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OBJECTIVES — To investigate the possible role of hyperglycemia-dependent monocyte che-
moattractant protein (MCP)-1 biosynthesis in the pathophysiology of early nephropathy in type
1 diabetes.

RESEARCH DESIGN AND METHODS — We studied 30 patients with type 1 diabetes
(15 with and 15 without microalbuminuria) compared with matched healthy control subjects.
Plasma MCP-1 and plasma oxidant status (vitamin E, fluorescent products of lipid peroxidation
[FPLPs], malondialdehyde [MDA]), HbA1c, and albumin excretion rate [AER]) were evaluated at
baseline. Furthermore, MCP-1, vitamin E, AER, and HbA1c were also analyzed in the microalbu-
minuric diabetic patients and in the healthy volunteers after 8 weeks of high-dose (600 mg b.i.d.)
vitamin E treatment.

RESULTS — FPLPs, MDA, and MCP-1 were significantly higher, whereas vitamin E was
significantly lower in patients with microalbuminuria and poorer glycemic control as compared
with normoalbuminuric patients and healthy control subjects. Plasma MCP-1 was positively
correlated with HbA1c, FPLPs, MDA, and AER, whereas plasma MCP-1 showed an inverse
correlation with vitamin E. Interestingly, both MCP-1 and AER decreased significantly after
vitamin E treatment, despite no changes in HbA1c values.

CONCLUSIONS — This study suggests that prolonged hyperglycemia may lead to early
renal complications in type 1 diabetes by inducing MCP-1 biosynthesis via enhanced oxidative
stress. Long-term treatment of high-dose vitamin E significantly decreased MCP-1, thus provid-
ing a rationale basis for evaluating vitamin E supplementation as therapy adjuvant to conven-
tional insulin treatment in type 1 diabetic patients in whom an acceptable glycemic control is
difficult to achieve despite appropriate insulin treatment.
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P ersistent microalbuminuria (albu-
min excretion rate [AER] �20 �g/
min) is regarded as the earliest

clinical sign of incipient diabetic ne-

phropathy (1). A causal relationship be-
tween chronic hyperglycemia and
diabetic microvascular disease (2) has
now been definitively established by data

from a prospective controlled clinical
study (3). However, the pathophysiolog-
ical pathway(s) by which hyperglycemia
may contribute to the development of ne-
phropathy in diabetes is not clearly un-
derstood. Among the sequelae of
hyperglycemia, excess oxidative stress
has captured considerable attention as a
potential mechanism of kidney disease (4).

In diabetic nephropathy, an increase
in both intraglomerular pressure and ex-
tracellular matrix protein results in basal
membrane thickening, mesangial prolif-
eration, and glomerular hypertrophy (5).
These changes reduce glomerular filtra-
tion surface and function and can
progress to glomerulosclerosis. At this re-
gard, fibroblast activation and matrix pro-
duction stimulated by inflammatory
cytokines may represent an important
mechanism contributing to diabetic ne-
phropathy. In fact, glomerular infiltration
of inflammatory cells is a common finding
in diabetic nephropathy and is mostly de-
pendent on recruitment of cells from the
bloodstream (6). Thus, monocyte recruit-
ment is associated with increased extra-
cellular matrix deposition and may be
stimulated by several chemotactic factors
(7).

Monocyte chemoattractant protein
(MCP)-1 is a C-C chemokine that exhibits
its most potent chemotactic activity
toward monocytes (8) and T-cells (9). In
addition to promoting the transmigration
of circulating monocytes into tissues,
MCP-1 exerts various effects on mono-
cytes, including the induction of superox-
ide anion (10), cytokines production, and
adhesion molecule expression (11).
MCP-1 biosynthesis is induced by inflam-
matory cytokines, or oxidatively modified
LDL (LDLox) in monocytes, endothelial
cells, and vascular smooth muscle cells
(12). Furthermore, it has recently been
shown that LDLox found in diabetic pa-
tients have a potent biological ability to
induce MCP-1 in endothelial cells
(13,14). Interestingly, it has been recently
suggested that hyperglycemia can induce
MCP-1 gene expression in nucleated cells
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(15,16). Thus, the weight of the available
evidence indicates that MCP-1 is a key
factor initiating the inflammatory process
of diabetic nephropathy and sustaining
the extracellular matrix deposition and
mesangial cell proliferation.

