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D

iabetes is associated with a markedly increased
risk of atherosclerotic cardiovascular disease (1).
However, the mechanism(s) by which diabetes
enhances atherosclerosis and its complications
has not been well established. Multiple cardiovascular risk
factors, e.g., central obesity, insulin resistance, hypertension,
a positive family history of premature atherosclerotic disease, and dyslipidemia coexist in subjects with non-insulin-
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dependent diabetes mellitus (NIDDM). The dyslipidemia is
characterized by hypertriglyceridemia (because of accumulation of very-low-density lipoprotein [VLDL] and their
remnants), low levels of high-density lipoprotein (HDL)
cholesterol, and the presence of small, dense low-density
lipoprotein (LDL) particles (2), similar to the atherogenic
lipoprotein phenotype that is associated with an increased
risk of cardiovascular disease in nondiabetic subjects (3).
Subjects with insulin-dependent diabetes mellitus (IDDM)
also have an increased risk of cardiovascular disease (4),
despite the absence of the central obesity/insulin resistance
syndrome and the presence of normal or even high levels of
HDL cholesterol (5,6). Whether small, dense LDL particles
typically are found in IDDM is unclear.
There has been considerable recent interest in the potential role of oxidatively modified lipoproteins in atherogenesis
(7). Oxidized LDL has many biological properties that may
promote atherogenesis, including stimulation of adhesion of
monocytes to endothelial cells, monocyte chemotaxis, cytotoxicity, uptake by scavenger receptors resulting in the
formation of macrophage-derived foam cells (7), and modulation of growth factor and cytokine gene expression (8).
Several lines of evidence suggest that oxidation of lipoproteins may be increased in diabetes. First, oxidant stress may
be increased in diabetes (9), in part because of generation of
oxygen free radicals during protein glycation and glucose
auto-oxidation (10,11). These oxygen radicals may facilitate
LDL oxidation. Second, antioxidant defenses, such as vitamin C, may be reduced in diabetes (12,13). Third, the small,
dense LDL particles that are typically observed in NIDDM (2)
have an increased susceptibility to oxidative modification
(14).
Therefore, this study was conducted to determine whether
the susceptibility of LDL to oxidative modification was
increased, antioxidant defenses were reduced, and small,
dense LDL particles were present in subjects with IDDM in
poor glycemic control.
RESEARCH DESIGN AND METHODS

Nineteen subjects with poorly controlled IDDM and 20 nondiabetic
subjects were studied (Table 1). They were matched in age (31.7 ± 3.0
vs. 31.9 ± 1.8 years, means ± SE) and weight (body mass index [BMI]
23.3 ± 0.4 vs. 23.6 ± 0.5 kg/m2). Duration of diabetes was 15 ± 2 years.
Seventeen of the 19 diabetic patients were on multiple-dose insulin
regimens (5 on ultralente plus regular insulin; 12 on NPH plus regular
insulin) and 2 were on insulin pumps. Mean insulin dosage was 0.66 ±
0.05 U/kg. At least one high glycosylated hemoglobin (GHb) value (>9%)
was documented in all diabetic patients before enrollment. Exclusion
criteria were cigarette smoking; proteinuria >300 mg/24 h; hepatic,
cardiac, or renal disease; untreated hypothyroidism; pregnancy; use of
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Oxidation of low-density lipoproteins (LDLs) has been
postulated to play an important role in atherogenesis.
Because oxidant stress may be increased and antioxidant
defenses reduced in diabetes, the susceptibility of LDL to
oxidative modification and total peroxyl radical trapping
potential (TRAP) of plasma were evaluated in subjects
with poorly controlled insulin-dependent diabetes mellitus (IDDM). The lag phase of conjugated diene formation
after initiation of LDL oxidation by the addition of copper
was shorter in diabetic subjects than in normal control
subjects (126 ± 11 vs. 165 ± 15 min [means ± SE], P <
0.05). This could not be attributed to the presence of
oxidation-susceptible, small, dense LDL particles in the
diabetic subjects, whose lipoprotein particle distribution
did not differ from the control subjects. However, the
total TRAP of plasma, a measure of antioxidant defense,
was reduced (626 ± 34 vs. 877 ± 41 \JM, P < 0.0001) in
diabetes. Of the plasma antioxidants measured, only uric
acid and vitamin A were decreased in diabetes (P < 0.01),
and both levels correlated with TRAP (r = 0.75, P <
0.001; r = 0.54, P < 0.001, respectively). The correlation
between uric acid levels and TRAP persisted when the
diabetes and control groups were analyzed separately.
The reduced TRAP of plasma and the increased susceptibility of LDL to oxidative modification observed is consistent with a role for lipoprotein oxidation in the
pathogenesis of atherosclerosis in IDDM. Diabetes 43:
1010-1014, 1994
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TABLE 1
Characteristics of study subjects
IDDM
n
19
Gender (M/F)
12/7
Age (years)
31.7 ± 3.0*
BMI (kg/ms)
23.3 ± 0.4
GHb (%)
12.2 ± 0.4
Fasting plasma glucose
(mM)
13.5 ± 1.3
(mg/dl)
(243.3 ± 23.5)
Fructosamine (p-M)
418 ± 65
Duration (years)
15 ± 2
Insulin dosage (U/kg)
0.66 ± 0.05
Retinopathy
5 of 19
Nephropathy
Oof 19
Neuropathy
3 of 19
Peripheral vascular diseas(j
0 of 19
Coronary artery disease
Oof 19

