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RESEARCH DESIGN AND METHODS — Insulin sensitivity was assessed by a frequently sampled intravenous glucose tolerance test with minimal model analysis. Proinsulin
levels were measured using highly sensitive assays without detectable cross-reactivity with
insulin, and LDL size was determined by gradient-gel electrophoresis.
RESULTS — In univariate analyses, LDL size was related to various features of the insulin
resistance syndrome, including fasting insulin (r = 20.18), intact proinsulin (r = 20.24), split
proinsulin (r = 20.24), the proinsulin-to-insulin ratio (r = 20.14), and insulin sensitivity
(r = 0.21; all P , 0.0001). In a multivariate regression model (adjusted for age, BMI, ethnicity, and clinic), triglyceride levels (P = 0.0001), HDL cholesterol (P = 0.0001), sex (P = 0.002),
and proinsulin (P = 0.01) were significantly related to LDL size. In the same model stratified
by sex, LDL size was significantly inversely related to proinsulin in men (P = 0.005 and P = 0.04
after further adjustment for the glucose tolerance status), but not in women (P . 0.15).
CONCLUSIONS — We found an inverse relation of proinsulin to LDL particle size in a large
tri-ethnic population with varying degrees of glucose tolerance. This relation was independent
of age, BMI, and triglyceride and HDL cholesterol concentrations, and was more pronounced
in men than in women.
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OBJECTIVE — LDL particles are heterogeneous in terms of size and density; small dense
LDL particles are considered more atherogenic than larger LDL particles. The aim of this study
was to investigate the interrelationships among LDL size, insulin, proinsulin (intact and split),
and insulin sensitivity in a tri-ethnic population with varying degrees of glucose tolerance
(n = 1,549) in the Insulin Resistance Atherosclerosis Study.
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DL particles are heterogeneous in terms
of size and density (1–3). Small dense
LDL particles are considered to be more
atherogenic than larger LDL particles (3–5)
and have been associated with most individual components of the insulin resistance
syndrome, including hypertriglyceridemia
(3–9), low serum HDL cholesterol (3,6–9),
hypertension (7,8), and diabetes (7,9,10).
However, studies dealing with the relation
of LDL size and insulinemia (6–9,11–17)
or direct measures of insulin sensitivity
(8,13,15,17,18) have yielded controversial
results. Fasting insulin was a significant contributor to LDL size in nondiabetic subjects
(6,7,11,12), whereas in type 2 diabetes, no
association could be shown (13,14). An
association of insulin sensitivity, as determined by clamp techniques (8,13,15,17) or
by a frequently sampled intravenous glucose
tolerance test (FSIGT) (18), to LDL size was
found in three studies (8,13,15), while two
others failed to demonstrate such a relationship (17,18).
With the availability of highly specific
insulin assays recognizing proinsulin, it has
become possible to study the contribution
of “true” insulin relative to its precursors
(intact and split proinsulin) to various components of the insulin resistance syndrome.
Under physiological conditions, only small
amounts of intact and split proinsulin are
co-secreted with insulin from the pancreatic
b-cell; in type 2 diabetes, however, proinsulin and proinsulin split products can be
markedly elevated (19). The biological significance of these insulin conversion intermediates is still a matter of debate (20). The
glucose-lowering potency of proinsulin is
considerably less compared with that of
insulin (20); however, a greater effect of
proinsulin on hepatic than on peripheral tissue relative to insulin has been reported
(21). In a small study, treatment with proinsulin resulted in an unexplained high rate of
fatal and nonfatal cardiovascular events
(22). Data on the relation between insulin
precursors and LDL size are scarce and conflicting. In a previous study, we have shown
in nondiabetic subjects an association of
LDL size with proinsulin that was somewhat stronger than that of specific fasting
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insulin (11). In a study from Tan et al. (14),
32-33 split proinsulin, but not fasting
insulin or intact proinsulin, was significantly related to LDL size in patients with
NIDDM. Finally, sex-related differences in
LDL size and contributing factors have been
shown previously (8,10,11,16).
The aim of this study was to investigate
the interrelationships of LDL size, insulin,
