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Increased atherosclerosis in diabetic dyslipidemic swine:
protection by atorvastatin involves decreased VLDL
triglycerides but minimal effects on the lipoprotein profile
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Abstract Male Yucatan swine were allocated to four
groups (n = 5-6 pigs per group): low fat (3%) fed control,
high fat/2% cholesterol (CH) fed (HF), high fat/CH fed
with alloxan-induced diabetes (DF) and DF pigs that were
treated with atorvastatin (80 mg/day; DF+A). Pigs were fed
two meals per day and daily insulin injections were used in
diabetic pigs to maintain plasma glucose between 250 and
350 mg/dl. Diabetic dyslipidemic (DF) pigs exhibited
greater coronary atherosclerosis and increased collagen
deposition in internal mammary artery compared with nor-
moglycemic hyperlipidemic pigs. Although total and LDL
CH concentrations did not differ, triglyceride (TG) were in-
creased in DF pigs and FPLC analysis indicated that the
LDL/HDL CH ratio was significantly increased in DF com-
pared with HF pigs. The LDL fraction of DF pigs contained
larger, lipid enriched particles resembling IDL. Consump-
tion of the high fat/CH diet caused a moderate increase in
the percentage of 14:0 fatty acids in plasma lipids and this
was compensated by small-moderate declines in several un-
saturated fatty acids. There was a significant increase in
phospholipid arachidonic acid in DF compared with HF
pigs. Atorvastatin protected diabetic pigs from atheroscle-
rosis and decreased total and VLDL TG, but exerted mini-
mal effects on the FPLC lipoprotein and plasma fatty acid
profiles and plasma concentrations of total and LDL CH, vi-
tamin A, vitamin E, and lysophosphatidylcholine. Across all
groups the plasma CH concentration was positively corre-
lated with hepatic CH concentration.fill These findings sug-
gest that atorvastatin’s protection against coronary artery
atherosclerosis in diabetes may involve effects on plasma
VLDL TG concentration. Lack of major effects on other
lipid parameters, including the LDL/HDL ratio, suggests
that atorvastatin may have yet other anti-atherogenic ef-
fects, possibly directly in the vessel wall.—Dixon, J. L., S.
Shen, J. P Vuchetich, E. Wysocka, G. Y. Sun, and M. Sturek.
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The incidence of atherosclerosis is 3—4 times greater in
diabetics than non-diabetics at comparable plasma total
cholesterol (CH) concentrations (1). Beyond total CH
concentration, lipid abnormalities in the plasma of diabet-
ics include elevated triglyceride (TG), decreased HDL CH
levels, and the presence of small dense LDL (2-5). Al-
though the altered lipid profile in diabetics is considered
atherogenic, it is not known which component is the most
detrimental. Epidemiological studies have linked TG-rich
and remnant lipoproteins to increased atherosclerosis in
non-diabetics (6, 7). There are fewer studies in individuals
with diabetes, but these have shown that traditional risk
factors, including hypertriglyceridemia and low HDL, may
be more detrimental in diabetics (8, 9). Recent studies have
identified a host of vessel wall factors and pro-inflammatory
molecules that are involved in atherogenesis (10, 11), but
their involvement in diabetic atherosclerosis has not been
fully investigated.

It is difficult to establish the exact role of risk factors
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and the exact sequence of events in the development of
atherosclerosis in diabetes without an appropriate animal
model (12). It is our goal to produce atherosclerosis in cor-
onary arteries of diabetic swine in order to study the athero-
genic components in the diabetic milieu and the mecha-
nisms involved in the formation of atherosclerotic lesions.
We have chosen the porcine model because pigs possess a
human-like cardiovascular system (13, 14) that develops
experimental coronary artery disease (CAD) similar to the
natural course in human CAD patients (15, 16). Addition-
ally, the pig is a good model to study lipoprotein metabo-
lism associated with hyperlipidemia as pigs carry CH in
both LDL and HDL lipoprotein particles (17, 18). Previ-
ously, we observed that diabetic hyperlipidemic pigs dis-
played a dyslipidemic lipoprotein profile that resembled
those observed in severely diabetic humans (19). The pro-
file included lipid and apolipoprotein (apo)E-enriched
remnant apoB-lipoprotein particles, elevated TG, and a
tendency toward lower HDL CH concentrations. These di-
abetic pigs also displayed both peripheral and coronary
artery vascular dysfunction. Although Sudan staining of
the carotid bifurcation was increased after 12 weeks in hy-
perlipidemic diabetic pigs compared with hyperlipidemic,
normoglycemic pigs, there was only early atherosclerotic
disease in these pigs (19). In the current study, Yucatan
miniature swine were made diabetic and fed the high
fat/CH diet (two meals per day) for 20 weeks. In this report,
we describe the changes in the concentrations of plasma
glucose, lipoproteins, and lipids over the course of the
study. Atherosclerosis was monitored in coronary arteries
of sedated pigs by intravascular ultrasound. We investi-
gated the relationship of disease to plasma lipids and lipo-
proteins. We also tested hypotheses that changes in plasma
vitamin E, lysophosphatidylcholine (LPC), and the fatty
acid profile of plasma lipids are associated with increased
atherosclerosis in diabetic pigs fed an atherogenic diet.
The results show that diabetic high fat/CH-fed pigs exhib-
ited greater coronary atherosclerosis than normoglycemic
control pigs fed the same high fat/CH diet. When atorva-
statin, a 3-hydroxy-3-methylglutaryl CoA reductase inhibi-
tor, was given in the diet throughout the study, coronary
and internal mammary atherosclerosis was strongly inhib-
ited. The major effect of atorvastatin on plasma lipids was
blunting the rise in VLDL TG. Atorvastatin did not affect
the development of the dyslipidemic lipoprotein profile.