Control

P value

20
12/8
31.9 ± 1.8
23.6 ± 0.5
5.7 ± 0.1

NS
NS
<0.0001

5.1 ± 0.1
(91.9 ± 1.4)
254 ± 19
N/A
N/A
N/A
N/A
N/A
0/20
0/20

<0.0001
<0.0001

Data are means ± SE. Insulin dosage is the mean dose at the time of
the study. Retinopathy was nonproliferative in 4 of 5 subjects, based
on formal examination by ophthalmologists. Nephropathy was
defined as urinary protein excretion <300 mg/24 h. Neuropathy was
based on clinical exam findings: vibration and microfilament testing,
orthostatic hypotension, and resting tachycardia. Peripheral vascular disease was defined by the symptoms of claudication and history
of arterial occlusive diseases.
with the use of a cholesterol assay kit (Boehringer Mannheim, Indianapolis, IN).
Statistical analysis. Statistical calculations were performed using
StatView software package (version 4.01). Values are given as means ±
SE. Comparisons between diabetic and control groups were made using
the nonparametric Mann-Whitney test. Linear regression analysis was
used for detecting relationships between TRAP values, conjugated diene
lag phase, and various plasma antioxidant levels. Multivariate analysis
using a multiple regression model was performed between TRAP and
various antioxidants in both groups combined and in individual groups
alone. All correlations were performed within individual groups of
IDDM or control subjects and also in both groups combined.
RESULTS
Glycemic control. As shown in Table 1, the diabetic patients remained poorly controlled with very high GHb levels
(12.2 ± 0.4%).
Lipid and l i p o p r o t e i n s . No differences were noted in lipid
and lipoprotein levels between the diabetic and control
groups, except for VLDL cholesterol, which was higher (0.5
± 0 . 1 mM) in the control subjects than in subjects with IDDM
(0.3 ± 0.1, P < 0.05) (Table 2). The distribution of lipoprotein
particles by density gradient ultracentrifugation did not differ
TABLE 2
Lipid profile of control and IDDM subjects
IDDM
Total cholesterol

5.0 ± 0.2
(193 ± 7)

LDL

3.1 ±0.1
(118 ± 6)
1.6 ± 0.1
(63 ± 4)
0.3 ± 0.1
(12 ± 2)
0.8 ± 0.1

HDL
VLDL
Triglyceride
Apolipoprotein B
Lipoprotein (a)

(70 ± 8)
(89 ± 4)
(16 ± 3)

Control
4.7 ±
(182 ±
2.8 ±
(109 ±
1.4 ±
(54 ±
0.5 ±
(17 ±
0.9 ±
(83 ±
(81 ±
(24 ±