Thus, in the present study, we set out
to investigate the possible role of MCP-1
in the development of early nephropathy
in patients with type 1 diabetes. In addi-
tion, we studied the relationship between
poor glycemic control and MCP-1 gener-
ation and evaluated the role of plasma an-
tioxidant vitamin E on MCP-1 expression.

RESEARCH DESIGN AND
METHODS

Patients
The study was carried out in 30 of 48
consecutive young type 1 diabetic pa-
tients (aged 19 � 4 years) subdivided into
two groups according to the presence of
persistent microalbuminuria: 15 patients
with microalbuminuria (group 1) and 15
patients without microalbuminuria
(group 2). Persistent microalbuminuria
was defined as an AER between 20 and
200 �g/min in two of three overnight
urine collections performed over 6
months. Moreover, 15 healthy volunteers
were studied as a control group (group 3).
The three groups were carefully matched
to minimize potential confounders (Table
1). The study protocol was approved by
the Institutional Ethical Committee.

Design of the study
A cross-sectional comparison of circulat-
ing MCP-1 and oxidant status was per-

formed between the three groups of
study. In addition, to assess the potential
influence of plasma vitamin E on MCP-1
biosynthesis, one additional intervention
study was performed on the 15 mi-
croalbuminuric patients and the 15
healthy volunteers. Upon admission,
these subjects were treated with vitamin E
(DL-�-tocopherol acetate, Ephynal;
Roche) 600 mg b.i.d. for 8 weeks.

MCP-1 assay
Concentrations of plasma MCP-1 were
determined in triplicate by enzyme-
linked immounosorbent assay (ELISA)
(Biosource International, Camarillo, CA)
as previously described (10). The influ-
ence of vitamin E, insulin, and glucose on
assay determinations was studied by mea-
suring and comparing plasma samples
spiked with different doses of vitamin E,
insulin, or glucose. We found no cross-
reactivity for vitamin E up to 1 �g/ml,
insulin up to 1 �g/ml, and glucose up to 1
�g/ml.

Generation of MCP-1 in monocytes
in vitro
Peripheral blood monocytes from five
healthy blood donors were isolated and
cultured as previously reported (10). The
purified mononuclear cells (3 � 105/ml;
200 �l/well) were incubated for 20 h with
20% of serum obtained from microalbu-
minuric diabetic patients before or after
vitamin E supplementation or from
healthy control subjects. In some experi-
ments, vitamin E (25 �mol/l), glucose (5
or 25 mmol/l), and mannitol (25 mmol/l)
were also added to cell culture. After 20 h

in culture, the generation of MCP-1 from
adherent monocytes was measured as de-
scribed above.

Assessment of oxidant status
Lipid peroxidation in native LDL, plasma
lipid peroxide content, and plasma vita-
min E were evaluated as previously re-
ported (17,18).

Statistical analysis
For the clinical data, variables were com-
pared with the use of a �2 test. An ANOVA
was performed with the Kruskal-Wallis
method. Subsequent pairwise compari-
sons were made with the Mann-Whitney
U test with corrections for multiple com-
parisons. Changes after treatment were
analyzed with the Wilcoxon test. Simple
linear regression was used for testing the
association between variables of interest.
Statistical analysis was performed using
the SPSS 10.0.5 software.

RESULTS

Glycemic control
Mean HbA1c values were significantly
higher in microalbuminuric diabetic pa-
tients than in normoalbuminuric diabetic
patients (9.6 � 1.4 vs. 7.3 � 0.93%, P �
0.05) (Table 1).

Circulating MCP-1 levels
Plasma MCP-1 (pg/ml, mean � SD) was
significantly higher (P � 0.004) in the mi-
croalbuminuric patients (91 � 10) with
respect to the normoalbuminuric patients
(69 � 6) and healthy volunteers (70 � 8)
(Fig. 1 A). In contrast, we found no sig-
nificant differences between the nor-
moalbuminuric and the control groups.
These results are unlikely to be influenced
by number of circulating monocytes, be-
cause we did not find any significant dif-
ference among the three groups in the
blood monocyte count at baseline.