MATERIALS AND METHODS

Animals

All procedures involving animals were approved by the Ani-
mal Care and Use Committee of the University of Missouri and
complied fully with those approved by the American Veterinary
Medical Association Panel on Euthanasia. Male Yucatan minia-
ture swine between 7-12 months of age (sexually mature) were
obtained from the Sinclair Research Center (Columbia, MO).
Pigs were housed in a temperature controlled room (20-22°C)
with a 12-h light/dark cycle. Insulin action was impaired by de-
creasing plasma insulin levels through destruction of pancreatic
3 cells with alloxan (19). Anesthesia was induced with the follow-

ing drugs given intramuscularly (in mg/kg): atropine 0.05, tela-
zol 6.6, and xylazine 2.2; the level of anesthesia was subsequently
maintained with isoflurane gas (up to 4%). A vascular access
port was implanted into the jugular vein for blood sampling and
injection of alloxan monohydrate (175 mg/kg, Aldrich Chemi-
cal Co., Inc., Milwaukee, WI) or vehicle as described in Hill et al.
(20). During the course of the study, 10 ml of blood was with-
drawn from the port or anterior vena cava after an overnight fast
for the measurement of total plasma TG and CH levels. For
blood glucose measurements, a lancet was used to draw blood
from an ear vein and a drop was placed on a Accu-Check AD-
VANTAGE test strip and glucose was measured with an Accu-
Check monitor (Boehringer Mannheim Corp., Indianapolis,
IN). Blood samples for glucose measures were drawn 1-2 h post-
prandially twice weekly during the 20 week study.

Experimental design

Four groups of pigs were planned: control pigs (n = 6) were
fed 525 g of a low fat (3% total fat) Minipig chow (Purina Mills,
Inc., St. Louis, MO) twice per day (1,050 g total per day). A sec-
ond group of pigs (HF) (n = 6) was fed twice per day 350 g of
a high-fat (21% total fat), high-CH (2%) atherogenic diet
(Minipig chow supplemented with (wt.%) CH 2, coconut oil
17.1, corn oil 2.3, and sodium cholate 0.7) (designated high fat/
CH) as described (19). A third group consisted of high fat/CH
fed pigs with alloxan-induced diabetes (DF) (n = 5). A fourth
group consisted of DF pigs that were treated with atorvastatin
(DF+A) (n = 6), given in the feed 40 mg twice daily. This dose
of atorvastatin is similar to that used in human studies with an
aggressive LDL CH lowering design (21). Atorvastatin had no
adverse effects on the animals as shown by no change in body
weight or liver enzymes (data not shown). Daily insulin injec-
tions (insulin mixture consisting of one third of regular (Lilly
CP-210P) and two thirds of isophane (Lilly CP-310P) insulin
were used to maintain plasma glucose concentration in diabetic
pigs at a target range of 250-350 mg/dl. An alloxan-treated
group on normal pig chow was not included because a previous
study indicated that there were minimal effects of diabetes alone
on plasma lipids (22). During the course of the study, we identi-
fied a subset of alloxan-treated high fat/CH fed pigs that were
initially severely diabetic but over the course of 5 weeks became
only mildly diabetic (blood glucose <120 mg/dl) and did not re-
quire insulin injections. This group (mildly diabetic fatfed,
MDEF, n = 4) was not included in later data analysis. Pigs had free
access to water. Supplements for the atherogenic diet were ob-
tained from Research Diets (New Brunswick, NJ). Pig body
weights were maintained over the course of the study by adjust-
ing the amount of diet given from the above-cited basal
amounts. The mean body weights (kg = SEM) at the end of the
study were not significantly different: C, 47.8 * 2.0; HF, 51.7 +
1.0; DF, 56.5 = 2.3; and DF+A, 47 = 3.0.

Lipid measures

Blood was taken via the anterior vena cava or vascular access
port from overnight fasted pigs before alloxan and/or diet treat-
ment and after 4, 8,12, and 20 weeks of treatment. For total CH
or TG levels, plasma was assayed directly by standard enzymatic
kit (Sigma, St. Louis, MO). For lipoprotein CH and TG levels,
fresh plasma samples (1 ml) were chromatographed by fast pro-
tein liquid chromatography (FPLC) on a Superose 6 column
(HR 16, Pharmacia) and eluted with (in w/v) 0.9% NaCl, 0.01%
Tris, 0.01% EDTA, 0.02% sodium azide, pH 7.6. Fractions (2 ml)
were collected and assayed for protein (Agg) and for CH (stan-
dard enzymatic kit). For lipoprotein analysis, the CH and pro-
tein profiles for every pig within a treatment group were aver-
aged and plotted versus fraction number. For VLDL, LDL, and
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HDL lipid content, fractions corresponding to these lipopro-
teins were collected and assayed for CH and TG concentration
by standard enzymatic assay. Certain plasma lipid concentrations
at 12 weeks for C, HF, DF, and DF+A pigs were reported previ-
ously in studies directed at investigating calcium metabolism in
coronary smooth muscle cells (20, 23, 24). Liver lipids were mea-
sured by the HPLC method of Homan and Anderson (25) using
a 10 cm X 4.6 mm silica gel column (Spherisorb), a SEDEX 55
evaporative light scattering detector (Richard Scientific, Inc.),
and 1,2-di-O-hexadecyl-rac-glycerol as the internal standard.

Analysis of plasma fatty acids and LPC

For analysis of plasma fatty acid profile, lipids were extracted
from plasma with chloroform-methanol (2:1, v/v) and applied
to high performance thin layer chromatography (HPTLC)
plates (Whatman silica gel 60). Development with a solvent con-
taining hexane-ether-acetic acid (85:15:2, by vol) resulted in sep-
aration of cholesteryl esters (CE), TG, and phospholipids (PL).
Fatty acids of TG and PL were converted to their methyl esters by
methanolysis with 0.2 N NaOH in methanol and analyzed by gas
chromatograph (GC) (Hewlett Packard 5890, St. Louis, MO)
using a SP2330 capillary column (Supelco, Bellefonte, PA) (26).
For CE, samples were placed in Teflon screw-cap tubes and fatty
acids were derivatized using 2 ml of BF3 in methanol (Sigma) at
80°C for 1 h. Cholesteryl heptadecanoate (Sigma) was used as in-
ternal standard and was added to samples prior to derivatization.
Fatty acid methyl esters (FAME) were purified by HPTLC and
subjected to GC analysis. Results are expressed as percent fatty
acid distribution (mean = SD) from each group of samples.

