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Abstract

Partially inconsistent data exist on mutual relations between nontraditional atherosclerotic risk factors, including the magnitude of insulin
resistance (IR), as well as on their relevance for atherogenesis in the metabolic syndrome. Subjects exhibiting combined impaired fasting
glucose and impaired glucose tolerance (IFG/IGT) are exposed to an exceptionally high risk for atherogenesis and development of type 2
diabetes mellitus. Because of islet B-cell dysfunction, the usefulness of commonly used indices of IR is limited in IFG/IGT. Our aim was to
assess the relationship between extent of angiographic coronary artery disease (CAD) and nontraditional atherosclerotic risk factors (including
IR by a clamp-based golden standard method) in IFG/IGT. Fifty-three subjects (32 men, 21 women; mean age, 55 + 11 years) with stable
angina, preserved left ventricular systolic function, and IFG/IGT were divided into 3 groups: group A (no coronary stenoses >50%, n = 22),
group B (1-vessel CAD, n = 15), and group C (2/3-vessel CAD, n = 16). Insulin sensitivity was quantified by a hyperinsulinemic euglycemic
clamp technique and expressed as M. M value, plasma homocysteine (Hcy) level, and asymmetric dimethyl-L-arginine (ADMA)/L-arginine
ratio were independent determinants of CAD extent as shown by forward stepwise discriminant function analysis. Compared with group A
(M = 32.7 £ 9.3 umol/kg fat-free mass [FFM] per minute; Hey, 8.1 = 1.4 umol/L), lower M and higher Hey levels were found in group B
(M =16.9 £ 8.2 umol/kg FFM per minute, P <.001; Hey, 11.2 + 2.9 umol/L, P = .003) and C (M = 16.4 £+ 7.8 umol/kg FFM per minute,
P <.001; Hey, 12.8 £ 3.9 umol/L, P <.001). The ADMA/L-arginine ratio was increased in group C (0.0078 £ 0.0011) compared with group
A (0.0063 + 0.0013, P = .03) and B (0.0058 + 0.0012, P = .01). Multivariate correlates ( P <.05) of plasma Hcy concentrations were M (ff =
—.34 £ .12, P = .008), creatinine clearance (i = —.23 + .10, P = .03), and fasting insulin (§ = .25 &+ .12, P = .04). This indicates an additive
contribution of IR, plasma Hcy, and elevated ADMA/L-arginine ratio to the extent of angiographic CAD in combined IFG/IGT.
© 2007 Elsevier Inc. All rights reserved.

1. Introduction and multivariate analysis [2-4]. These data argue in favor of
a link between IR and atherogenesis, as fasting and
postchallenge insulinemia are largely determined by the
magnitude of IR in subjects without diabetes [5].

IR, when combined with impaired insulin secretion due
to islet PB-cell dysfunction, leads to impaired glucose
tolerance (IGT) and type 2 diabetes mellitus [6,7]. IGT is
associated with accelerated atherosclerosis. Indeed, in
consecutive nondiabetic patients referred to coronary
% Corresponding author. Fax: +48 424 7180. angiography, the prevalence of IGT was considerably
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Insulin resistance (IR), the underlying cause of the
metabolic syndrome, is a predictor of cardiovascular disease
[1]. Large prospective studies have shown that the incidence
of coronary artery disease (CAD) or risk of major coronary
events positively correlated with fasting insulinemia, or
insulinemia during an oral glucose load, in both univariate
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from 25% to 50% [8-10]. IGT and postload glycemia appear
to exhibit closer relationship with the magnitude of coronary
and carotid atherosclerosis and cardiovascular mortality risk
than impaired fasting glucose (IFG) and fasting glycemia
[11-15]. On the other hand, Drexel et al [16] have shown an
increased prevalence of significant coronary stenoses in
IFG, even assuming a newly lowered cut point for IFG (the
2003 American Diabetes Association criterion) [17]; how-
ever, the occurrence of IGT has not been determined in their
study. Nevertheless, not only is the risk of the development
of type 2 diabetes mellitus particularly elevated in subjects
with combined IFG/IGT [11], but they are also exposed to
accelerated atherogenesis due to pronounced clustering of
atherosclerotic risk factors [18,19]. Although partially
inconsistent data exist on the relative contribution of IR
and p-cell dysfunction to IFG and IGT [11,18,20-23],
it is beyond doubt that subjects with IFG/IGT exhibit
a combination of IR and impaired insulin secretion
[11,18,20,23]. Therefore, the ability of common indices to
predict the magnitude of IR is limited in IGT [24,25], [FG
[26], and IFG/IGT [26], so that a “gold standard” for
quantification of IR, a hyperinsulinemic euglycemic clamp,
would be particularly advisable for investigating a link
between the magnitude of IR and atherogenesis in IFG/IGT.
However, because of obvious methodological problems,
only a few studies attempted to relate clamp-assessed IR to
the extent of angiographically defined CAD [14,27].