Circulating oxidant status
Baseline plasma vitamin E (�mol/l,
mean � SD) was significantly lower (P �
0.0001) in microalbuminuric patients
(20 � 3) than in normoalbuminuric sub-
jects (34 � 5) and healthy volunteers
(35 � 4) (Fig. 1B). In contrast, we de-
tected no significant difference between
the normoalbuminuric and control
groups.

Furthermore, oxidative burden was
enhanced in microalbuminuric with re-

Table 1—Clinical characteristics of patients

Variables Group 1 Group 2 Group 3

Patients (n) 15 15 15
Age (years) 18.6 � 4.1 18.5 � 3.9 18.4 � 4.0
Sex (F/M) 7/8 8/7 7/8
BMI (kg/m2) 24.2 � 3.9 24.7 � 4.7 23.8 � 3.9
Diabetes duration (years) 12.5 � 2.5 11.2 � 3.0 —
HbA1c (%) 9.6 � 1.4* 7.3 � 0.9† 5.4 � 0.6
Insulin requirement

(units � kg	1 � day	1)
1.2 � 0.3 1.0 � 0.4 —

SBP (mmHg) 116 � 13.5 114 � 13.7 111 � 12.2
DBP (mmHg) 68 � 6.4 68 � 8.6 65 � 7.9
AER (�g/min) 84.2 � 34.4* 10.4 � 0.4 4.1 � 0.3
Cholesterol (mmol/l) 4.2 � 1.2 4.0 � 1.3 3.9 � 1.1

Data are means � SD. DBP, diastolic blood pressure; SBP, systolic blood pressure. *P � 0.05 vs. both groups;
P � 0.05 vs. group 3.
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spect to normoalbuminuric patients, as
reflected by significantly higher levels of
malondialdehyde (MDA) (0.87 � 0.4 vs.
0.50 � 0.08 nmol � MDA	1 � mg	1 LDL
cholesterol, P � 0.001, Fig. 1C) and flu-
orescent products of lipid peroxidation
(FPLPs) (20 � 3 vs. 14 � 3 URF/ml, P �

0.0001, Fig. 1D). Finally, a further differ-
ence in MDA and FPLPs levels was de-
tected between normoalbuminuric
patients and healthy control subjects
(0.50 � 0.08 vs. 0.3 � 0.1, P � 0.003;
and 14 � 3 vs. 10 � 2, P � 0.01, respec-
tively).

Associations
A positive association was found between
HbA1c and AER (R2 � 0.478, P � 0.004)
in microalbuminuric patients, thus con-
fiming that persistent hyperglycemia may
influence the evolution of diabetic ne-
phropathy. Next, in agreement with the
hypothesis that poor glycemic control
may lead to nephropathy by inducing an
oxidant-dependent MCP-1 generation,
we observed both in microalbuminuric
and in normoalbuminuric diabetic pa-
tients that HbA1c was directly correlated
with MCP-1 (R2 � 0.728, P � 0.0001,
Fig. 1E; and R2 � 0.64, P � 0.01, respec-
tively), MDA (R2 � 0.56, P � 0.01; and R2

� 0.53, P � 0.01, respectively), and
FPLPs (R2 � 0.54, P � 0.0001; and R2 �
0.58, P � 0.01, respectively), and was in-
versely associated with plasma vitamin E
(R2 � 	0.738, P � 0.0001; and R2 �
	0.38, P � 0.01, respectively). Interest-
ingly, circulating oxidant status was
strongly associated with MCP-1 genera-
tion in the patients with microalbumin-
uria (R2 � 	0.464, P � 0.005 for vitamin
E; R2 � 0.478, P � 0.005 for MDA; R2 �
0.526, P � 0.001 for FPLPs). Finally,
MCP-1 showed a significant correlation
with AER in the same group of patients
(R2 � 0.547, P � 0.002, Fig. 1F).