proinsulin (intact and split), and insulin
sensitivity in a tri-ethnic population with
varying degrees of glucose tolerance (n =
1,549) in the Insulin Resistance Atherosclerosis Study (IRAS).
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because of their blunted or absent insulin
response. In addition, the reduced sampling protocol (which required 12 rather
than 30 plasma samples and shows results
similar to the full protocol [33]) was used
because of the large number of subjects.
Glucose in the form of a 50% solution (0.3
g/kg body wt) and regular human insulin
(0.03 U/kg body wt) were injected through
an intravenous line at 0 and 20 min, respectively. Blood was collected at 25, 2, 4, 8, 19,
22, 30, 40, 50, 70, 100, and 180 min for
plasma glucose and insulin concentrations.
Insulin sensitivity, expressed as the insulin
sensitivity index (SI), was calculated by
mathematical modeling methods (MINMOD, version 3.0, 1994). This modified
version of the FSIGT protocol used in the
IRAS has been compared with the hyperinsulinemic-euglycemic clamp and shown to
be a valid measure of insulin resistance (34).
Plasma lipoprotein measurements were
obtained from fasting single fresh plasma
samples using Lipid Research Clinic methods. Plasma lipoproteins were measured at
the central IRAS laboratory at Medlantic
Research Institute, Washington, DC. After
preparative ultracentrifugation, VLDL (d ,
1.006 g/ml) and d . 1.006 g/ml fractions
were measured for cholesterol and triglyceride concentrations. HDL cholesterol was
measured in the presence of MnCl2 and
heparin in which non-HDL lipoproteins
were precipitated, leaving HDL in the
supernatant (35). The supernatant was
removed after centrifugation, and the cholesterol content was measured on a separate
autoanalyzer channel set to measure low
cholesterol values (Cholesterol/HP; Boehringer Mannheim, Mannheim, Germany).
LDL cholesterol was calculated as the difference between the HDL cholesterol and
the .1.006 g/ml fraction of cholesterol. In
the present study, no attempt was made to
separate LDL from IDL. Triglycerides were
measured enzymatically after correction for
free glycerol (Triglycerides/GB; Boehringer
Mannheim).
LDL size distribution (i.e., distribution
of diameter of the major LDL peak for each
participant) was determined using the
method of Krauss and Burke (36). Gradient
gels were obtained from Isolab (Akron,
OH). Measurement of the size of the predominant peak was calibrated using LDL
subfractions whose molecular diameter was
determined by analytical ultracentrifugation (courtesy of Dr. R. Krauss, Donner Laboratories, Berkeley, CA). The LDL size of the
predominant peak for an individual was
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RESEARCH DESIGN AND
METHODS — IRAS is a multicenter epidemiologic study aiming to explore relationships between insulin resistance,
cardiovascular risk factors, and disease
across different ethnic groups and varying
states of glucose tolerance. A full description of the design and methods of the IRAS
has been published (23). In brief, this
study was conducted at four clinical centers. Clinical centers in Oakland and Los
Angeles, CA, studied non-Hispanic whites
and African-Americans recruited from
Kaiser Permanente, a nonprofit health
maintenance organization. Clinical centers
in San Antonio, TX, and San Luis Valley,
CO, studied non-Hispanic whites and Hispanics recruited from two ongoing population-based studies (the San Antonio
Heart Study [24] and the San Luis Valley
Diabetes Study [25]). Recruitment was tailored to yield approximately equal numbers of participants by ethnicity, sex, and
glucose tolerance categories (type 2 diabetes, impaired glucose tolerance [IGT],
and normal glucose tolerance [NGT]).
A total of 1,625 individuals participated
in the IRAS. This report includes data on
1,549 subjects, in whom LDL particle size
and proinsulin concentrations were available for analyses. Demographic and metabolic data are shown in Table 1. Race and
ethnicity were assessed by self-report. Hispanic ethnicity was defined by the U.S. census question “Are you of Spanish or
Hispanic descent?” Height, weight, and
girths (minimum waist and hips) were
measured following a standardized protocol. BMI (weight in kilograms divided by
the square of height in meters) was used as
an estimate of overall adiposity. The ratio of
waist-to-hip circumferences was used as an
estimate of body fat distribution. The IRAS
examination required two visits. Patients
were asked to fast for 12 h before each visit,