Recent analyses derived from the Third National Health
and Nutrition Examination Survey have shown increased
prevalence of some nontraditional cardiovascular risk
factors (ie, not included in the Framingham Heart Study)
including blood concentration of C-reactive protein (CRP)
and IR index (derived from the homeostasis model
assessment [HOMA] formula) in subjects with combined
IFG/IGT vs IFG and those with normal fasting and
postchallenge glucose [28]. Moreover, results of the Hoorn
study point to more potent deleterious cardiovascular effects
of another nontraditional risk factor, elevated homocysteine
(Hcy) levels in patients with type 2 diabetes mellitus
compared with nondiabetic subjects [29,30].

In addition, it has been reported that the magnitude of IR
in subjects free of diabetes is associated with accumulation
of an endogenous inhibitor of nitric oxide (NO) synthesis,
asymmetric dimethyl-L-arginine (ADMA) [31]. Increased
plasma levels of ADMA, initially described in advanced
chronic renal failure [32], were later reported in atheroscle-
rosis, in subjects with atherosclerotic risk factors without
clinical evidence of atherosclerosis [33], being also linked to
the risk of cardiovascular events [34,35].

There are inconsistent data on mutual relationships
between Hcy, ADMA, and IR. Contradictory reports exist
on the effect of a Hey-lowering therapy on plasma ADMA
[36-38], on the association between ADMA and Hcy in
atherosclerosis [37-39], and on the ability of acute hyper-
homocysteinemia to induce elevation of circulating ADMA
[40-42]. Similarly, levels of Hcy were found positively

[43-45], inversely [46,47], or not significantly [48,49]
correlated with the magnitude of IR in healthy individuals.
Results of the Hypercoagulability and Impaired Fibrinolytic
Function MECHanisms Predisposing to Myocardial Infarc-
tion study suggest association of low-grade inflammation
with components of metabolic syndrome in subjects with a
history of myocardial infarction [50]. Therefore, our aim
was to investigate correlates of the extent of angiographi-
cally defined CAD in subjects with stable angina exhibiting
both IFG and IGT. We assessed 2 hypotheses: first, that
CAD extent may be related to such nontraditional risk
factors as the clamp-assessed magnitude of IR, plasma
levels of CRP and Hcy, and a balance between ADMA and
L-arginine; second, that some of these nontraditional risk
factors can be interrelated.

2. Subjects and methods
2.1. Patients

We studied 53 subjects (32 men, 21 women; age, 35 to
74 years; mean, 55 + 11 years) with combined IFG/IGT and
stable angina who were referred to planned coronary
angiography. The patients had been selected on the basis
of results of a standard 75-g oral glucose tolerance test. [FG
was defined as fasting glucose in the venous plasma
between 6.1 and 6.9 mmol/L (the previous American
Diabetes Association criterion adopted by the World Health
Organization in 1999) and IGT as 2-hour postload glucose
level between 7.8 and 11.0 mmol/L [51]. Of the 53 study
subjects, 30 patients exhibited a history of myocardial
infarction, 50 patients had arterial hypertension, 19 subjects
were obese (body mass index [BMI] >30 kg/m?), and
29 were overweight (BMI = 25-29.9 kg/m?). All the
patients were treated with low-dose aspirin and f-blockers;
angiotensin-converting enzyme inhibitors (ACEIs) and
statins were used by 50 and 51 of the patients, respectively.
Exclusion criteria were a history of acute coronary
syndrome within the past 6 months, clinical evidence of
heart failure, left ventricular ejection fraction less than 50%
(by ultrasound), significant valvular heart disease, creatinine
clearance less than 60 mL/min (by the Cockroft-Gault
formula using serum creatinine), and clinical or biochemical
evidence of any other serious disorders in addition to those
remaining within the frame of the metabolic syndrome.

