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Reduction of oxidative stress by oral N-acetyl-L-cysteine treatment
decreases plasma soluble vascular cell adhesion molecule-1
concentrations in non-obese, non-dyslipidaemic, normotensive,
patients with non-insulin-dependent diabetes
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Summary To assess in vivo effects of antioxidants on
vascular cell adhesion molecule (VCAM)-1 expres-
sion, circulating soluble VCAM-1 and intraerythro-
cytic reduced glutathione (GSH) and GSH disulphide
(GSSG) concentrations were evaluated in non-insu-
lin-dependent diabetic patients without complications
(9 men, 6 women, 48 + 6 years old) before and after
1 month of either oral N-acetyl-L-cysteine (1.200 mg/
day) or placebo treatments, given in randomized,
cross-over, double-blind fashion. Ten healthy subjects
(7 men, 3 women, 52 + 4 years old) served as control
subjects. Baseline plasma VCAM-1 concentrations
were higher (p = 0.007) in non-insulin-dependent dia-
betic patients (707.9 £ 52.5 ng/ml) than in control sub-
jects (627.3 £84.6 ng/ml). Intraerythrocytic GSSG
content was higher (non-insulin dependent diabetic
patients: 0.618 £ 0.185 umol/g Hb; control subjects:
0.352+0.04 umol/g Hb, p =0.0002), whereas in-
traerythrocytic GSH concentrations were lower
(p = 0.001) in non-insulin dependent diabetic patients
(6.0£0.7 umol/g Hb) than in control subjects

(7.1 £0.5 umol/g Hb). The mean GSH:GSSG ratio
was also lower (p =0.0001) in the first (10.9 +4.5)
than in the second group (20.2+1.4). Circulating
VCAM-1 and intraerythrocytic GSH concentrations
were negatively correlated in non-insulin diabetic pa-
tients (r = 0.605, p = 0.01). Treatment with N-acetyl-
L-cysteine decreased plasma VCAM-1 (p = 0.01) and
intraerythrocytic GSSG (p =0.006) but increased
GSH concentrations (p = 0.04) and the GSH:GSSG
ratio (p = 0.004) in non-insulin dependent diabetic pa-
tients. Our data indicate that the vascular endotheli-
um is activated in non-insulin dependent diabetes.
Antioxidant treatment counterbalanced such endo-
thelial activation. Thus, antioxidant agents might pro-
tect against oxidant-related upregulation of endothe-
lial adhesion molecules and slow down the progres-
sion of vascular damage in non-insulin dependent dia-
betes. [Diabetologia (1998) 41: 1392-1396]
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The endothelial adhesion molecule, vascular cell ad-
hesion molecule (VCAM)-1 enables the firm attach-
ment of circulating cells to the endothelium and pro-
motes intravascular accumulation of macrophages
and T lymphocytes [1]. Thus, VCAM-1 upregulation
has been indicated as one of the most important
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events initiating atherosclerosis [2]. Agents stimulat-
ing VCAM-1 gene expression are transduced at the
nuclear level by the nuclear factor-Kb pathway [3], a
cytoplasmic multisubunit transcription factor which
can be activated by those stimuli only in the presence
of oxidants [3]. Accordingly, the blockade of nuclear
factor-Kb by the antioxidants probucol [3], a-toco-
pherol [3], pyrrolidine dithiocarbamate [4], lacidipine
[5], and N-acetyl-L-cysteine [6] inhibit cytokine and
noncytokine-induced VCAM-1 upregulation in cul-
tured vascular endothelial cells.

Since the expression of membrane-associated
VCAM-1 by activated human vascular endothelial
cells is combined to the release of its soluble form
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[7], concentration of plasma soluble VCAM-1 is usu-
ally considered as a marker of its endothelial expres-
sion in vivo [8]. In non-insulin-dependent diabetic pa-
tients both oxidative stress [9] and plasma soluble
VCAM-1 concentrations [10] were found to be
raised, suggesting they might be interrelated. In
keeping with this, circulating concentrations of adhe-
sion molecule-1 and malonaldehyde, a marker of oxi-
dative stress, have been found to be increased and di-
rectly correlated in non-insulin dependent diabetic
patients [11]. Similarly, the circulating concentration
of E-selectin decreased in non-insulin-dependent dia-
betic patients after treatment with the antioxidant
troglitazone [12] and improvement of glycaemic con-
trol [13]. Thus, a consistent bulk of data supports the
hypothesis that oxidative stress upregulates VCAM-
1 in vascular endothelial cells in vitro and suggests
the possibility that antioxidants might also counteract
VCAM-1 upregulation in vivo.