0.2
6)
0.1
5)
0.1
4)
0.1
2)
0.1
8)
3)
5)

P value
NS
NS
NS
<0.05
NS

NS
NS

Data are means ± SE in mM (mg/dl); NS, not significant.
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estrogens, glucocorticoids, (3-adrenergic blocking agents, diuretics, or
lipid-lowering agents; and consumption of vitamin supplements at
greater than the recommended daily allowance. Overt macrovascular
disease was excluded by these criteria. Four of the diabetic patients had
nonproliferative retinopathy, one had proliferative changes, but none
had frank proteinemia (i.e., >300 mg/24 h). This study was approved by
the University of Washington Human Subjects Review Committee.
Venous blood was collected after a 12- to 14-h overnight fast into
tubes containing EDTA (1 mg/ml final concentration) for preparation of
plasma. Plasma was stored under nitrogen at -70°C and used within 1
month for analysis of total peroxyl radical trapping potential (TRAP),
measurement of the susceptibility of LDL to oxidative modification, and
determination of lipoprotein distribution. GHb (15), fructosamine (RoTAG-fructosamine assay, Roche, Montclair, NJ), total carotene (16),
vitamin A (retinol) (17), vitamin C (ascorbic acid) (18), vitamin E
(a-tocopherol) (17), plasma lipoproteins (19), glucose, bilirubin, and
uric acid (by standard techniques) were measured from the fresh blood
samples drawn on the morning of the study. The injection of insulin was
withheld until after the blood draw on the morning of the study to avoid
possible hypoglycemic reactions due to fasting.
Measurement of TRAP. TRAP was measured as described by Wayner
et al. (20). Plasma (50 |xl), to which linoleic acid (4% vol/vol) had been
added, was diluted in phosphate-buffered saline (PBS) in an oxygen
electrode apparatus (YSI oxygen monitor system model 5300, Yellow
Springs, OH) and equilibrated at 37°C. Oxidation was initiated by
addition of the water-soluble thermolabile free radical generator, 2,2'azobis(2-amidinopropane) hydrochloride (AAPH; Polysciences, Warrington, PA; 4 mM final concentration) to initiate lipid peroxidation.
Oxygen consumption was monitored during lipid peroxidation by an
oxygen electrode (YSI dissolved oxygen monitor system model 18053/
18172). After initiation of peroxyl radical formation from AAPH, oxygen
content decreased slowly while plasma antioxidants were consumed.
When the antioxidants were consumed, oxygen consumption increased
rapidly. The time from the addition of AAPH to the onset of this rapid
propagation phase was termed Tpliisnia. Trolox (4 \JM final concentration), a water soluble vitamin E analog, was then added as an internal
standard, leading to a second slow phase of oxygen consumption,
followed by a second rapid propagation phase after its total depletion.
The time from the addition of Trolox to the onset of the second
propagation phase was termed TTralox. TRAP values were calculated
from TRAP = Tp,.usnui/TTlO|OX x k, where k was a constant that takes into
account the concentration of Trolox and the plasma dilution factor (20).
Intra-assay coefficient of variation (CV) was 9.5%, and interassay CV was
12%.
Measurement of LDL oxidation. LDL was isolated by discontinuous
density gradient ultracentrifugation after a single spin (2.5 h at 50,000
rpm at 10°C) in a vertical rotor (Beckman VTI-50, Fullerton, CA) by the
method of Chung et al. (21). The LDL fraction was aspirated and passed
over a Sephacryl S-300 column to desalt and remove the EDTA, and its
cholesterol content was measured with the use of a cholesterol oxidase