A sensitive radio-enzymatic assay was developed to measure
LPC concentration in plasma and lipoprotein samples (27). This
assay protocol is based on the conversion of LPC to phosphati-
dylcholine (PC) by LPC:acylCoA acyltransferase using murine
liver microsomes as the enzyme source. After isolation of mi-
crosomes, a standard curve was constructed by incubating
[1%C120:4 (0.1 wCi in 10 pM), l-palmitoyl-PC (Sigma), mi-
crosomes in the presence of ATP (2.5 mM), MgCl, (10 mM),
CoA (0.1 mM), and 0.32 M sucrose/50 mM Tris buffer (pH 7.4)
at 37°C for 30 min. After construction of standard curve, samples
were incubated similarly with liver microsomes and labeled PC
formed was separated from other lipids by HPTLC using a sol-
vent system containing chloroform-methanol-NH,OH (65:30:5,
by vol). The amount of labeled PC formed was determined by
counting radioactivity of the PC band by a Scintillation counter
(Beckman LS-5800). The amount of LPC in plasma was calcu-
lated based on the standard curve.

Vitamin A and E analysis

Plasma Vitamin E and A were measured after extraction into
hexane by a reverse-phase HPLC method (28) using a 250 X 4.6
mm Beckman Ultrasphere C18 (5 pm) column (Beckman In-
struments, Inc). Peaks were identified by UV absorbance and
quantified using retinyl acetate and a-tocopherol acetate as in-
ternal standards.

Intravascular ultrasound

After 20 weeks, pigs were anesthetized as described above and
intravascular ultrasound was performed in the left anterior de-
scending (LAD) and circumflex (CFX) arteries. An angioplasty
guidewire (0.014 or 0.018 inch diameter) was placed into the LAD
and CFX arteries under fluoroscopic guidance. Standard anterior-
posterior, right anterior oblique 30, and left anterior oblique 30
angiographic images were obtained to verify placement in LAD
and CFX arteries. The IVUS catheter (30 MHz, UltraCross 3.2,
Boston Scientific, used on Hewlett Packard Sonos console) was ad-
vanced over the angioplasty guidewire 30-60 mm distally through
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the arteries. Precise control of IVUS catheter movement was en-
abled by an automated pullback device that moved at 0.5 mm/s,
thereby obtaining “serial sections” of ultrasound dimensions along
the artery to quantify morphological changes indicative of CAD.
Atheroma was defined as any fibrous or soft plaque less echogenic
than the adventitia and was easily resolved as distinct from the
non-layered appearance of all arteries from control pigs.

Collagen histochemistry

Left internal mammary artery was harvested, placed into a
physiological salt solution, and stored on ice 1-2 h before dissec-
tion of extraneous matter, such as connective tissue, muscle and
fat. The artery was then placed in 10% phosphate buffered for-
malin until the end of the study (1-4 months). Sections 4-5 mm
in length were cut and placed into histology cassettes containing
70%-ethanol-soaked sponges and then placed into 10% phos-
phate buffered formalin for delivery to the Core Histopathology
Laboratory in the College of Veterinary Medicine. Arterial seg-
ments were removed from their cassette, paraffin-embedded, cut
into sections 1-5 pm thick, mounted on a slide, and stained us-
ing Masson’s Trichrome technique. Cytoplasmic components are
stained pink/red and collagen is stained green/blue. The result-
ing slides were digitally imaged at 10X or 20X magnification.
Four images from each pig were analyzed using Image-Pro 4.0
(Media Cybernetics, Silver Springs, MD). The color segmenta-
tion function selected for green/blue color (collagen). An area
of interest of 26,700 mm? was selected and the amount of col-
lagen as a percent of the total area was determined.

Statistical analyses

Sigmaplot and Sigmastat (Jandel Scientific, Corte Madera,
CA) were used for graphics and statistical analyses. Values are ex-
pressed as the mean = SEM or *= SD as indicated in Figure and
Table legends. For blood glucose and plasma lipids, one-way
ANOVA was performed followed by the Student-Newman-Keuls
test for post hoc analysis. Data not having a normal distribution
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Fig. 1. Plasma blood glucose concentrations over the course of 20
weeks. Experimental groups are: control pigs (n = 6) fed only a low
fat (3%) Minipig chow (Purina Mills, Inc., St. Louis, MO). Pigs fed
the high fat/2% cholesterol (CH) diet (F, n = 6). High fat/2% CH
fed pigs with alloxan-induced diabetes (DF, n = 5). DF pigs that
were treated with atorvastatin (80 mg/day) from the start of the
study (DF+A, n = 5). Values are means * SEM. There was no sig-
nificant difference in glucose concentration between DF and
DF+A groups at week 20, or when each of the other weeks were an-
alyzed individually or when the whole data set was analyzed using a
repeated measures ANOVA model (P = 0.305).
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Fig. 2. Total plasma CH concentrations during the course of the
20-week study. Experimental groups are as described in Fig. 1.
Values are means = SEM.

were analyzed with a Kruskal Wallis one-way ANOVA on ranks
test and Dunn’s Method for post hoc analysis. Fatty acid and in-
dividual week glucose analysis was carried out using Wilcox on
Rank Sum test. Significance level chosen was P < 0.05.

RESULTS

Post-prandial blood glucose was monitored at least 2
days/week (Fig. 1) and averaged 49.1 * 2.5 and 43.1 *
2.2 mg/dl in control and HF pigs, respectively, over the
course of the study. In alloxan-treated pigs, blood glucose
was increased greatly and was maintained by one injection
of a mixture consisting of one third regular (Lilly CP-
210P) and two thirds isophane (Lilly CP-310P) insulin per
day given at the first of two meals of the day. Over the
course of the study, blood glucose averaged 316.3 = 11.3
and 258.3 * 46.7 mg/dl in diabetic high fat/CH (DF) and
DF+A pigs, respectively. Statistical analysis of each day in-
dividually and all the data during the course of the study
using a repeated measures statistical model showed that
plasma glucose was not significantly lower in DF+A pigs
compared with DF pigs. The large variability in plasma
glucose in certain weeks (Fig. 1) was largely the result of
difficulty in managing day to day glucose concentrations
with insulin injections.