to abstain from heavy exercise and alcohol
for 24 h, and to refrain from smoking on the
morning of the examination.
For the oral glucose tolerance test, a 75-g
glucose load (Orangedex; Customs Laboratories, Baltimore, MD) was administered
over a period of ,10 min. Blood was drawn
immediately before ingestion and 2 h after
the glucose load. Glucose tolerance status
was based on World Health Organization
criteria (26). Glucose and insulin levels in
all samples were measured at the central
IRAS laboratory at the University of Southern California, Los Angeles, CA. Plasma
glucose was measured with the glucose oxidase technique on an automated autoanalyzer (Yellow Springs Equipment, Yellow
Springs, OH). Insulin was measured using
the dextran-charcoal radioimmunoassay
(27). This insulin assay cross-reacts with
proinsulin. The split pair coefficient of variation (CV) for the insulin radioimmunoassay was 19% (n = 163).
Fasting serum intact proinsulin and
split proinsulin were determined from samples stored at 270°C for an average of 3.3
years (35–44 months) by means of highly
specific two-site monoclonal antibody–
based immunoradiometric assays (28). The
split-pair CV was 14% for proinsulin (n =
98) and 18% for split proinsulin (n = 98).
There was no detectable cross-reactivity of
insulin or split proinsulin in the intact proinsulin assay. Insulin did not significantly
cross-react in the assay for split proinsulin,
and the cross-reactivity of intact proinsulin
in this assay was 84%. Assay values of split
proinsulin were corrected for this by subtracting the corresponding proinsulin crossreactivity. The assay of split proinsulin crossreacts equally with 32-33, des-32, and
des-31-32 split proinsulins. We used the
term split proinsulin to indicate the sum of
these three molecules, the majority of which
are des-31-32 split proinsulin (29). The sensitivity limit of the intact proinsulin and split
proinsulin assays was 1.25 pmol/l (3 SDs
from zero). Intact proinsulin and split proinsulin were determined at the laboratory of
the Department of Clinical Biochemistry at
Addenbrook’s Hospital, Cambridge, U.K.
Insulin sensitivity was assessed by an
FSIGT (30) with minimal model analysis
(31). Two modifications of the original
protocol were used. An injection of regular
insulin, rather than tolbutamide, was used
to ensure adequate plasma insulin levels
for the accurate computation of insulin
sensitivity across a broad range of glucose
tolerance (32) including diabetic patients
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Table 1—Demographic and metabolic characteristics of study subjects by sex
Men