2.2. Assessment of IR by the clamp technique

A 2-hour hyperinsulinemic euglycemic clamp was
performed after informed consent was obtained. The
protocol was approved by the ethical committee of our
institution. Therapy was kept unchanged during the pre-
ceding days due to ethical reasons, especially bearing in
mind a potential risk of precipitating myocardial ischemia,
ventricular arrhythmia, and/or hypertension crisis through
the withdrawal of drugs. The clamp was performed in the
morning after an overnight fast as described previously [52].
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During a primed continuous infusion of insulin, steady
euglycemia (5.0 mmol/L) was maintained by adjusting the
rate of 20% glucose infusion according to measurements of
glucose (by the glucose oxidase reaction) in the arterialized
venous blood drawn at 5-minute intervals. A measure of
insulin sensitivity (M value) was quantified as the rate of
glucose infusion during the last 30 minutes of the clamp
and expressed in micromoles of utilized glucose per
kilogram of fat-free mass (FFM) per minute [14]. FFM
was estimated by a bioelectric impedance analysis (Maltron
Body Fat 905 Analyzer, Maltron International Ltd, Raleigh,
Essex, UK).

2.3. Biochemical assays

A sample of blood was drawn from the fasting subjects
between 7:30 and 8:30 AM into EDTA tubes; plasma was
separated and frozen below —20°C for further assays.
Insulin levels were estimated by a radioimmunoassay
method (Polatom, Otwock-Swierk, Poland). CRP and Hcy
concentrations were assessed by chemiluminescent immu-
noassay systems (Immulite 1000 and Immulite 2000, DPC,
Los Angeles, CA). L-Arginine and its methylated analogs
(ADMA and symmetric dimethyl-L-arginine [SDMA]) were
measured by a newly described and validated liquid
chromatographic/mass spectrometric method with an iso-

tope-labeled internal standard [53]. Precision and accuracy
tests for ADMA assay revealed intraday and interday
relative SDs of 2.2% and 5.35%, respectively, whereas
respective inaccuracies were 3.32% and 0.03%. As for
L-arginine and SDMA, all relative SDs and inaccuracies
were also below 10%.

2.4. Statistical analysis

The subjects were divided into 3 groups on the basis of
the extent of CAD as described previously [54]: group A
(no internal luminal narrowings >50% in major coronary
arteries or their major branches, n = 22), group B
(1-vessel disease, n = 15), and group C (2- or 3-vessel dis-
ease, n = 16).

Intergroup comparisons of individual continuous varia-
bles were performed by one-way analysis of variance
(ANOVA) after logarithmic transformation when necessary
(fasting insulin, Hcy, CRP, and M value). Post hoc com-
parisons were done by the Scheffe test. As to dichotomous
variables (expressed as percentages), intergroup differences
in frequencies were calculated by the y* test with Yates
correction when needed.

To identify a set of variables with optimal power of
discrimination of the groups defined on the basis of the
CAD extent, forward stepwise discriminant function anal-

Table 1
Demographic, clinical, and biochemical parameters vs angiographic CAD extent
Group A, 0-vessel CAD Group B, 1-vessel CAD Group C, 2/3-vessel CAD P by ANOVA
(n = 22) (n = 15) (n = 16) (12 for percentages)

Age (y) 53+ 10 53+9 57 £ 11 NS
Sex (male, %) 64 60 56 NS
Hypertension (%) 98 100 95 NS
Smoking habit (%) 14 20 19 NS
Drugs (%)

Low-dose aspirin 100 100 100 NS
f-Blockers 100 100 100 NS
ACEIs 100 95 98 NS
Statins 95 100 100 NS
BMI (kg/m?) 298 + 34 293 +39 285 + 3.1 NS
Waist-to-hip ratio 1.06 + 0.16 1.05 £ 0.20 1.05 £ 0.17 NS
Creatinine clearance (mL/min) 103 + 20 98 + 23 88 + 21 NS
Fasting glucose (mmol/L) 6.25 £ 0.30 6.41 £ 0.26 6.43 + 0.30 NS
Fasting insulin (pmol/L) 65 + 25 157 £ 119%** 130 + 80** <.001
M (umol/kg FEM per minute) 327 +£93 16.9 £ 8.2%*** 16.4 £+ 7.8%%** <.001
LDL cholesterol (mmol/L) 33+£09 3.1 £ 0.8 32 +£08 NS
HDL cholesterol (mmol/L) 1.2+ 0.2 12 +£02 1.1 £02 NS
Triglycerides (mmol/L) 1.85 £ 0.8 1.6 £ 1.0 1.6 £ 0.6 NS
CRP (mg/L) 3.1 +35 32+20 3.6 £32 NS
Hey (umol/L) 8.1+ 14 11.2 4+ 2.9%** 12.8 £ 3.9%*** <.001
L-Arginine (umol/L) 70.5 £ 13.8 76.6 £ 25.0 59.1 + 14.2¢ .09
ADMA (umol/L) 0.43 + 0.07 0.45 + 0.09 0.43 + 0.06 NS
SDMA (umol/L) 0.41 + 0.07 0.47 £ 0.15 0.45 £ 0.11 NS
ADMA/L-arginine 0.0063 £+ 0.0013 0.0058 + 0.0012 0.0078 + 0.0011*% .007