kit (Boehringer Mannheim, Indianapolis, IN). LDL purity was confirmed
by the absence of apolipoprotein Al and albumin. LDL oxidation was
measured by the method of Esterbauer et al. (22) in which 1.66 |xM
copper was added to a spectrophotometer curvette containing LDL (250
ixg cholesterol/ml in PBS), and the kinetics of conjugated diene formation were monitored by changes in absorbance at 234 nm at 37°C. Three
characteristic phases (lag, propagation, and decomposition) were observed, from which the lag time, rate, and amount of conjugated diene
formation during LDL oxidation were calculated (22). In a separate
experiment, lag phase of LDL-conjugated diene formation was determined immediately and after 4 weeks of storage of plasma at -70°C in
three control and four diabetic subjects. No significant differences were
observed (data not shown). These findings are consistent with previously published findings (23), where plasma was stored for up to 6
months before oxidation of LDL for oxidation studies. A computer
program (Kaleidagraph, Synergy Software, Reading, PA) was used to
obtain the best tangent to the slop of propagation, from which lag time
and rate were calculated. Intra- and interassay CVs for the lag phase
were 5.5 and 11.8%, respectively.
Lipoprotein particle distribution pattern. Lipoprotein particles
were separated by nonequilibrium density gradient ultracentrifugation
in a Sorvall TV-865B vertical rotor for 90 min at 65,000 rpm at 10°C, as
described previously (24). Lipoprotein fractions were removed by using
a Beckman fraction recovery system with a proportionating pump that
allowed a downward flow collection of lipoprotein fractions. The
cholesterol content of each of the 38 fractions collected was measured
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between the two groups (Fig. 1). This is in contrast to the
well-described finding of small, dense LDL particles in subjects with NIDDM (2).
LDL oxidation. Three parameters were derived from the
kinetics of conjugated diene formation when LDL was oxidized in the presence of copper. Only the lag time was
significantly decreased in IDDM relative to control subjects
(126 ± 11 vs. 165 ± 15 min, P < 0.05). Neither propagation
rates nor maximum conjugated diene levels differed between
the two groups (data not shown). No significant correlations
were detected between parameters of LDL oxidation and
glycemic indexes, either in individual groups or the combined group. The decreased lag time indicates increased
susceptibility of LDL to oxidation in IDDM.
Plasma antioxidant content. Plasma levels of uric acid
and vitamin A were significantly lower in IDDM than in
control subjects (Table 3). However, carotene and vitamins
C and E did not differ between the two groups. This, again, is
in contrast to the well-documented finding of lower than
normal levels of vitamin C in NIDDM (12,13).
Plasma TRAP. A highly significant decrease in TRAP values
was observed in IDDM compared with control subjects (626
± 34 vs. 877 ± 41 |xM, P < 0.0001). This indicates that the
overall plasma antioxidant defense to lipid peroxidation was
impaired in this group of poorly controlled IDDM subjects.
Because a decrease in plasma antioxidant defense might
contribute to the increased susceptibility of LDL to oxidation, plasma vitamins C and E, carotene, vitamin A, uric acid,
bilirubin, protein (total), and albumin were analyzed for
possible relationships to TRAP. Only uric acid correlated
TABLE 3
Plasma antioxidants