P value

857
35/29/36
43/25/32

692
41/28/31
46/20/34

—
—
—

55.6 ± 0.3
30.2 ± 0.2
90.5 ± 0.4
0.83 ± 0.002
6.7 ± 0.1
109.2 ± 3.0
9.31 ± 0.42
12.5 ± 0.5
0.093 ± 0.005
1.66 ± 0.07

55.7 ± 0.3
28.6 ± 0.2
97.2 ± 0.5
0.94 ± 0.002
7.0 ± 0.1
111.0 ± 3.6
11.4 ± 0.46
14.6 ± 0.6
0.12 ± 0.005
1.63 ± 0.07

NS
0.0001
0.0001
0.0001
0.038
0.0001
0.0007
0.008
0.0007
NS

1.63 ± 0.05
5.57 ± 0.04
1.27 ± 0.01
3.69 ± 0.04
261.2 ± 0.3

1.85 ± 0.05
5.40 ± 0.04
1.04 ± 0.01
3.61 ± 0.04
257.8 ± 0.4

0.0011
0.0025
0.0001
NS
0.0001

Data are means ± SEM unless otherwise indicated. P values are from t test. AA, African-Americans; H, Hispanics; NHW, non-Hispanic whites.

defined as that person’s LDL size (10). The
CV for LDL size from 133 blind split duplicates was 2%.
Statistical analysis
Statistical analyses were performed using
the SAS statistical software system (SAS,
Cary, NC). Descriptive statistics by sex are
shown in Table 1; differences by sex were
calculated with Student’s t test. Unadjusted
Spearman rank correlations of LDL size
with measures of body fat and metabolic
variables were calculated for the overall
population (Table 2). Additionally, correlations of LDL size were stratified by sex
(Table 3), glucose tolerance status, and ethnicity. Furthermore, we tested for interactions between LDL size and sex, ethnicity,
and glucose tolerance status on the association with fasting insulin, intact proinsulin,
split proinsulin, the proinsulin-to-insulin
ratio (PI/I ratio), and insulin sensitivity (SI)
by calculating the respective interaction
terms (sex 3 fasting insulin, sex 3 proinsulin, etc.). The interaction models were
performed on ranked data analogous to
the correlation analyses. Interaction was
adjusted for age, clinic and/or sex, and/or
ethnicity, and/or diabetic status and, in a
second model, additionally for metabolic
variables (BMI, waist-to-hip ratio, triglyceride, and HDL cholesterol). We found no
1690

significant interaction of ethnicity or glucose tolerance status on the relation of LDL
size with any of the variables of interest;
therefore, analyses with ethnic groups as
well as diabetic and nondiabetic subjects
pooled together are presented in this
report. Stepwise multiple linear regression
models were performed with LDL size as
the dependent variable and with independent variables of interest (triglyceride, HDL
cholesterol, fasting insulin, proinsulin
[intact and split], PI/I ratio, and insulin
sensitivity). These models were adjusted
for age, BMI, ethnicity, and clinic (Table 4).
Because intact proinsulin and split proinsulin were highly correlated, we fit separate
models that included one or the other variable (but not both) to avoid collinearity
problems. P values ,0.05 (two-sided) were
considered statistically significant.
RESULTS — LDL size was smaller in
men compared with women (Table 1) and
was correlated with measures of body fat
and most metabolic variables included in
the insulin resistance syndrome (Table 2).
LDL size was, furthermore, more strongly
related to measures of central obesity, such
as waist-to-hip ratio (r = 20.25) and waist
circumference (r = 20.19) than to general
obesity, as measured by BMI (r = 20.09).
In this univariate analysis, the association

Table 2—Spearman correlation analysis of
LDL size with measures of body fat and
metabolic variables in the overall population
LDL size
BMI
Waist-to-hip ratio
Waist circumference
Triglyceride
Total cholesterol
LDL cholesterol
HDL cholesterol
Fasting glucose
Fasting insulin
Intact proinsulin
Split proinsulin
PI/I ratio
SI

20.09*
20.25†
20.19†
20.47†
20.07‡
0.01
0.38†
20.17†
20.18†
20.24†
20.24†
20.14†
0.21†

n = 1,549. *P , 0.001, †P , 0.0001, ‡P ,0.01.
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n
Ethnicity (NHW/AA/H) (%)
Glucose tolerance status
(NGT/IGT/type 2 diabetes) (%)
Age (years)
BMI (kg/m2)
Waist circumference (cm)
Waist-to-hip ratio
Fasting glucose (mmol/l)
Fasting insulin (pmol/l)
Proinsulin (pmol/l)
Split proinsulin (pmol/l)
PI/I ratio
Insulin sensitivity
SI 3 1024 (min21 ? µU21 ? ml21)
Triglyceride (mmol/l)
Total cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
LDL size (Å)