Figure 2 shows the response of fasting plasma total CH
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Fig. 3. Total plasma triglyceride (TG) concentrations during the
course of the 20-week study. Experimental groups are as described
in legend to Fig. 1. Values are means = SEM.

concentration to feeding the atherogenic diet and al-
loxan-induced diabetes over the course of the study. Total
plasma CH concentrations were increased in all groups
fed the high fat/CH diet by week 4 and were maintained
between 250 and 500 mg/ dl from week 8 to week 20.
There were no significant differences between any of the
high fat/CH fed groups (Table 1). In the presence of a
high fat/CH diet, the lack of an effect of atorvastatin on
plasma total CH levels was expected as LDL receptor func-
tion would already be greatly decreased due to the large
influx of dietary CH into tissues (29). A wide variation in
individual CH response has also been observed in the CH-
fed primate model (29).

Fasting total plasma TG concentrations were elevated in
DF pigs by week 4 (Fig. 3). Except for week 8, the plasma
concentration of TG remained elevated in DF pigs. The
fasting plasma concentrations of TG remained very low in
control and F pigs. Atorvastatin treatment of diabetic high
fat-fed pigs blunted the rise in TG concentration observed
in the DF pigs such that plasma TG was 46% and 47% lower
in DF+A pigs at 12 and 20 weeks, respectively (Fig. 3).

The mean FPLC CH profile of fasting lipoproteins for
each group at week 12 is shown in Fig. 4. This time point
was chosen as we had previously reported lipid data at this
time point (19). When FPLC profiles were performed se-
rially in the same pig throughout 20 weeks of study, the
basic lipoprotein lipid profile observed at 12 weeks was

TABLE 1. Fasting total cholesterol concentrations and distribution among FPLC lipoprotein fractions at week 12

Cholesterol
LDL/HDL
Group Total VLDL LDL HDL CH Ratio
mg/dl

Control 78.7 = 3¢ 0.94 = 0.5 34.6 £ 3.5 32.6 * 2.0¢ 1.08 = 0.1¢

High fat (HF) 358.0 = 57° 3.0 £0.6% 197.0 £42.1* 1272 *=11.8° 1.53 +0.2¢

Diabetic high fat (DF) 419.7 = 74° 4.8 + 0.6° 255.6 * 44.6° 102.8 £ 9.2b¢ 254 * 0.4°
Diabetic high fat + atorvastatin

(DF+A) 373.7 £ 74 3.2 £ 1.4%0 2485 = 57.4% 86.7 £ 144> 2.86 * 0.4°

Plasma was assayed directly (Total) or run on an FPLC column, and fractions corresponding to VLDL, LDL,
and HDL were collected and assayed for cholesterol concentration by standard enzymatic assay. Values are mean *

SEM. LDL/HDL is LDL. CH/HDL CH.

@b¢Values with different superscripted letters are significantly different (P < 0.05).
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Fig. 4. Fast protein liquid chromatography of plasma from pigs at
12 weeks. Fresh plasma (1 ml) was applied to a Superose 6 column
and fractions (2 ml) were collected and assayed for protein (A280)
and for CH (standard enzymatic kit) as described in Methods.
Values are the means for each group with each sample being indi-
vidually run on the column. Groups are as described in legend to
Fig. 1. In all groups the protein peak for LDL was tube #21. The
protein content of this tube did not differ between groups: Control
(C),2.71 £ 0.23; F, 3.14 = 0.14; DF, 2.83 = 0.11; and DF+A, 2.89 *
0.24 mg protein (£SEM) /2 ml fraction. The CH concentrations of
tube #21 for the different groups were: C, 82 * 15; HF, 288 * 35;
DF, 326 = 38; and DF+A, 322 = 74 pg CH/2 ml fraction.

maintained at 20 weeks. Control pigs fed the low fat diet
have CH distributed almost equally between LDL and HDL
fractions. Both LDL and HDL were increased in pigs fed
the high fat/CH diet. In both diabetic groups LDL CH
was increased compared with HF and a more pronounced
left shoulder of the LDL peak was observed. The protein
content of the LDL peak fraction was similar among all
groups (Fig. 4). The height of the HDL peak was slightly
decreased in DF and DF+A groups compared with HF.
Tubes within lipoprotein fractions were pooled and as-
sayed for lipids (Table 1). The increase in LDL CH con-
centration was highly variable among pigs within each
group, with the concentration in the highest pig in a
group often being double the concentration of the lowest
pig in the same group. As observed in the non-human pri-
mate CH-fed animal model (29), HDL CH was substan-
tially increased with high fat/CH feeding. In HF pigs HDL
CH was above 125 mg/dl, whereas in both severely diabetic
pig groups (DF and DF+A) HDL was below 105 mg/dl.

The LDL/HDL ratio was not significantly increased from
control in HF pigs but was significantly increased in both
diabetic groups.

Table 2 shows the fasting total TG concentrations and
distribution of TG among FPLC lipoprotein fractions at
week 12. The 3-fold increase in total TG concentration in
severely diabetic pigs (DF) was the result of significant in-
creases in both VLDL and LDL TG. These results show
that plasma TG responds to insulin deficiency in pigs sim-
ilar to diabetic human patients. Administration of atorva-
statin significantly decreased total plasma TG compared
with the DF group. Interestingly, the decrease in TG was
specific in the VLDL but not the LDL fraction. There were
minimal effects of diet or diabetes on HDL TG content.

The effects of diabetes and atherogenic diet on the fatty
acid composition of the major plasma lipids were mea-
sured at 20 weeks (Fig. 5). It must be noted that the data
reflect percent distribution and not mass of CE and PL,
which were greatly increased in plasma of pigs fed the high
fat/CH diet compared with low fat-fed controls. The fatty
acid profiles were different for each class of lipid. Triglyc-
eride (TG) was high in 16:0, 18:1, and 18:2; CE was high
in 18:2; and PL was high in 16:0, 18:0 and 18:2. Feeding
the high fat/CH diet containing 17.1% coconut oil and
2.3% corn oil increased the content of 14:0 fatty acids 4-5-
fold in all lipid fractions. This was compensated by slight-
moderate decreases in certain unsaturated fatty acids, e.g.,
20:5 and 22:6 in PL. Although not statistically significant,
the percent arachidonic acid (AA) in PL of the high fat/CH
group (HF) was decreased almost 40% compared with the
control group (Fig. 5C). Interestingly, proportion of AA
in diabetic pigs (DF) was significantly higher than that
in the non-diabetic pigs (HF) fed the same diet. Atorvasta-
tin treatment did not alter the proportion of AA in diabetic
pigs. Because the plasma PL concentration increased in all
high fat/CH fed groups (legend, Fig. 5), plasma PL AA
concentration also increased greatly in these groups. In
CE, the increase in 14:0 was accompanied by decreases in
18:2 (12%). The decrease in 18:2 and increases in satu-
rated fatty acids in plasma CE are consistent with changes
observed in LDL when an atherogenic diet was fed to cyno-
mologous monkeys (30). Except for the increase in 14:0,
there were no obvious changes in other fatty acids in TG
due to diabetic or atorvastatin treatment. 20:4 was ex-