Effect of vitamin E on systemic MCP-
1 biosynthesis in vivo
In the 15 microalbuminuric patients
vitamin E treatment significantly raised
plasma vitamin E (20 � 3 vs. 39 � 3
�mol/l, P � 0.04, Fig. 2A) to levels com-
parable to those observed in normoalbu-
minuric patients and in healthy control
subjects at baseline. Interestingly, vitamin
E treatment reduced MCP-1 biosynthesis
(91 � 10 vs. 63 � 9 pg/ml, P � 0.001,
Fig. 2B) to the level observed in nor-
moalbuminuric patients at baseline. The
effect of vitamin E on MCP-1 biosynthesis
was also observed in the healthy volun-
teers treated with vitamin E (70 � 8 vs.
52 � 8, P � 0.001). Finally, AER was also
significantly reduced by vitamin E in mi-
croalbuminuric patients (84 � 34 vs.
58 � 22 �g/min, P � 0.03, Fig. 2C), de-
spite no changes in HbA1c percentages.

Effect of vitamin E, insulin, and
glucose on MCP-1 biosynthesis
Hyperglycemia has been reported to in-
duce enhanced MCP-1 generation in nu-
cleated cells (16). To further examine the
relation between hyperglycemia and

Figure 1—A: MCP-1 concentrations in diabetic patients with microalbuminuria (MA) and with-
out (NA) microalbuminuria and in healthy control subjects (C). B: Vitamin E plasma levels in
diabetic patients with (MA) and without (NA) microalbuminuria, and in healthy control subjects.
Each dot in A and B is representative of single measurement. Solid bars indicate mean value. C:
MDA levels in patients with and without microalbuminuria and in healthy control subjects. D:
FPLPs levels in patients with and without microalbuminuria and in healthy control subjects.
Values in C and D are expressed as mean � SD. E: Relation between MCP-1 concentrations and
HbA1c in patients with diabetes and microalbuminuria. F: Relation between MCP-1 concentrations
and AER in patients with diabetes and microalbuminuria.
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monocyte activity in type 1 diabetes,
monocytes from five healthy blood do-
nors were evaluated for spontaneous
MCP-1 generation after culturing for 24 h
in a medium supplemented with either
20% serum from microalbuminuric dia-
betic patients before and after vitamin E
therapy or 20% serum from healthy vol-
unteers (Fig. 2D). Monocytes generated
considerable levels of MCP-1 when cul-

tured with serum collected from mi-
croalbuminuric diabetic patients at
baseline (643 � 42 pg/ml). Interestingly,
significantly lower (P � 0.0001) MCP-1
generation was measured in monocytes
cultured with serum collected from mi-
croalbuminuric diabetic patients after vi-
tamin E treatment and from healthy
subjects (363 � 28 and 271 � 21 pg/ml,
respectively). The stronger stimulatory ef-

fect of serum collected at baseline from
microalbuminuric diabetic patients on
MCP-1 generation was blocked by the co-
incubation with 25 �mol/l vitamin E
(643 � 42 vs. 370 � 22 pg/ml, P �
0.0001) but not with 6 �mol/l vitamin E
(643 � 42 vs. 607 � 25 pg/ml, NS), thus
confirming the critical role of high-dose
vitamin E in controlling MCP-1 genera-
tion in monocytes. In contrast, enhanced
MCP-1 generation was unaffected by in-
cubation with insulin (643 � 42 vs.
620 � 35 pg/ml, NS), thus ruling out any
effect of insulin on MCP-1 generation.

Moreover, in a second experiment
(Fig. 2E), we observed more than a 100%
increase in MCP-1 generation in mono-
cytes cultured with serum from healthy
volunteers plus high glucose (25 mmol/l)
as compared with normal glucose (5
mmol/l) (611 � 41 vs. 301 � 13 pg/ml,
P � 0.0001) or mannitol (611 � 41 vs.
382 � 31 pg/ml, P � 0.0001). Thus, this
experiment supports the in vivo study by
demonstrating that prolonged high glu-
cose per se is responsible for the strong
induction of MCP-1 biosynthesis in hu-
man healthy monocytes. Notably, a
strong positive correlation between
plasma MCP-1 in vivo and serum-
induced monocyte MCP-1 generation in
vitro was found in microalbuminuric di-
abetic patients both before (R2 � 0.401,
P � 0.05) and after vitamin E treatment
(R2 � 0.438, P � 005).

CONCLUSIONS — Persistent hyper-
glycemia is now well recognized as the
major determinant of microvascular com-
plications in diabetes (2). However, the
precise mediators and biochemical path-
ways involved in this process are still un-
clear.