Data are the mean + SD.
* P = .03 vs group A.
** P = .01 vs group A.
**% P = .003 vs group A.
*HEE P < .001 vs group A.
t P = .09 vs group B.

I P = .01 vs group B by the Scheffe test. NS indicates nonsignificant.
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Fig. 1. Relative percent M values (solid bars), plasma Hcy levels (open
bars), and ADMA/L-arginine ratio (hatched bars). Data are shown as
mean + SD and computed with reference to mean 0-vessel CAD values
assumed to be 100%. *P = .03 vs 0-vessel CAD; **P < .003 vs 0-vessel
CAD; 'P = .01 vs 1-vessel CAD by the Scheffe test.

ysis was used. This method identifies a set of variables (a
final “model”) that contributes to predicting to which group
a case belongs. Wilks A for the final model and partial 4 for
individual variables were computed. Wilks 4 can assume
values from O (perfect discrimination) to 1 (no discrimina-
tion), whereas partial 4 represents Wilks A after adding the
respective variable into the model divided by the Wilks A
before adding the variable. From partial 4 and given
numbers of groups, cases, and variables, F statistic and
corresponding P value were calculated.

In an attempt to determine univariate correlates of
variables representing nontraditional risk factors, Pearson
(r) and Spearman correlation coefficients were computed to
test their relationship with continuous variables and the
severity of hypertension, respectively, whereas Student ¢ test
was used to estimate effects of dichotomous variables (sex,
smoking habit, history of hypertension). In multivariate
analysis, forward stepwise multiple linear regression was
performed with a ridge regression approach to control for
mutual correlations of independent variables. Adjusted
coefficients of multiple determination (R?) were presented
as well as standardized mean regression coefficients (f3) and
their standard errors (SEM) for individual variables entering
the final regression model. In search of determinants of
CAD extent and of correlates of nontraditional risk factors,
effects of numerous variables were tested including demo-
graphic, clinical, and biochemical parameters representing
traditional and nontraditional risk factors. Statistical signif-
icance was assumed at P less than .05.

3. Results

3.1. Intergroup comparisons: demographic, clinical, and
biochemical parameters vs extent of coronary atherosclerosis

Characteristics of subjects assigned to groups A, B, and
C are presented in Table 1. Those with significant CAD
exhibited higher Hey and fasting insulin levels but lower M
compared with those without coronary stenoses greater than
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50%. However, when comparing subjects with 1-vessel
disease vs more advanced CAD, the above mentioned
parameters were similar and the only significant difference
was higher ADMA/L-arginine ratio, largely due to a
tendency (P = .09) to lower L-arginine levels in patients
with 2- and 3-vessel disease (Table 1). No significant
intergroup differences were found in sex, BMI, creatinine
clearance, fasting glucose, lipid, and CRP levels, history of
myocardial infarction, history and severity of hypertension,
incidence and extent (pack-years) of smoking as well as
drug therapy.

3.2. Discriminant function analysis: determinants of the
extent of coronary atherosclerosis

Forward stepwise discriminant function analysis (Wilks
A =0.33, P <.001) identified log M (P < .005), log(Hcy)
(P < .02), and ADMA/L-arginine ratio (P < .04) as
independent determinants of the extent of angiographically
defined CAD. Among these variables, M and Hey (entered as
their logarithmic derivatives) differentiated those with and
without significant CAD, whereas ADMA/L-arginine ratio
discriminated between 1-vessel and 2/3-vessel CAD (Fig. 1).