Women

was most pronounced with triglycerides
(r = 20.47) and HDL cholesterol (r = 0.38).
In men, LDL size was more closely
associated with proinsulin (intact and split
as well as the PI/I ratio) than it was in
women (Table 3). When testing for sex
interactions, the relationship between the
PI/I ratio and LDL size was significantly
stronger in men than in women (P = 0.03
for interaction). This interaction was more
pronounced (P = 0.007) when accounting
for confounding variables previously shown
to be associated with LDL size (BMI, waistto-hip ratio, triglyceride, HDL cholesterol).
In subjects with type 2 diabetes (LDL size
vs. PI/I ratio r = 20.06, NS in NGT; r =
20.03, NS in IGT; and r = 20.12, P ,
0.007 in type 2 diabetes) and in AfricanAmericans (data not shown), LDL size was
somewhat more closely associated with
proinsulin (intact and split as well as the PI/I
ratio) compared with fasting insulin. However, there was no significant interaction of
ethnicity or glucose tolerance status on the
relation of LDL size with any of the variables
of interest, including proinsulin.
In a stepwise multivariate regression
model (after adjusting for age, BMI, ethnicity, and clinic), triglyceride (P = 0.0001),
HDL cholesterol (P = 0.0001), sex (P =
0.002), and proinsulin (P = 0.01) were
significantly related to LDL size in the overall population. Results were similar with
split proinsulin instead of intact proinsulin
in the model. Regression analysis stratified
by sex (Table 4) showed that triglyceride
and HDL cholesterol levels were significantly related to LDL size in both women
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Table 3—Spearman correlation analysis of LDL size stratified by sex

n
Fasting insulin
Intact proinsulin
Split proinsulin
PI/I ratio
SI

Female

P

Male

P

857
20.18
20.19
20.21
20.06
0.24

—
0.0001
0.0001
0.0001
NS
0.0001

692
20.18
20.27
20.27
20.19
0.19

—
0.0001
0.0001
0.0001
0.0001
0.0001

CONCLUSIONS — In this study, we
have shown an inverse relation of proinsulin concentration to LDL size in a large
tri-ethnic population with varying degrees
of glucose tolerance. The association was
independent of ethnicity, glucose tolerance
status, and confounding variables previously shown to be related to LDL size,
such as serum triglyceride (3–16), HDL
cholesterol (3,6–16), and measures of
body fat (7,8,10,12,15,16) in men but not
in women. LDL size was also associated
with fasting insulin concentration and
insulin sensitivity, but this association was
largely explained by demographic and
metabolic covariates.
Fasting insulinemia (37,38) as well as
insulin resistance (39–41) has been linked
to atherogenesis and/or its clinical sequelae;
however, the underlying mechanisms are
still poorly understood. It is not clear
whether, in this context, fasting insulin
stands as a proxy for insulin sensitivity, or
whether the relationship with atherosclerosis is directly mediated by biological effects
of insulin per se. With the advent of specific assays, it has become possible to discern effects of “true” insulin from those of
its precursors (intact proinsulin and proinsulin split products) cosecreted with insulin
from the pancreatic b-cell (20). The relative
contribution of insulin, its precursors, and
insulin sensitivity to various cardiovascular
risk factors has therefore attracted much
interest recently.
In the present study, neither fasting
insulin nor insulin sensitivity, as measured
by a FSIGT, were related to LDL size inde-

pendently of confounding metabolic variables, namely serum triglyceride and HDL
cholesterol levels. This is in accordance
with previous studies (8,13,15,17,18). No
independent relation between LDL size
and insulin sensitivity was found in diabetic and nondiabetic subjects (17) or in
healthy male subjects (18). Stewart et al.
(13) found a relation in univariate analysis
in diabetic subjects only, but no multivariate analysis was reported. In 100 nondiabetic subjects, the relation of LDL particle
size to insulin resistance was significantly
mediated by triglyceride concentration (8).
Only in a distinct subgroup of individuals
(middle-aged, nondiabetic men with
mildly elevated triglyceride levels) has a
relation of LDL size and insulin resistance
independent of triglyceride and HDL cholesterol levels been reported (15). These
results suggest that the effect of insulin
resistance on LDL particle size is largely
explained by prevailing serum triglyceride
and HDL cholesterol levels. In the present
study, the relation of insulin sensitivity to
LDL size was somewhat more pronounced
in women than in men. In previous studies, women were included in only two (n =