We found several important findings
in this study. The first is that plasma
MCP-1 was significantly increased in type
1 diabetic patients with early nephropa-
thy when compared with matched
patients without microvascular complica-
tions and healthy control subjects. Mono-
cyte infiltration in the mesangium plays
an important role in glomerular diseases
(21) and is associated with fibroblast ac-
tivation and increased extracellular ma-
trix deposition in diabetic rats and diffuse
glomerulosclerosis in patients with dia-
betic nephropathy (6,7). As MCP-1 is a
potent chemoattractant for monocytes, it
is of interest that increased glomerular ex-
pression of MCP-1 has been shown in sev-

Figure 2—Plasma levels of vitamin E (A) and MCP-1 (B), and AER (C) at baseline and after 8
weeks of high-dose vitamin E treatment in the diabetic patients with microalbuminuria and very
poor glycemic control. D: The effect of serum from microalbuminuric diabetic patients on the
spontaneous generation of MCP-1 in monocytes in vitro. Note inhibitory effect of vitamin E when
administered both in vivo and in vitro. No effect of insulin was found. E: The effect of serum from
healthy volunteers plus high glucose level compared with normal glucose level and mannitol in the
generation of MCP-1 in myocytes in vitro. The bars and vertical lines represent mean � SD values.
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eral glomerular diseases (20) as well as in
the mesangium of rats with streptozoto-
cin-induced diabetes (21). More recently,
increased production of MCP-1 by blood
mononuclear cells of patients with diabe-
tes has been demonstrated (22).

Thus, we believe that our study pre-
sents several interesting and novel find-
ings because, to the best of our
knowledge, this is the first demonstration
that MCP-1 is enhanced in vivo in adoles-
cents and young adults with type 1 diabe-
tes and is associated with early renal
damage. Interestingly, in a recent study,
Banba et al. (23) found that urine levels,
but not serum levels, of MCP-1 increased
in accordance with the extent of GHb and
albuminuria. However, in this study only
a small group of patients (9) had mi-
croalbuminuria and so could be correctly
compared with our patients. Further-
more, eight of these nine patients had
type 2 diabetes. Again, the age (mean �
SD) was 62.2 � 10.4 years in the study
from Banba et al. but only 18.5 � 3.9
years in our study. Thus, we cannot ex-
clude that different cellular sources may
be involved in MCP-1 generation in type
1 diabetes with respect to type 2 diabetes,
with a more systemic generation by circu-
lating mononuclear cells in type 1 diabe-
tes and a more limited renal production
by mesangial cells in type 2 diabetes. Al-
ternatively, different reactivity to hyper-
glycemia could be present in the
inflammatory cells of diabetic patients
with respect to age.

The second finding of this study is our
observation of a correlation between
MCP-1 and glycemic control. It has been
demonstrated that high glucose concen-
tration stimulates the expression of
MCP-1 (16) and the formation of reactive
oxygen species (ROS) (24), which may
upregulate MCP-1 expression by activa-
tion of the transcription factor NF-
B
(25). Furthermore, recent studies indi-
cate that LDLox found in diabetic plasma
have a potent biological ability to increase
MCP-1 mRNA expression in nucleated
cells (13,14). Notably, MCP-1 mRNA in-
duced by lipoproteins from type 2 dia-
betic patients was significantly decreased
by treatment with probucol, �-tocoph-
erol, or deferoxamine, substances with
known antioxidant activity (13). Our
findings of the significant association be-
tween HbA1c, plasma pro-oxidant status,
and MCP-1 in diabetic patients with mi-
croalbuminuria support the hypothesis

that persistent hyperglycemia can induce
MCP-1 biosynthesis by increasing sys-
temic oxidative stress. This hypothesis is
further supported by our observation that
MCP-1 production in monocytes in vitro
is inhibited by vitamin E, but not insulin.

However, because diabetic patients
without persistent microalbuminuria had
normal MCP-1 levels, it is possible that
hyperglycemia per se is necessary but not
sufficient in determining increased
MCP-1 expression in the setting of type 1
diabetes. Interestingly, plasma levels of
vitamin E were significantly reduced in
diabetic patients with poorer glycemic
control and microalbuminuria, but not in
diabetic subjects without microalbumin-
uria. All these observations suggest that
moderate hyperglycemia is not a suffi-
cient stimulus to induce vitamin E reduc-
tion and increased expression of MCP-1.