3.3. Univariate and multivariate correlations

Considering the study group as a whole (n = 53), in
univariate analysis plasma Hcy levels (after logarithmic
transformation) were correlated with log M (r = —0.62,
P <.001), log(fasting insulin) (» = 0.61, P <.001), creatinine
clearance (r = —0.40, P = .003), and log(CRP) (» = 0.28,
P = .04). Plasma Hcy level tended to be higher in smoking
subjects (12.5 £ 4.2 vs 10.0 £ 3.1 umol/L for smokers and
nonsmokers, respectively; P = .05 for log-transformed data).
By stepwise multiple regression (adjusted R* = 0.41,
P < .001), Hey concentrations were related to log M
(f = —.34 £ .12, P = .008), creatinine clearance (f = —.23 +
.10, P = .03), log(fasting insulin) (f = .25 &+ .12, P = .04), and
smoking habit (f = .18 + .10, P = .08) (Table 2).

Because altered ADMA/L-arginine ratio in group
C subjects resulted from lower plasma L-arginine at
comparable ADMA levels, we estimated correlates of
plasma L-arginine and ADMA/L-arginine ratio identifying
high-density lipoprotein (HDL) cholesterol as their only
correlate in univariate approach (» = 0.41, P = .002 and
r = —0.37, P = .006 for L-arginine and ADMA/L-arginine
ratio, respectively) and in stepwise multiple regression
(L-arginine: adjusted R = 0.13, § = .36 + .12, P = .0045;

Table 2
Multivariate determinants of plasma Hey levels (adjusted R? = 0.41, P <
.001)

Variable f + SEM P

Log M —-34 + .12 .008
Creatinine clearance —.23 £ .10 .03
Log(fasting insulin) 25 + .12 .04
Smoking habit A8 £ .10 .08

Standardized mean regression coefficients () + SEM are presented.
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ADMA/L-arginine ratio: adjusted R> = 0.11, § = —.33 +
12, P = .009).

ADMA concentrations correlated with fasting glucose
(r = 0.31, P = .02) and weakly with log(CRP) (r = 0.24,
P = .08). However, in multivariate regression (adjusted
R* = 0.10, P < .03) these associations were considerably
attenuated (fasting glucose: f = .26 + .13, P = .05;
log(CRP): f = .19 + .13, P = .14). SDMA levels
were related exclusively to creatinine clearance (»r = —0.38,
P = .005).

CRP levels (after logarithmic transformation) were
correlated with log(fasting insulin) (» = 0.40, P = .003),
log M (r = —0.30, P = .03), log(Hcy) (r = 0.28, P = .04),
HDL cholesterol (r = —0.27, P = .05) and weakly with
ADMA (r = 0.24, P = .08). Multivariate analysis (adjusted
R?=0.15, P <.01) revealed log(fasting insulin) (f = .34 +
.13, P = .01) and HDL cholesterol (f = —.19 + .13,
P = .15) as independent predictors of CRP concentrations
entering the final regression equation.

4. Discussion

Our data suggest that in nondiabetic subjects exhibiting
combined elevation of fasting and postchallenge glucose
levels (IFG/IGT), fasting concentrations of Hcy not only
correlate with the degree of IR and fasting hyperinsuline-
mia, but are also associated with the extent of CAD
independently of the degree of metabolic sensitivity to
insulin. In addition, an altered balance between the substrate
and endogenous inhibitor of NO synthesis in nonsmoking
subjects with more advanced CAD suggests participation of
diminished availability of L-arginine in later stages of
atherogenesis.

4.1. Magnitude of IR vs angiographic extent of CAD

The relationship between the extent of angiographic
CAD and the degree of IR is compatible with other data. In
1996, using a clamp technique, Bressler et al [27] showed
an inverse relationship between the number of stenotic
coronary arteries and insulin-mediated whole-body glucose
disposal in 13 patients with normal glucose tolerance. In
addition, Kanauchi et al [14], who studied 48 nondiabetic
subjects (including 28 with IGT), demonstrated a positive
correlation between the extent of CAD and serum levels of
advanced glycation end products whose concentrations were
negatively related to the M value. However, the authors [14]
focused on the role of advanced glycation end products as
independent determinants of atherosclerosis without enter-
ing M into the multiple regression with the number of
critical coronary narrowings as a dependent variable. More
importantly, Shinozaki et al [55] reported that a marker of
IR, steady-state plasma glucose during infusion of insulin,
glucose, and octreotide, was increased by about 100% in
subjects with significant coronary narrowings and IGT
compared with IGT without such narrowings. Moreover, in

1482 subjects recruited from the Insulin Resistance Athero-
sclerosis Study group (22% with IGT and 32% with
diabetes), an inverse association between the clinical
evidence of CAD and the minimal model-derived insulin
sensitivity index was maintained (although weakened) in
multiple logistic regression after adjustment for classical
risk factors and insulinemia, whereas an association
between coronary heart disease and insulinemia totally
disappeared on multivariate adjustment [56].