Accordingly, our study was designed to investigate
whether treatment with the antioxidant drug N-acet-
yl-L-cysteine, an antioxidant agent which is safe and
effective in vivo, was able to reduce circulating solu-
ble VCAM-1 in non-insulin-dependent diabetic pa-
tients. Since numerous confounding factors are
known to affect circulating soluble VCAM-1 concen-
trations [8, 14], the study was conducted after exclu-
sion of smoking, infectious diseases, allergies, athero-
sclerosis, hypertension, dyslipidaemia and obesity. As
indexes of oxidative stress, intraerythrocytic reduced
glutathione (GSH) and gluthatione disulphide
(GSSG) concentrations and the GSH:GSSG ratio
were also assessed in the same patients [9].

Subjects and methods

The study was conducted in 15 non-insulin-dependent diabetic
patients [15] (9 men and 6 women, mean age 48 + 6 years) with
good metabolic control, i.e. fasting glucose concentrations un-
der 7.8 mmol/l, post-prandial glucose concentrations under
10.0 mmol/l, and glycated haemoglobin A, (HbA,_) concen-
trations under 7.5 %. The study group was recruited in our Di-
abetes Unit from 216 consecutive outpatients on the basis of
the following exclusion criteria: age under 25 and over 55 years,
pregnancy or use of birth control pills, history of previous cere-
brovascular or cardiovascular diseases, concomitant illnessess,
allergic diathesis, respiratory, gastrointestinal or genitourinary
tract infections referred to a doctor during the last 3 months,
insulin-dependent diabetes [15], sitting systolic/diastolic blood
pressure 140/90 mmHg or more, body mass index greater than
25 kg/m?, smoking, microalbuminuria, serum cholesterol con-
centrations more than 5.2 mmol/l; serum triglyceride concen-
trations more than 1.65 mmol/l, serum creatinine more than
100 umol/l, atherosclerotic lesions (as evaluated by medical
history, physical examination, ultrasound studies and fundo-
scopic evaluations). At entry, all patients gave informed con-
sent and were given a weight-maintaining diet containing
about 50 % carbohydrate, 30% protein and 20 % lipid. Fruit
was 150 g twice daily, vegetables were 200 g twice daily. The
good metabolic control was achieved and maintained by diet

and glibenclamide 5-15 mg daily. No patient was taking any
other drug. A group of 10 healthy subjects (7 men and 3 wom-
en, mean age 52 +4 years) selected according to the above
criteria but with a normal glucose tolerance served as a con-
trol.

Baseline and post-treatment plasma soluble VCAM-1 and in-
traerythrocytic GSH and GSSG concentrations. In both the
non-insulin-dependent diabetic and control groups, blood
samples for measuring intraerythrocytic GSH and GSSG, plas-
ma soluble VCAM-1 concentrations, a haematochemical
check including plasma glucose and insulin concentrations, se-
rum HbA, , triglyceride, total cholesterol and cholesterol sub-
fraction concentrations were drawn from an antecubital vein,
after a 10-12 h fast, at 0800 hours. Then, non-insulin-depen-
dent diabetic patients were assigned to receive either oral N-
acetyl-L-cysteine (1.200 mg per day) or placebo treatments
for 1 month each, according to a randomized, double-blind
cross-over protocol. Thereafter, blood samples for the above-
mentioned measurements were again taken from both groups.
This study phase was conducted by researchers unaware of
the study design, results, and purpose.

Laboratory methods. Plasma soluble VCAM-1 concentrations
were assessed in duplicate by the use of a commercially avail-
able monoclonal antibody-based ELISA method (R & D Sys-
tems, Minneapolis, Minn., USA) [10, 14]. Inter-assay and in-
tra-assay variabilities were less than 15%. Intraerythrocytic
GSH and GSSG contents were assessed as described previous-
ly by our group [9] and Griffith [16], respectively. Recovery for
GSH and GSSG determinations was 96 % and 102 %, respec-
tively. Inter-assay and intra-assay variabilities were less than
10 %. Serum total cholesterol, high-density lipoprotein (HDL)
cholesterol and triglyceride concentrations were assessed by
enzymatic methods (Boehringer Mannheim, Germany). Serum
LDL cholesterol concentrations were calculated by the Friede-
wald method [17]. Plasma insulin concentrations were assessed
by a commercially available kit (Ares, Serono, Italy). All the
above laboratory procedures were carried out by technicians
unaware of the study design, purpose and results.

Statistical analysis. Data were analysed by SPSS (SPSS Inc.,
Chicago, Ill., USA). Differences among groups were tested
for significance by one-way analysis of variance followed by
the Bonferroni’s test and the Newman-Keuls test for pairwise
comparisons. Effects of each treatment were analysed by anal-
ysis of variance with Bonferroni protection. Regression and
correlation techniques were used to evaluate linear relation
between variables. Statistical significance was considered as a
p value less than 0.05. Data are presented as means * SD.