Vitamin E/cholesterol
Vitamin A (|xM)
Carotene (|xM)
Uric acid (JJIM)
Bilirubin (|AM)

IDDM

Control

39 ± 5
24.6 ± 1.6
0.47 ± 0.02
1.55 ± 0.07*
2.25 ± 0.3
202 ± 12*
11.3 ± 1.7

41 ± 3
24.9 ± 1.4
0.53 ± 0.02
1.95 ±0.11
2.27 ± 0.2
273 ± 24
12.1 ± 1.7

Data are means ± SE. *P < 0.01.
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FIG. 2. Relationship between uric acid and TRAP of plasma. A
significant correlation (r = 0.70, P < 0.001) persists between uric acid
and total TRAP when the diabetic group was analyzed separately. In a
multiple regression model, uric acid remains significantly correlated to
TRAP even after adjustment for vitamins C and E, carotene, and
bilirubin (i> < 0.001). • , IDDM subjects; A, control subjects.

significantly with TRAP values (Fig. 2), either in both groups
combined (r = 0.75, P < 0.001) or in individual groups (r =
0.70, P < 0.001, IDDM; r = 0.81, P < 0.005, control). This
significant relationship persisted even in a multivariate
model adjusted for vitamins C and E, carotene, and bilirubin,
in either the combined group (P < 0.001) or individual
groups alone (P < 0.01, IDDM or control). Vitamin A levels
were found significantly correlated with TRAP values (r =
0.54, P < 0.001) only for both groups combined and not in
either IDDM or control group alone. A significant correlation
existed between TRAP and plasma albumin concentrations
(r = 0.41, P = 0.01) in the combined group and in the control
group alone (mean 44 ± 1 g/1; r = 0.6, P < 0.005) but not in
the IDDM group (mean 42 ± 1 g/1; r = 0.10, P < 0.5). No
significant correlation was observed between TRAP and total
plasma protein levels. Neither vitamins C and E nor carotene
levels correlated with TRAP. All indexes of glycemic control
(GHb, fasting plasma glucose, and fructosamine) were inversely correlated with TRAP values, although the statistical
significance of this correlation was lost when analysis was
carried out in either group alone, most likely because of
clustering of data within each group.
DISCUSSION

Lipoprotein oxidation, which has been postulated to play an
important role in atherogenesis (7,8), is likely to occur in the
interstitial space of the artery wall rather than in plasma.
Therefore, evaluation of lipoprotein oxidation in vivo is
difficult and has to be performed by indirect methods (25).
The most commonly used method is measurement of the lag
time of conjugated diene formation after initiation of oxidation by the addition of copper ions to LDL isolated from
plasma (22). Using this method, we were able to demonstrate
a reduction in the lag phase of LDL oxidation in subjects with
IDDM, consistent with increased susceptibility of their LDL
to oxidative modification.
The determinants of the lag phase of LDL oxidation are not
known with certainty. Oxidation of LDL proceeds rapidly
after consumption of endogenous antioxidants such as vitamin E and depletion of antioxidants such as vitamin C and
uric acid from the aqueous milieu of the lipoproteins (26).
However, no correlation was found between lag time of
DIABETES, VOL. 43, AUGUST 1994
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FIG. 1. Lipoprotein particle distribution in control and diabetic
subjects. Plasma lipoproteins were separated by nonequilibrium density
gradient ultracentrifugation. Fractions of decreasing density were
collected and assayed for their cholesterol content. The positions of
VLDL, LDL, and HDL are indicated. • , IDDM subjects; A, control
subjects.
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vitamins C and E between the diabetic and control subjects,
nor was a relationship between TRAP values and the levels
of these antioxidants in plasma observed. The observation
that uric acid levels, not accountable by gender differences,
were lower in subjects with IDDM, and its significant correlation with TRAP values whether analyzed either in the
combined or individual groups, suggests that this antioxidant
may be an important determinant of the resistance of LDL to
oxidative modification. Vitamin A, but not carotene, levels
were also reduced in the subjects with IDDM. The positive
relationship between vitamin A and TRAP in the combined
group is somewhat surprising, but the likelihood of a causeand-effect process is lessened by the loss of significant
correlations in the individual diabetes or control groups
alone. Vitamin A is not believed to be a powerful antioxidant,
although a reduction of plasma vitamin A levels in patients
with diabetes has been observed previously (31). The positive relationship observed between serum albumin and
TRAP raises the question of whether protein-bound thiols,
which were not measured directly in this study, might also be
playing a role in the reduced antioxidant defenses observed
in the patients with diabetes.
Reduced antioxidant defenses in poorly controlled subjects with IDDM may thus, in part, account for the increased
susceptibility of LDL from subjects with IDDM to oxidative
modification in vitro. Although LDL is separated from watersoluble antioxidants such as uric acid and vitamin C during
its isolation, seeding of LDL with small amounts of early lipid
peroxidation products (8) would render the lipoprotein more
susceptible to oxidative modification in vitro. Because peroxyl radical trapping capacity also is likely to be reduced in
the milieu of the artery wall, where lipoproteins appear to be
oxidized during atherogenesis, antioxidant therapy may be of
value in reducing the markedly accelerated atherosclerosis
seen in diabetes. This hypothesis should be tested by a
clinical trial.
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