It is noteworthy that in our study neither fasting nor
postload hyperglycemia was associated with the number of
stenotic coronary arteries in IFG/IGT subjects, which is
apparently contradictory to the results of Sasso et al [13] and
Kowalska et al [10], who reported a link between postload
glucose and magnitude of coronary atherosclerosis. How-
ever, Sasso et al [13] limited their analysis to men with
normal glucose tolerance, and in the study by Kowalska et
al [10] (in which the percentages of IGT and type 2 diabetes
mellitus were 36% and 16%, respectively) the significance
of correlation between the respective variables disappeared
on multivariate adjustment. Accordingly, different charac-
teristics of patients studied was likely to account for the
discrepancy, all the more because Fujiwara et al [8] reported
no differences in fasting and postchallenge glycemia
between men with IGT with 75% or greater coronary
stenoses vs IGT and less than 25% stenoses, whereas
postload insulinemia was elevated by about 60% in the
former group, which suggests a link between IR and the
presence of significant coronary narrowings in IGT. Finally,
it is to be kept in mind that a considerable limitation of
studies focused on correlates of CAD in IGT, IFG/IGT, or
diabetes is that risk factors are presented as single measures,
whereas atherosclerosis is a long-term process and signif-
icant coronary narrowings could already be present before
the development of a given category of glucose intolerance.

4.2. Correlates of plasma Hcy levels

Positive correlation between IR and Hcy levels observed
in our IFG/IGT patients, a prediabetic state, adds to a report
on 24 healthy nonobese subjects studied with a glucose
clamp technique [43]. In addition, in 2011 participants of the
Framingham Offspring Study free of cardiovascular disease
at fifth examination (of whom 14.8% exhibited IFG or IGT),
Hcy levels were positively correlated with fasting insuline-
mia, and elevated Hcy was found in subjects exhibiting
simultaneous presence of at least 2 IR syndrome phenotypes
[44]. However, other authors have not confirmed positive
association between IR and Hcy or even observed inverse
relationship in healthy nonobese or obese subjects [46-49].
As to studies dealing with established type 2 diabetes
mellitus, the independent contribution of IR to accumulation
of circulating Hcy was reported by Emoto et al [57], who
found a negative independent correlation of Hey levels with
a clamp-derived insulin sensitivity index by means of
multiple regression in 59 patients with type 2 diabetes
mellitus and creatinine clearance greater than 60 mL/min. In
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addition, Araki et al [58] reported an independent positive
relationship between plasma Hcy and serum C-peptide (an
index of IR) in 223 elderly patients with type 2 diabetes
mellitus and serum creatinine level of 1.3 mg/dL or higher.
The negative correlations between renal excretory function
and Hcy observed in the present study and by other authors
[57-60] are obvious, keeping in mind the predominant role of
the kidney in Hey removal from the blood [61]. In contrast to
the findings of some authors [57,58] and to our data,
Buysschaert et al [59] observed the lack of association of
Hcy levels with IR (calculated according to the HOMA
formula) in subjects with type 2 diabetes mellitus. However,
similarly to our findings, Buysschaert et al [59] found a
higher prevalence of macroangiopathy (in particular, CAD)
in subjects with hyperhomocysteinemia, which was main-
tained after controlling for renal function. Okumura and Aso
[60] reported that exclusion of subjects with creatinine
clearance less than 60 mL/min abolished significant Hcy
elevations in macroangiopathic patients with type 2 diabetes
mellitus, yet they found independent association of Hey with
plasma thrombomodulin, a glycoprotein whose soluble form
is linked to endothelial injury.

Therefore, it can be proposed that apart from the
contribution of renal dysfunction and/or IR to elevated
circulating Hcy, it seems that hyperhomocysteinemia
promotes atherogenesis and its antecedent, endothelial
dysfunction, in type 2 diabetes mellitus, a process that
may already occur in the prediabetic state—IFG/IGT. As to
a tendency to higher Hcy concentrations in smokers, this
finding is consistent with previous data and might hypo-
thetically be linked to increased folate catabolism and lower
pyridoxal phosphate synthesis [62].