In contrast, we can hypothesize that
prolonged hyperglycemia may lead to
higher oxidative burden, consumption of
endogenous antioxidant buffer (e.g., vita-
min E), and overexpression of MCP-1. In
agreement with this hypothesis, recent
data have shown that antioxidant querce-
tin is able to inhibit expression of MCP-1
in glomerular cells (26) and that liver ex-
pression of MCP-1 was markedly reduced
by vitamin E administration (27).

Reduced plasma vitamin E and in-
creased circulating MCP-1 could be merely
a secondary effect of diabetic nephropathy.
However, this hypothesis is unlikely, be-
cause the direct role of vitamin E in MCP-1
generation is supported by the observation
that in vivo generation of MCP-1 was re-
duced by administration of high-dose vita-
min E—both in the 15 diabetic patients
with microalbuminuria and in the 15
healthy volunteers. Again, one would spec-
ulate that most of the changes observed in
diabetic patients after vitamin E are ob-
served in response to treatment with insulin
and improvement of glycemic control.
However, this hypothesis is also unlikely,
because in vitro MCP-1 generation in
monocytes was exclusively downregulated
by vitamin E, while insulin or changes in
osmolar conditions failed to produce any
effect. Moreover, glycemic control did not
change in diabetic patients after vitamin E
treatment, thus confirming that MCP-1 re-
duction after vitamin E was specifically due
to vitamin E and not to improved glycemic
control.

In our study, AER was significantly re-

duced after vitamin E administration. These
results are in agreement with the recent
study from Gaede et al. (28), in which a
treatment with vitamin E (680 IU) plus vi-
tamin C (1,250 mg) in type 2 diabetic pa-
tients with micro- or macroalbuminuria
significantly lowers AER despite no changes
in HbA1c. In contrast, a subgroup analysis of
3,654 type 2 diabetic patients participating
in the Heart Outcomes Prevention Evalua-
tion (HOPE) study (29) demonstrated no
renal effects in patients receiving low-dose
(400 IU) vitamin E. However, some charac-
teristics of the HOPE study may contribute
to explain this apparent discrepancy. First,
the daily dose of antioxidant administered
in the HOPE study is significantly lower
with respect to both our study and the study
from Gaede et al. Thus, we can speculate
that the simple administration of 400 IU of
vitamin E may be not sufficient to restore
the antioxidant supply to the level necessary
to prevent the induction of inflammatory
genes ultimately leading to renal damage
and microalbuminuria. This hypothesis is
also supported in our study by in vitro ex-
periments, where the stronger stimulatory
effect of serum collected at baseline from
microalbuminuric diabetic patients on
MCP-1 generation was blocked by the co-
incubation with 25 �mol/l vitamin E, but
not with 6 �mol/l vitamin E, thus confirm-
ing that high doses of vitamin E are neces-
sary for controlling MCP-1 generation in
monocytes. Furthermore, because no infor-
mation on compliance and plasma values of
vitamin E has been reported in the HOPE
study, we cannot exclude that the failure of
vitamin E in reducing AER in this study may
be due, at least in part, to nonadequate vi-
tamin E bioavailability.

In conclusion, our study supports the
hypothesis that upregulation of MCP-1
gene expression by persistent hyperglyce-
mia in type 1 diabetic patients results in
the recruitment of monocytes into the
kidney, possibly contributing to the de-
velopment of diabetic nephropathy.
Moreover, these results suggest that the
causative role of poor glycemic control in
diabetic nephropathy is mediated by in-
creased oxidative stress and reduced
vitamin E plasma level. These findings are
potentially important from a fundamental
stand point because they indicate a patho-
genetic role for MCP-1 in the evolution of
diabetic microvascular complications.
From a practical perspective, these results
raise the possibility that vitamin E may
provide a novel form of therapy for pre-
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vention of microvascular complications
in type 1 diabetic patients, in whom an
acceptable glycemic control is difficult to
achieve despite appropriate insulin
treatment.
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