Results

Clinical variables, anthropometric characteristics and
laboratory features of non-insulin-dependent diabet-
ic patients and control groups are given in Table 1.
Non-insulin dependent diabetic patients showed
good metabolic control. Compared to control sub-
jects, however, they manifested higher fasting glucose
(p =0.04) and HbA, . (p = 0.0001) concentrations. By
contrast, the two groups had similar lipid, insulin, sys-
tolic and diastolic blood pressure levels, and body
mass indexes.
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Table 1. General characteristics of the study group

Variable Non-insulin dependent Control subjects p value

diabetic patients (n=10)

(n=15)
Sex (male/female) 9/6 7/3 n.s.
Fasting glucose (mmol/l) 54+1.0 44+03 0.04
Fasting insulin (pmol/l) 125.1+74.1 79.6 £24.8 n.s.
HbA, . (%) 6.1£03 45+07 0.0001
Body mass index (kg/m?) 23.5+0.6 232404 n.s.
Duration of disease (years) 64+1.6 - -
Serum cholesterol (mmol/l) 46+05 43104 n.s.
Serum HDL-cholesterol (mmol/l) 1.3+0.1 12+0.1 n.s.
Serum LDL-cholesterol (mmol/l) 29+0.7 2.7%0.5 n.s.
Serum triglycerides (mmol/l) 1.6£0.2 14£0.2 n.s.
Systolic blood pressure (mmHg) 131.6+ 6.4 126.5+4.5 n.s.
Diastolic blood pressure (mmHg) 80.7+5.7 78.3+5.8 n.s.

Baseline level of soluble VCAM-1 was higher
(p =0.007) whereas intraerythrocytic GSH content
was lower (p=0.001) in non-insulin-dependent
diabetic patients (VCAM-1=707.9%52.5 ng/ml;
GSH=6.0£0.7 umol/g Hb) than in controls
(VCAM-1=6273+84.6 ng/ml; GSH=7.1%£05
umol/g Hb). The two variables were negatively corre-
lated in the non-insulin dependent diabetic (Fig.1)
but not in the control group.

Intraerythrocytic GSSG content was higher
(» =0.0002) in non-insulin-dependent diabetic pa-
tients (0.618 £ 0.185 umol/g Hb) than in control sub-
jects (0.352 £0.04 umol/g Hb). As a consequence,
the mean GSH:GSSG ratio was lower (p = 0.0001) in
the first (10.9+4.5) than in the second group
(20.2 £ 1.4). Individual GSH:GSSG ratios negatively
correlated with plasma soluble VCAM-1 concentra-
tions (r = 0.52, p = 0.02) in non-insulin dependent di-
abetic patients.

The other metabolic variables, i.e. HbA, ., glu-
cose, total cholesterol, HDL-cholesterol, LDL-cho-
lesterol, triglyceride and fasting insulin concentra-
tions, as well as blood pressure levels and body mass
index did not correlate with plasma soluble VCAM-
1 concentrations.

Treatment of non-insulin-dependent diabetic pa-
tients with N-acetyl-L-cysteine did not induce chan-
ges of metabolic variables but reduced (p =0.01)
plasma soluble VCAM-1 (Fig.2) and increased
(p =0.04) intraerythrocytic GSH content (Fig.2).
Further, intraerythrocytic GSSG concentration de-
creased (p =0.01 vs baseline) after N-acetyl-L-cys-
teine but not placebo treatments (0.450 £ 0.146 umol/
g Hb vs 0.591 £ 0.18 umol/g Hb, respectively. Inter-
group comparison by analysis of variance: p = 0.006).
As a consequence, the mean GSH:GSSG ratio in-
creased (p=0.004 vs Dbaseline) after active
(15.5£5.2) but not placebo (11.3 +4.7) treatments
(intergroup comparison by analysis of variance:
p =0.01).

Discussion

The present study shows that circulating VCAM-1
concentrations are raised in adult non-obese, non-
dyslipidaemic, normotensive, non-insulin-dependent
diabetic patients. A negative correlation was found
between plasma soluble VCAM-1 and intraerythro-
cytic GSH concentrations, thereby suggesting aug-
mented oxidative stress was responsible for VCAM-
1 upregulation and the consequent increase of soluble
VCAM-1 release into the bloodstream. Thus, our re-
port also indicates that oral treatment with the anti-
oxidant N-acetyl-L-cysteine for 1 month simulta-
neously reduced plasma soluble VCAM-1 and in-
traerythrocytic GSSG concentrations and increased
intraerythrocytic GSH levels and the GSH:GSSG ra-
tio.