4.3. Possible mechanisms of the observed association
between Hcy levels and IR

Positive correlations between Hcy levels, IR, and hyper-
insulinemia might have been due to insulin-mediated
decreases in the activity of key enzymes regulating the
activity of the transsulfuration pathway (governed by
cystathionine f-synthase) and/or remethylation pathway
(controlled by N° N'°-methylenetetrahydrofolate reductase)
[63-66]. In addition, because the ability of acute hyper-
insulinemia to decrease circulating Hey [67] (probably due
to stimulation of methionine uptake by the skeletal muscle
[68]) had been demonstrated to disappear in insulin-resistant
patients with type 2 diabetes mellitus [67], this could also
contribute to elevated Hcy in patients with more marked IR.
However, it cannot be excluded that elevated Hcy levels
might also contribute to IR not being solely an effect of IR.
Indeed, contrary to data on animals [64], thiazolidinedione
therapy for 26 weeks was not associated with Hey lowering
despite an attenuation of IR (as quantified by the HOMA
formula) by about 30% in type 2 diabetes mellitus [69].
Moreover, Hey thiolactone has been shown to inhibit insulin
signaling via increased oxidative stress [70], and decreases
in Hcy were associated with attenuation of IR and

endothelial dysfunction in subjects with metabolic syn-
drome treated with folic acid and vitamin By, [36]. In
addition, activation of the interleukin 6 (IL-6)-dependent
innate immunity axis might link Hey to IR. Indeed, Hey has
been shown to stimulate secretion of IL-6 by endothelial
cells and monocytes [71,72], whereas IL-6, in turn, is likely
to both inhibit insulin signaling [73] and increase Hcy
probably via pyridoxal phosphate depletion [74,75]. Araki
et al [58] found that both IR and IL-6 (but not CRP) were
independently related to plasma Hcy in type 2 diabetes
mellitus. However, in the present study, a univariate positive
correlation between Hcy and CRP disappeared after
multivariate adjustment and IL-6 concentrations have not
been measured.

4.4. Relevance of elevated Hcy for atherogenesis in the
presence of IR and hyperglycemia

It may be hypothesized that the proatherosclerotic effect
of IR was operating by mechanisms not approached in the
present study design. Indeed, a number of abnormalities
have been reported as a possible explanation of IR-induced
atherogenesis, such as endothelial dysfunction, oxidative
stress, increased expression of adhesion molecules, abnor-
mal low-density lipoprotein (LDL) particles (exhibiting
lower diameter and increased degree of oxidation), de-
creased fibrinolytic activity [76], most of which are at least
potentiated (or may be even caused) by deficiency of NO,
an endogenous antiatherogenic molecule. As to Hcy, there is
strong evidence that generation of reactive oxygen species
largely contributes to its deleterious cardiovascular effects
[77]. In the presence of elevated Hcy levels, endothelial NO
synthase may be transformed from the source of NO into a
superoxide-generating enzyme [78]. The equilibrium be-
tween endothelial NO and superoxide formation in favor of
the latter is also shifted during hyperglycemia [79], known
to augment the ability of Hcy to produce endothelial
dysfunction [80,81]. In addition, results of the Hoorn study
provide evidence that diabetes poses a particular opportunity
for the effects of hyperhomocysteinemia to translate into
accelerated atherogenesis [29] and risk of acute coronary
events [30]. Moreover, Okada et al [82] have found an
independent correlation between the severity of coronary
atherosclerosis and Hcy levels in type 2 diabetics in contrast
to nondiabetics. Finally, Gardemann et al [83] observed an
association of the magnitude of coronary atherosclerosis
with a thermolabile variant of N°,N'°-methylenetretrahy-
drofolate reductase (associated with a lower activity of the
remethylation pathway and, consequently, higher Hcy
levels) exclusively in those with fasting glucose level
greater than 112 mg/dL (6.22 mmol/L).