TABLE 2. Fasting total triglyceride concentrations and distribution among FPLC lipoprotein
fractions at week 12

Triglyceride
Group Total Plasma VLDL LDL HDL
mg/dl

Control 27.2 + 2.0¢ 13.6 + 1.9% 8.79 = 0.22¢ 2.6 0.5
High fat (HF) 22.3 + 3.1 7.04 = 1.3¢ 9.83 *+ 1.70¢ 3.6 0.4
Diabetic high fat (DF) 66.7 + 12.3% 27.8 £ 5.7¢ 18.5 + 5.0° 32+05
Diabetic high fat + atorvastatin

(DF+A) 35.1 + 7.3¢ 8.77 = 3.0%0 18.3 + 3.8% 34+12

Plasma was assayed directly (Total) or run on an FPLC column, and fractions corresponding to VLDL, LDL, and
HDL were collected and assayed for triglyceride concentration by standard enzymatic assay. Values are mean * SEM.
b ¢Values with different superscripted letters are significantly different (P < 0.05).
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Fig. 5. Effects of diabetes and an atherogenic diet on the fatty
acid composition of the major lipids of plasma at 20 weeks. Plasma
lipids were extracted and applied to high performance thin layer
chromatography (HPTLC) plates. Triglyceride (A), cholesteryl es-
ter (CE) (B), and phospholipid (C) components were separated
and analyzed for fatty acid composition by gas liquid chromatogra-
phy (fatty acid species indicated below each group of bars). Results
are expressed as percent fatty acid distribution (mean * SD). A let-
ter “a” above a F bar indicates a significant difference (P < 0.05)
comparing F with control. A letter “b” above a DF bar indicates a
significant difference comparing DF with F. In no group was DF+A
different compared with DF. In CE (B) 20:4 in all high fat/CH-fed
groups are greater than control (P < 0.043). In TG (A), high fat/
CH-fed groups show hardly any 18:3, and TG 20:4 was so low as to
be undetectable in a large percentage of plasma samples. Calcu-
lated from the fatty acid concentration using C17:0 methyl ester as
internal standard, the concentrations of total PL in plasma were in-
creased (P < 0.05) in high fat/CH fed pigs: 31.3 £ 3.9, 79.7 + 13,
75.9 £ 25, and 93.5 = 42 mg/dl (= SD) in control (C), F, DF, and
DF+A groups, respectively.

tremely low in TG in all groups. These results indicate
that the inclusion of corn oil in the high fat diet at about
10% total dietary fat prevented more severe declines in
the percentage of monounsaturated and polyunsaturated
fatty acids in plasma lipids.

Feeding the high fat/CH diet significantly increased the
liver concentrations of free CH in HF and DF+A pigs, with
more modest and variable increases observed in DF pigs (Ta-
ble 3). The CE concentration was significantly increased in
all high fat/CH fed groups with the greatest increase in HF
pigs. TG concentrations were increased in livers of pigs fed
the high fat/CH diet, but although the mean values were
much greater, the variation in HF and DF groups were too
high to reach significance. Nevertheless, liver TG in DF+A
pigs appeared to be lower than the HF and DF groups.

One common observation in studies of CH-fed animal
models is the wide variation in plasma CH concentrations
in response to CH feeding (29, 31). As a wide range in
values for hepatic free CH concentration was also observed
in the current study, we wished to test whether there was
an association between hepatic lipids and plasma CH con-
centration by correlation/regression analysis. Figure 6
demonstrates that there was a significant relationship be-
tween liver free CH (pg/mg cell protein) and plasma
total CH concentration (r = 0.75, P < 0.001, n = 22).
There was also a significant positive association between
liver CE and plasma CH (r = 0.69, P < 0.001, n = 22)
(data not shown). No relationship was found between
liver TG and plasma CH (data not shown).

We were also interested in whether severe diabetes and
consumption of the atherogenic diet changed several
other important parameters in plasma. There were no sig-
nificant differences in plasma vitamin A or E concentra-
tions among the treatment groups (Table 4). A sensitive
assay was used to measure LPC in plasma and LDL. LPC
was approximately 1 wM in plasma. Several pigs in the DF
group contained undetectable levels of LPC that resulted
in a higher standard error for this group. Assays of LPC in
LDL isolated by ultracentrifugation showed that LPC was
greater in LDL from high fat/CH fed pigs (control com-
pared with all high fat/CH-fed groups, P < 0.026). How-
ever, LPC concentrations did not differ among HF, DF,
and DF+A groups (Table 4).

Relation of atherosclerosis to LDL CH concentration

An IVUS catheter was selectively placed in the left ante-
rior descending and CFX coronary arteries of pigs by per-
cutaneous catheterization of the femoral artery to mea-
sure coronary artery atherosclerosis after 20 weeks.
Analysis of video segments generated during pullback in-
dicated substantial raised endothelium (mean 28.0 =*
6.02% of segments with atheroma) in DF pigs that was sig-
nificantly increased (P < 0.05) compared with control
(1%), HF (2%), and DF+A (5.23 * 5.23%) groups. The
percentage of segments with raised endothelium in indi-
vidual pigs was plotted against LDL. CH (Fig. 7A) or LDL/
HDL ratio (Fig. 7B) as measured by FPLC. Atherosclerosis
was not increased in normoglycemic high fat/CH fed pigs
(HF) above C, even when LDL CH concentrations ap-
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TABLE 3. Liver cholesterol and triglyceride concentrations

Lipid
Group Cholesterol Cholesteryl Ester Triglyceride
ug/mg protein

Control 5.06 = 1.05¢ 0.982 + 0.199¢ 3.76 = 0.59¢
High fat (HF) 14.05 * 2.56° 28.79 £ 6.55¢ 17.18 = 9.624°
Diabetic high fat (DF) 8.90 = 2.214¢ 10.59 *+ 3.01° 18.80 * 6.79%0
Diabetic high fat + atorvastatin

(DF+A) 11.55 = 1.79¢ 19.37 % 6.08%¢ 10.01 = 1.73%

Liver lipids were assayed by HPLC. Data is pg of lipid per mg total cellular protein as determined by the Lowry

method. Values are mean = SEM.