Mechanisms for expression of membrane-associat-
ed adhesion molecules and their shedding into the
bloodstream are not precisely known in vivo. In vitro
data show, however, that soluble VCAM-1 release
rapidly follows the expression of its membrane-
bound form [8]. Thus, our data could support the con-
cept that increased oxidative stress causes an early
endothelial activation in non-insulin-dependent dia-
betic patients. Further, the same findings suggest
that N-acetyl-L-cysteine downregulated VCAM-1,
i.e. counteracted endothelial activation, by reducing
oxidative stress.

Consistent with this interpretation, increased plas-
ma soluble VCAM-1 concentrations have been de-
scribed in non-insulin-dependent diabetic patients
[10] and glucose intolerant hypertensive patients
[14], and were unrelated to age, sex, blood pressure,
metabolic variables and body mass index. Moreover,
increased concentrations of plasma soluble intercel-
lular adhesion molecule-1 and malondialdehyde, a
marker of oxidative stress, have been described re-
cently in non-insulin-dependent diabetic patients
[11]. The role of increased oxidative stress in promot-
ing endothelial activation was supported by the direct
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Fig.1. Negative relation between intraerythrocytic glu-
tathione (GSH) contents and plasma soluble vascular adhesion
molecule(VCAM)-1 levels in 15 non-dyslipidaemic, non-obese
normotensive patients with non-insulin dependent diabetes
r=0.06,p =0.01

correlation between the two variables [11] as well as
by their simultaneous decrements observed after in-
travenous GSH infusion [18]. Our hypothesis that an
early endothelial activation is present in non-insulin-
dependent diabetic patients and counteracted by an-
tioxidant agents is also supported by other data [11,
18].

In keeping to this, the capability of N-acetyl-L-cys-
teine to inhibit oxidant-sensitive nuclear factor-Kb
pathway has been already shown in vitro [6]. In par-
ticular, N-acetyl-L-cysteine selectively blocked nucle-
ar factor-Kb-induced activation of the promoting re-
gion of VCAM-1 gene [3]. Concordant with our in
vivo findings, the in vitro blockade of nuclear factor-
Kb-induced VCAM-1 expression was associated
with an increase of intracellular GSH and the
GSH:GSSG ratio [19]. Thus, although we have not
done in vitro experiments, there is clear evidence
that N-acetyl-L-cysteine reduces VCAM-1 expres-
sion by decreasing oxidative stress and supports the
possibility that an identical mechanism can be in-
duced in vivo by this antioxidant.

As to the pathophysiological implications of our
findings, VCAM-1 upregulation is known to repre-
sent a fundamental step in atherogenesis [2]. Consis-
tent with this, circulating concentrations of the solu-
ble fraction of VCAM-1 but not of the other endothe-
lial adhesion molecules ICAM-1, E-selectin and P-se-
lectin and of thrombomodulin correlated with the ex-
tent and severity of atherosclerosis in humans [20].
Thus, it is tempting to speculate that antioxidant
treatment, i.e. N-acetyl-L-cysteine, can protect
against the onset of diabetes-related vascular damage
by inhibiting VCAM-1-related monocyte and lym-
phocyte intravascular accumulation. Obviously,
long-term follow-up studies are required to support
such hypothesis.
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Fig.2. A Effects of 1 month of N-acetyl-L-cysteine (NAC)
(1.200 mg per day) (left diagram) or placebo (right diagram)
treatments on plasma soluble vascular adhesion mole-
cule(VCAM)-1 concentrations in 15 normotensive, non-dy-
slipidemic, non-obese non-insulin dependent diabetic patients.
Significant difference between pretreatment and post-treat-
ment values p = 0.01 left diagram. Right diagram = NS. B Ef-
fects of 1 month of NAC (1.200 mg per day) (left diagram) or
placebo (right diagram) treatments on intraerythrocytic glu-
tathione content in the above mentioned patients. Significant
differences between pre-treatment and post-treatment values
p =0.04 left diagram. Right diagram = NS. In both A and B,
the pre-treatment value for each subject is [ ] connected by a
continuous line to the post-treatment value, [ll. Mean values
for each group are indicated by either O (pre-treatment) or
@ (post-treatment) with SD T-lines

In conclusion, our study shows that plasma soluble
VCAM-1 concentrations are raised in nondyslipidae-
mic, non-obese, normotensive, non-insulin-depen-
dent diabetic patients. Elevation of circulating
VCAM-1 concentrations negatively correlated with
intraerythrocytic GSH content, thus indicating in-
creased oxidative stress was responsible for endothe-
lial activation. In support of this hypothesis, 1-month
oral N-acetyl-L-cysteine treatment induced recipro-
cal changes of the two variables, i.e. increased in-
traerythrocytic GSH content and decreased plasma
soluble VCAM-1 concentrations. As a consequence,
we speculate that antioxidant agents are useful in
protecting against endogenous oxidant-related up-
regulation of endothelial adhesion molecules and
slow down the progression of vascular damage in
non-insulin-dependent diabetes.
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