4.5. Relevance of elevated ADMA/L-arginine ratio for
atherogenesis in the presence of increased Hcy and IR

In the present study IFG/IGT subjects with more
advanced CAD exhibited increased ADMA/L-arginine ratio,
a factor known to impair NO bioavailability. L-Arginine
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deficiency [84] and/or accumulation of ADMA [85]
accelerate superoxide generation by endothelial NO syn-
thase at the cost of NO formation. Because NO exerts
multiple antiatherogenic activities including protection
against oxidative stress, the coincidence of elevated Hcy
with an altered balance between the endogenous substrate
and inhibitor of NO generation in insulin-resistant I[FG/IGT
patients (ie, with fasting and postchallenge hyperglycemia)
was likely to create a particularly detrimental milieu, thus
explaining increased ADMA/L-arginine ratio in our subjects
with 2- and 3-vessel CAD. It is to be mentioned that the
majority of our study group (83%) constituted nonsmoking
subjects, which might have facilitated the detection of a link
between ADMA and atherosclerosis, as Valkonen et al [35]
related ADMA to future coronary events only in non-
smokers, possibly due to an interference of ADMA-
independent pathways of atherogenesis in smokers.

4.6. Correlates of plasma levels of L-arginine and its
dimethylated analogs

L-Arginine levels were found to be independently
positively correlated with HDL cholesterol. There are few
data on determinants of circulating L-arginine, yet some
observations suggest that concentrations of this amino acid
may decrease in states associated with inflammatory
activation. Mittermayer et al [86] have reported that plasma
L-arginine decreased by 27% 3.5 hours after intravenous
administration of Escherichia coli endotoxin in healthy
volunteers. According to the Insulin Resistance Atheroscle-
rosis Study investigators, in 1008 nondiabetic subjects CRP
levels were inversely related to HDL cholesterol and a
minimal model-derived insulin sensitivity index both in IGT
and normal glucose tolerance [87]. In the present study, we
have also found significant relationships among CRP, M
value, and fasting insulin levels, although only a marginally
significant negative correlation between CRP and HDL.
Thus, keeping in mind the association of acute-phase
reactants with IR and features of the metabolic syndrome
across a wide range of glucose tolerance [50,87,88],
generation of proinflammatory cytokines (from the adipose
tissue and, possibly, the vascular wall) seems a possible
reason for the decrease in both HDL cholesterol and plasma
L-arginine levels, thus explaining their correlation in our
study. Indeed, endotoxin and tumor necrosis factor o are
known to stimulate arginase activity in endothelial cells
[89]. In addition, in a recent placebo-controlled study,
simultaneous increases in both L-arginine and HDL
cholesterol were observed in hyperlipidemic men after
micronized fenofibrate therapy [90], a therapy that can
reduce CRP levels and improve endothelial function [91].

The absence of significant correlations between ADMA
concentrations and the analyzed variables (with the exception
of fasting glucose) could be at least partially due to the
influence of pharmacologic therapy. ACEIs administered to
almost all our subjects were previously shown to decrease
plasma ADMA levels [92]. A weakly significant correlation

between ADMA and fasting glucose might reflect the ability
of hyperglycemia to inhibit the activity of dimethylarginine
dimethylaminohydrolase, an enzyme that degrades ADMA
[93]. An insignificant tendency to positive correlation
between ADMA and CRP in our IFG/IGT patients might
be due to the capability of ADMA to induce inflammatory
processes within the vascular wall [85]. The significant
negative correlation between creatinine clearance and
SDMA, but not ADMA, is compatible with the findings of
Marescau et al [94], who found relatively higher increases in
SDMA than in ADMA in mild renal insufficiency, presum-
ably due to the lack of ability of dimethylarginine dimethy-
laminohydrolase to degrade SDMA, which is thus more
dependent on urinary excretion compared with ADMA.

5. Conclusions

Our data indicate additive and independent contributions
of the magnitude of IR, plasma Hcy levels, and elevated
ADMA/L-arginine ratio to the extent of angiographic CAD
in combined IFG/IGT, a prediabetic state with accelerated
atherogenesis. This might suggest a need for interventional
studies focused on nontraditional atherosclerotic risk factors
in IFG/IGT and, preferentially, also at earlier phases of the
metabolic syndrome. Simultaneous targeting of multiple risk
factors may be necessary to produce desirable effects. In fact,
as suggested by Loscalzo [95], recently published results of
3 prospective trials (the Vitamin Intervention for Stroke
Prevention trial, the Norweigian Vitamin trial, and the Heart
Outcomes Evaluation 2 trial) showing the lack of clinical
benefits despite folic acid/vitamins Bg/Bj,—induced Hcy
lowering may reflect an adverse interference of such therapy
with other factors, eg, methylation potential and ADMA
formation, which has previously been suggested [96].
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