«b¢Values with different superscripted letters are significantly different (P < 0.05).

proached 300 mg/dl. Atheroma increased in diabetic pigs
(DF) with increasing LDL CH concentration (Fig. 7A) or
LDL/HDL ratio (Fig. 7B). When pigs were fed atorvastatin
80 mg per day, atherosclerosis was largely prevented. One
pig in the DF+A group showed increased coronary ath-
erosclerosis (21% of segments with atheroma), but also
presented with the highest LDL/HDL CH ratio of the study
(LDL/HDL = 4.35, Fig. 7B). Figure 8 shows Masson’s
trichrome histochemical stain for collagen in left internal
mammary artery. Arteries from diabetic dyslipidemic pigs
(DF) had 2-fold greater collagen accumulation than con-
trol, HF, or DF+A groups (P < 0.05); thus, atorvastatin
prevented the remodeling of internal mammary artery.
These results show increased atherosclerosis in diabetic
dyslipidemic pigs (DF) compared with hypercholester-
olemic pigs (HF) at comparable levels of LDL CH. This
relationship is similar to an observation made by Bierman
concerning athersclerosis in human diabetes (32).

DISCUSSION

The major finding of the current study was that, after
20 weeks on a high fat/CH diet, substantially more athero-
sclerotic disease was observed in coronary and internal
mammary arteries of severely diabetic pigs compared with
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Fig. 6. Correlation of plasma total CH concentration with liver
free CH content. The equation for the best fit linear regression line
isty = 29.1x + 17.6 (r= 0.753, P < 0.001), where x is the liver cho-
lesterol concentration in wg/mg protein.
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normoglycemic hyperlipidemic pigs at similar plasma CH
concentrations. The major differences between these two
groups were increased plasma TG, increased 22:4 in PL, a
broader IDL/LDL peak, and higher LDL/HDL CH ratios
in DF compared with HF pigs. Atorvastatin (80 mg/day)
decreased atherosclerosis and decreased the elevation in
fasting TG (mainly in VLDL), but had only minimal ef-
fects on other lipid parameters in severely diabetic pigs.
Therefore, atorvastatin decreased atherosclerosis either
through modulation of plasma TG, or, as the increase in
TG was only moderate to begin with, atorvastatin may
have prevented atherosclerosis through other yet undis-
closed mechanisms, possibly through direct interaction
within the vessel wall.

Lipoprotein lipid responses to high dietary fat/CH

A wide range in total CH concentrations was observed
among pigs within each group, a common observation in
CH fed animal models (29). Plasma total CH was related
to the liver free CH concentration (Fig. 6). This observa-
tion is consistent with data that hepatic CH availability is
an important determinant of VLDL secretion and later
plasma CH concentration (33-36). As observed in our
previous study (19), the LDL CH peak was higher with a
more pronounced left shoulder in the diabetic high fat/CH
groups compared with the non-diabetic high fat/CH
group (Fig. 4). However, the protein content in LDL was
not altered (Fig. 4). Our previous results indicated that
the left shoulder contains CH and apoE enriched apoB li-
poprotein particles (19), and their location in the FPLC
profile (between VLDL and the LDL peak) indicates that
they are IDL in size. This contrasts with the very large TG
rich particles observed in other diabetic animal models
(87). Extremely large lipoprotein particles may be the rea-
son why less atherosclerosis was observed in alloxan-dia-
betic CH-fed rabbits compared with normoglycemic high
CH-fed controls (38). What are the origins of the IDL par-
ticles in diabetic high fat/CH fed pigs? The moderate in-
creases in fasting total plasma total CH (250-500 mg/dl)
and the trivial amount of apoB-48 observed in fasting IDL
by gel electrophoresis (data not shown) support the no-
tion that the IDL in fasting plasma of the high fat-fed pigs
are remnants of liver-derived VLDL. The current studies,
although performed in diabetic animals, can be com-
pared with another major CH fed animal model of athero-
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TABLE 4. Fasting plasma concentrations of vitamin A, vitamin E, lysophosphatidylcholine,
and LDL lysophosphatidylcholine

Group Vitamin A Vitamin E Plasma LPC LDL LPC
uwM
Control 0.84 = 0.05 3.6 £ 0.67 1.30 £ 0.22 0.30 + 0.05¢
High fat (HF) 0.72 = 0.05 4.7 = 0.57 1.00 = 0.11 1.04 + 0.46°
Diabetic high fat (DF) 0.84 = 0.14 3.6 £0.37 0.72 £ 0.72 1.03 + 0.44%
Diabetic high fat + atorvastatin
(DF+A) 0.77 £ 0.03 4.6 £ 0.89 1.24 = 0.25 0.98 + 0.21°

LPC, lysophosphatidylcholine. Plasma was assayed as described in Materials and Methods. Values are

mean = SEM.

%’For LDL LPC, high fat/CH-fed pigs were increased compared to control, P < 0.026.

sclerosis, the non-human primate. CH-fed pigs are similar
to primates in that both show an extensive range in total
CH concentrations, size of LDL particles and extent of
atherosclerosis in response to an atherogenic diet (31).