Table 4—Stepwise multiple regression analysis stratified by sex with LDL size as the dependent
variable

Sex

n

Female 857

Male

692

Independent variable

Regression
coefficient

Triglyceride
23.26
HDL cholesterol
3.48
SI
0.47
R2 for the model = 19.6%
Triglyceride
22.55
HDL cholesterol
5.41
Proinsulin
20.073
R2 for the model = 21.9%

Standard error
of regression
coefficient

P value Partial R2 (%)

0.44
1.16
0.2

0.0001
0.0001
0.026

12.4
2.20
0.54

0.35
1.20
0.04

0.0001
0.0001
0.0052

14.8
2.71
1.01

Models are adjusted for age, BMI, ethnicity, and clinic (forced into the model). Independent variables of interest (triglyceride, HDL cholesterol, fasting insulin, proinsulin [intact or split], PI/I ratio, and SI) were entered in
a stepwise approach. Only variables significant at the 0.15 level were finally left in the model, and variables
significant at the 0.05 level are shown in the table.
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and in men (P = 0.0001). Additional independent variables significantly related to
LDL size were SI in women (P = 0.026) and
proinsulin in men (P = 0.0052). Further
adjustment for the glucose tolerance status
diminished the effect of SI on LDL size in
women (P = 0.09), whereas the inverse
relation of proinsulin to LDL size in men
remained statistically significant (P = 0.04).

52 [8] and n = 3 [17]), and no subgroup
analyses were reported.
Results of the present study further
suggest that LDL size may be more strongly
related to insulin precursors rather than
insulin. Accordingly, split proinsulin, but
not fasting insulin, was related to the presence of small dense LDL particles in type 2
diabetic men (14). In nondiabetic subjects
from the San Antonio Heart Study, LDL size
was also independently inversely associated not only to fasting insulin, but also to
proinsulin and the PI/I ratio, the latter suggesting a predominant role of proinsulin
relative to specific insulin (11).
The discussion of potential mechanisms
linking insulin precursors to LDL size
remains speculative. Even under physiological conditions, factors determining LDL
particle size are not entirely understood. It
has been suggested that LDL particle size
results mainly from neutral lipid transfer
and triglyceride hydrolysis (42). In states of
hypertriglyceridemia, such as type 2 diabetes, transfer of cholesteryl ester and
triglyceride between VLDL and LDL will be
enhanced, resulting in triglyceride-enriched
cholesteryl-ester depleted LDL particles.
These LDL species are susceptible to the
action of hepatic lipase, which hydrolyzes
LDL triglycerides, resulting in the formation
of small dense LDL particles. Hepatic and
lipoprotein lipase activity are further determinants of LDL size (43), both of which are
altered in diabetic patients (44). In these
patients, lipoprotein lipase activity is commonly decreased, whereas hepatic lipase
activity, which facilitates the formation of
small dense LDL, is increased (44). Serum
proinsulin concentrations are elevated in
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only in women, and not in men, was LDL
size associated with diabetes independently
of obesity, body fat distribution, and triglyceride and HDL cholesterol levels (10). Thus,
there is increasing evidence that there is
indeed a sex difference in determinants of
LDL size and the preponderance of small
dense LDL. It has been suggested (10,49)
that these differences might account for the
greater relative risk of cardiovascular disease observed in women compared with
men in type 2 diabetes (50,51).
In summary, we found an inverse relation of proinsulin to LDL particle size
across the three ethnic groups of the IRAS
(non-Hispanic whites, African-Americans,
Hispanics) and also across varying degrees
of glucose tolerance. This relation was
independent of age, BMI, and triglyceride
and HDL cholesterol concentrations and
was more pronounced in men than in
women. However, proinsulin was a substantially weaker determinant of LDL particle size than triglyceride concentrations,
the most significant known determinant of
LDL particle size.
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