (1.5% cholesterol and 15% lard), diabetic-
hyperlipidemic Yorkshire swine (STZ-injected and two
doses of 25 g glucose for 2 days) had higher fasting
glucose levels (>198 mg/dl) and greater coronary
atherosclerosis than nondiabetic-hyperlipidemic swine
(Gerrity et al., 2001). The diabetic-hyperlipidemic swine
also had a two-fold greater elevation in triglycerides than
diabetic-normal diet swine and nondiabetic-
hyperlipidemic swine, suggesting a correlation between
hypertriglyceridemia and diabetes. Hypertriglyceridemia
was also documented in diabetes-induced swine
compared to control and high fat diet swine. After 12
weeks of a high fat, high cholesterol diet, alloxan-treated
swine had a 2.8-fold increase in triglycerides (mean total
triglycerides 0.99±0.30 mmol/L) compared to swine fed
a normal diet and swine fed a high fat, high cholesterol
diet (Dixon et al., 1999). Both these studies demonstrate
that only feeding a high-fat, high cholesterol diet does
not result in hypertriglyceridemia in swine. 

In this study, we find a hyperglycemia and
hypertriglyceridemia profile in HCHF swine with fasting
glucose levels that reached 192 mg/dL and triglyceride
levels that reached 66 mg/dL (mean serum triglyceride
of 32 mg/dL). These findings correlate with the results in
non-diabetic-hyperlipidemic swine in published studies
(Gerrity et al., 2001) and hyperglycemic male minipigs
with fasting plasma glucose levels ranging from 130 to
177 mg/dL fed a high fat, high sucrose diet (Xi et al.,
2004). The coronary lesions in the HCHF swine were
also similar to those in the nondiabetic-hyperlipidemic
swine (Gerrity et al., 2001), and the serum glucose and
triglyceride levels were not as high as those reported for
the diabetic-high fat, high cholesterol fed swine. 

Since high cholesterol- high fructose diet influences
the progression of coronary plaques in atherosclerotic
swine, there was a change in the phenotype of
macrophages that are recruited to these lesions. M1-
macrophages (CCR7+ CD68+) were present very early at
the pre-lesion stage, as seen in the HC coronaries,
attached to the endothelial layer. But, as the lesion
progressed and more foam cells were recruited, as seen
in the HCHF coronaries, the recruited macrophages
expressed both M1 and M2 markers (CD206+ CD68+).
At some later point in the atherosclerosis process, when
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necrotic cores began to form, M2-phenotype
macrophages were found within the necrotic core and
M1-phenotype macrophages were scattered around the
edges of the necrotic core. The inflammation process
may have reached a critical stage and M1-macrophages
were needed to recruit inflammatory cytokines, such as
TNFα, which induce proliferation and migration of
smooth muscle cells to form a thick fibrous cap over the
plaque, preventing thrombosis. In the HCHF swine,
many of the cells in the upper layer of the plaque were
stained positive to CCR7 antibody (M1 marker) and
these cells also stained positive for proteoglycans. This
outer layer might be serving as a protective fibrous cap
composed of CCR7-activated cells and proteoglycans. 

Proteoglycans have been associated with lipoprotein
deposits in the aorta of non-human primates (Evanko et
al., 1998) and the proteoglycan, versican, binds LDL
with saturable kinetics (Olin et al., 1999). The
distribution of proteoglycans differs based on the stage
of the atherosclerotic plaque. In fatty streaks,
proteoglycans were found in the subendothelial layer of
the foamy macrophage core and in the tunica media, but
in more advanced atheroma proteoglycans (especially
versican) were found to be distributed in the fibrous cap
of the plaque but were missing from the macrophage-
filled plaque core (Evanko et al., 1998). We find the
same distribution of proteoglycans in the tunica media of
atherosclerotic coronary arteries of HC swine and
fibrous cap of the atheroma in HCHF swine. The role of
proteoglycans in atherosclerotic plaques is still under
study, but findings suggest a role of PDGF and/or TGF-
β1 in the accumulation of proteoglycans (Evanko et al.,
1998), suggesting the role of proteoglycans in smooth
muscle cell proliferation (Wight, 2002). 

In our study, we document characteristics of
atheromas that influence different macrophage
recruitment strategies. The change from a M2 anti-
inflammatory state to a M1 pro-inflammatory state is
based on the progression of the atherosclerotic lesion in
swine fed a high cholesterol-high fructose diet. In the
HC swine with smaller, less advanced lesions, the
macrophages expressed M1 markers (CCR7+ CD68+).
Yet, in HCHF swine, when the lesion has become more
of an atheroma, macrophages exist in both a pro-
inflammatory M1 state and an anti-inflammatory M2
state. 

CCR7 immunostaining in advanced lesion of
atherosclerotic animals was also observed in plaques
from ApoE-/- mice (Damas et al., 2006). The expression
of CCR7 positively correlated in a “dose-response” like
pattern with the advancement in the lesion. But, in areas
of foam-cell-like cells, there was weak expression of
CCR7. We find the same pattern in the atheroma of
HCHF swine with enhanced expression of CCR7 in the
fibrous cap of the atheroma but weak, inconsistent
staining of CCR7 in the foam-cell/early necrotic core.
All of these factors might be contributing to the
destabilization of the plaque. 

In conclusion, the combination of high fructose and

high cholesterol to a diet contributes to the development
of metabolic syndrome as documented by fasting
glucose levels greater than 100 mg/dL, elevated
triglycerides, and obesity, and increases the progression
of advanced plaque formation in the coronary arteries of
hypercholesterolemic swine when compared to the
coronary arteries of swine fed only a high cholesterol
diet. Within the advanced plaques, anti-inflammatory
M2 markers accumulate in the core to possibly ingest
foam cells, whereas pro-inflammatory M1 markers and
proteoglycans within the fibrous cap of the atheroma
may recruit cytokines and smooth muscle cells to
thicken the cap in order to create a more stable plaque. 

In our study, using the high cholesterol-high fructose
diet, we found the lesions of non-alcoholic steatosis in
the liver, together with insulin insensitivity in one
microswine (data not shown). However, this warrants
additional careful studies with long-term feeding of high
cholesterol-high fructose diet on liver pathology and the
pathophysiological features of metabolic syndrome in
microswine.
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