Atherosclerosis

A previous 20 week study (22) showed that diabetic pigs
fed a conventional, low fat, low CH diet exhibited neither
altered lipoprotein levels profiles nor vascular disease. In
contrast, diabetic pigs fed a high fat/CH atherogenic diet
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Fig. 7. Relationship of atherosclerosis (percentage of segments
with raised endothelium) to LDL CH concentration (A) or LDL/
HDL CH ratio (B). Symbols are defined in the figure and each rep-
resents an observation from an individual pig. Atheroma in DF pigs
(mean 28.0 = 6.02% of segments with atheroma) was significantly
increased (P < 0.05) compared with control (1%), F (2%), and
DF+A groups (5.23 * 5.23%).

for 12 weeks exhibited a dyslipidemic lipoprotein profile
and developed vascular dysfunction in both coronary and
brachial arteries (19). In the latter study, atherosclerosis,
as measured by carotid staining, was only slightly en-
hanced in diabetic high fatfed pigs after 12 weeks (19).
To elicit greater atherosclerotic disease in diabetic pigs,
we extended the length of the experiment to 20 weeks. Al-
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Fig. 8. Collagen is increased in internal mammary artery of dia-
betic pigs fed an atherogenic diet. Arteries were formalin-fixed, em-
bedded in paraffin, sectioned, and collagen was visualized using
Masson’s trichrome histochemical stain. Top left: 9% collagen stain-
ing in an artery from a DF+A pig, which is also representative of
control (C) and F groups. Top right: 63% collagen staining (maxi-
mal response) in an artery from a DF pig. Collagen is shown as the
blue components and is emphasized in both panels by the arrows
pointing to adventitia, which is almost exclusively collagen. Cellular
components are pink/red. Single endothelial layer of the intima is
shown in the top edge of the artery by the darkened cellular nuclei.
Bottom: group data; values are means = SEM; DF was significantly
greater (P < 0.05) than control, F, and DF+A.
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though the mean plasma total CH concentrations did not
differ between the high fat/CH groups, IVUS detected 14-
fold greater coronary atherosclerosis in severely diabetic
pigs (DF) compared with non-diabetic HF pigs. Trichrome
staining showed increased collagen deposition in internal
mammary arteries of DF pigs, but collagen was not in-
creased in HF or DF+A groups in comparison to control.
These data suggest that artery matrix was remodeled in re-
sponse to dyslipidemia and hyperglycemia, and that atorva-
statin inhibited this process. These data strongly suggest
that vascular smooth muscle cells have been stimulated to
up-regulate collagen production only in the dyslipidemic,
diabetic group (DF). Clearly, the diabetic milieu is more
atherogenic in pigs as it is in diabetic humans (32).

When severely diabetic high fat/CH pigs were treated
with atorvastatin, coronary lesion development was largely
prevented. The exception was one pig that not only had
the highest LDL/HDL ratio in the DF+A group, but also
had the highest LDL/HDL ratio of the entire study. Atorva-
statin treatment did not lower total or LDL. CH concentra-
tions, nor the LDL/HDL CH ratio, but it did lower plasma
total and VLDL TG concentrations (Table 2), suggesting
that the drug inhibited VLDL production. This coincides
with a report that hepatic VLDL apoB secretion was de-
creased in miniature pigs after treatment with inhibitors of
HMG-CoA Reductase (39). FPLC analysis indicated that
atorvastatin did not alter the content of large, lipid enriched
apoB particles observed in diabetic high fat/CH fed ani-
mals (Fig. 4). Therefore, atorvastatin protected coronary
arteries from lesion development with only a modest de-
crease in TG concentrations and without a major change
in total CH concentration or lipoprotein profile.

Increased atherosclerosis in diabetes/ dual effects
of low insulin/hyperglycemia and dyslipidemia
on coronary artery lesion development

Why is there increased atherosclerosis in the severely di-
abetic pigs compared with normoglycemic controls? The
hallmarks of diabetic dyslipidemia are hypertriglyceri-
demia, low HDL CH, and small, dense LDL (2-5). The DF
group had a higher and broader IDL/LDL peak and a
significantly higher LDL/HDL CH ratio compared with
the HF group. This difference in lipoprotein profile per
se may be the cause of increased atherosclerosis in the
DF group. Remnants of TG-rich lipoproteins can enter
the subendothelial space of the artery and are toxic to
endothelial cells and macrophages (40). Diabetics have
delayed removal of postprandial lipoproteins (41-44).
The increased residence times of remnants in plasma al-
low greater trapping and uptake of remnant particles
into macrophages and smooth muscle cells. Large LDL
produced greater CE accumulation in cells compared
with equal molar concentrations of small LDL (45).
Remnant particles also increase adhesion of monocytes
to the artery wall and can impair endothelium-dependent
vasorelaxation of rabbit aortas (46). The large remnant
particles observed in diabetic high fat/CH-fed pigs may
be an important component that leads to accelerated
atherosclerosis. Additional components in the diabetic

1626  Journal of Lipid Research Volume 43, 2002

milieu may enhance atherosclerosis. As virtually no ath-
erosclerotic disease has been observed in diabetic pigs
fed low fat diets (22, 47), it appears that both dyslipi-
demia (high LDL or lipid enriched IDL/LDL) and low
insulin/hyperglycemia are required to observe acceler-
ated atherosclerosis in diabetic pigs. Recently, hypergly-
cemia per se was shown to increase the number of scav-
enger receptors (CD36) on the surface of artery cells
(48). Feeding a high fat/CH diet alone will elicit athero-
sclerosis in pigs, but this occurs over the course of a
much longer time period (49, 50).

Effects of diet and diabetes on plasma fatty acid profile
Since the major source of fat in the high fat/CH diet
was coconut oil, which is highly enriched in saturated fat,
we hypothesized that the plasma fatty acid profile would
change in high fat/CH fed pigs, modifying the binding of
lipoproteins to macrophage or smooth muscle cells. Con-
sumption of the high fat/CH diet increased 14:0 in all lipids
in plasma, reflecting its high concentration in coconut oil.
Small-moderate declines in unsaturated fatty acids, (e.g.,
20:4, 20:5, and 22:6 in PL, 18:2 in CE), compensated for
the increases in 14:0. With the exception of an increase
in 20:4 in PL, the profiles in severely diabetic pigs were, in
general, similar to those observed in the other high
fat/CH groups. 20:4 is the major polyunsaturated fatty
acid in PL and an increase in total plasma PL (Fig. 5) re-
sulted in a 20:4 concentration that was increased in all
high fat/CH-fed groups. Inclusion of 2.3% corn oil in the
diet may have “buffered” the fatty composition and pre-
vented larger decreases in plasma unsaturated fatty acids.

LPC

LPC has been identified as one of the major oxidized
lipids in LDL and has been reported to induce endothe-
lial cell dysfunction. A sensitive and specific radiolabel as-
say indicated that around 1 uM of LPC was present in pig
plasma. Although LPC levels were not different in plasma,
a significant increase was found in LDL of high fat /CH-fed
pigs. Nevertheless, there were no effects of diabetes or
atorvastatin on LDL LPC concentration.

Role of vitamin E

In an effort to discern other factors in the diabetic mi-
lieu that might influence coronary artery atherosclerosis,
we also measured plasma fat-soluble vitamins A and E.
Neither vitamin appeared to be associated with coronary
artery lesion development in diabetic dyslipidemic pigs.
There were no differences in plasma vitamin E or A con-
centrations between DF pigs that developed disease and
groups (HF and DF+A) that did not develop disease. A re-
cent prospective clinical trial showed little protection by
vitamin E in patients with atherosclerosis (51). It must be
noted that vitamin E is not protective against some oxi-
dants such as nitric oxide or myeloperoxidase-generated
reactive nitrogen (52).

The current studies do not address other forms of oxi-
dized lipids that may be mediators of increased athero-
sclerosis in diabetes. Other lysophospholipids, such as lyso-
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phosphatidic acid and sphingosine-1-phosphate, are present
in plasma and bind to plasma membrane receptors (53).
Phospholipid peroxides, but not LPC, were present in rem-
nant lipoproteins that impaired endothelium-dependent re-
laxation (46). Oxidized LDL binding to CD36 is mediated
through oxidized phospholipids (54). LPC is also pro-
duced in the artery wall, most likely by secretory phos-
pholipase Ay (55). Daugherty et al. (56) showed similar
concentrations of LPC in plasma LDL and in LDL isolated
from vascular lesions.

Lipoprotein oxidation is thought to occur in the suben-
dothelial space due to cellular production of potent oxidants
by myeloperoxidase, nitric oxide synthase, or 15-lipoxygen-
ase (57). Recently, increased 12-lipoxygenase expression was
observed in both abdominal aorta and in coronary arter-
ies of diabetic, hyperlipidemic pigs (58). Furthermore,
urinary excretion of 12-(S)-hydroxyeicosatetraenoic acid
(12-HETE), a product of the 12lipoxygenase pathway, was
increased in diabetic, hyperlipidemic pigs. These observa-
tions support the hypothesis that there is increased oxidative
stress in diabetic, hyperlipidemic pigs, and this may be one of
the mechanisms that lead to increased atherosclerosis.

Mechanism for atorvastatin protection of
coronary atherosclerotic lesions

Because atorvastatin was so effective in preventing coro-
nary lesion development without affecting the dyslipi-
demic lipoprotein profile except for VLDL TG, there is
the possibility that atorvastatin was acting directly in the
artery wall. Indeed, in non-diabetic patients with relatively
normal levels of CH, pravastatin decreased cardiovascular
mortality, while having minor effects on plasma CH (59).
Thus, direct actions of statins on the vascular wall have
been proposed to explain this beneficial effect indepen-
dent of plasma CH lowering (60). We cannot discount
that atorvastatin’s protective effect is related to its preven-
tion of hypertriglyceridemia in diabetic pigs. However, the
absolute concentrations of TG attained in severely diabetic
pigs (Fig. 3) are below levels observed in diabetic humans.
But an anti-atherogenic effect through prevention of hyper-
triglyceridemia, especially in the post-prandial period, can-
not be entirely ruled out at this time. If atorvastatin pre-
vents atherosclerotic lesion development directly in cells of
the coronary vessel wall, what mechanisms are involved?

An intriguing possibility is that atorvastatin may affect
diabetes by improving insulin sensitivity. However, similar
to studies in human diabetics (61), atorvastatin did not
improve glycemic control (Fig. 1) nor insulin sensitivity
(Otis, Wambhoft, Sturek, unpublished observations). We
(19, 20, 23) and others (62, 63) have suggested that Ca®*
metabolism is altered in coronary smooth muscle cells of
diabetics. Using cells isolated from the same pigs de-
scribed in the current paper, Ca?" uptake into sarcoplas-
mic reticulum (measured in presence of caffeine) and
into non-sarcoplasmic reticulum Ca?* stores (measured in
presence of ionomycin) was increased in DF smooth mus-
cle cells compared with cells from HF pigs. Atorvastatin
treatment reversed increases in Ca®>" uptake into both
storage sites (20). Alterations in coronary smooth muscle

nuclear calcium signaling may be an important compo-
nent in atherosclerosis development, possibly through in-
duction of cell proliferation (23). Other reports have indi-
cated that HMG-CoA reductase inhibitors affect the vessel
wall independent of CH-lowering. Statins may improve
endothelial function through increased nitric oxide pro-
duction (64), decreased leukocyte adherence (65), and al-
tered signaling through blockage of isoprenoid synthesis
(66). Additionally, not all statins have identical in vivo ef-
fects on the artery wall. Although producing equivalent
plasma CH lowering, fluvastatin decreased intimal smooth
muscle cell number and collagen content in Watanabe hy-
perlipidemic rabbits in vivo, whereas pravastatin increased
both parameters (67).

In summary, coronary and internal mammary athero-
sclerosis was increased in diabetic pigs fed a high fat/CH
diet in two meals per day compared with control high fat/
CH-fed pigs. This study is a significant extension of our
previous work (19, 20, 22, 23) and that of Gerrity et al.
(47) in several regards. First, we have shown in high fat/CH
fed diabetic pigs a strong, direct association of LDL and
LDL/HDL ratio with coronary atheroma quantified by the
clinically used intravascular ultrasound method. Second,
we have clearly shown that accelerated coronary athero-
sclerosis in diabetes is not due to decreased vitamins E
and A or increased LPC, as none of these were changed in
diabetic dyslipidemic pigs. Finally, atorvastatin prevented
both coronary and internal mammary atherosclerosis with-
out affecting plasma total and LDL CH concentrations, the
lipoprotein profile, plasma fatty acids, or hepatic lipids;
only VLDL TG were lowered. These observations suggest
that atorvastatin prevented atherosclerosis by direct ef-
fects at the vessel wall or lowering of VLDL TG. 8}
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