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Summary

Diabetes is widely believed to predispose to serious infections. However, the
mechanisms linking diabetes and immunosuppression are not well defined.
One potential mediator of the altered defence mechanisms is hyperglycaemia.
It has been identified as the main factor contributing to the development of
diseases associated with diabetes mellitus. In this study we analyse the
immune response in diabetes and the direct effect of hyperglycaemia on T and
B lymphocyte reactivity. Diabetes induced an early decrease in IgG levels in
the secondary response. However, both primary responses against a T-cell-
dependent or independent antigen were affected after 6 months of diabetes
induction. T- and B- cell proliferation was only decreased at this time. To gain
insight into the potential mechanisms involved, we evaluated the influence of
hyperglycaemia over the immune response. Pre-incubation of lymph node
and spleen cells in a high glucose (HG) containing medium led to a significant
time- and dose-dependent decrease in T- and B-cell proliferation. This effect
was associated with the presence of HG-derived supernatants. Still viable cells
after HG exposition were able to improve their proliferative response when
cultured with the mitogen in a fresh standard medium. HG diminished cell
viability, increased apoptosis and induced oxidative stress in lymphocytes.
These results indicate that HG concentrations can directly affect lymphoid
cell growth. An increase in oxidative stress would be implicated in this delete-
rious effect. The possibility that prolonged exposure to pathologically HG
concentrations would result in the immunosuppressive state observed in
diabetes is also discussed.
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Introduction

Diabetes is widely believed to predispose to serious
infections. Experimental clinical literature supports an asso-
ciation between diabetes and infection [1–4]. Individuals
with diabetes might be at a higher risk of moderate or severe
infection-related morbidity caused by altered defence
mechanisms. It was shown that individuals with diabetes
have poorer outcomes after infection and increased inci-
dence of nosocomial infection compared with normal sub-
jects [1,2,5]. However, the mechanisms linking diabetes and
immunosuppression are not well defined.

One potential mediator of the altered defence mecha-
nisms is hyperglycaemia [6]. Hyperglycaemia has been
identified as the main factor contributing to the develop-

ment of diseases associated with diabetes mellitus. The
1993 and 2005 Diabetes Control and Complications
Trials and the UK Prospective Diabetes Study [7–9]
provided compelling evidence that intensive treatment
of people with insulin-dependent diabetes mellitus can
delay the onset and slow the progression of diabetic retin-
opathy, nephropathy, neuropathy, and micro- and macrovas-
cular complications, or prevent diabetic cardiovascular
disease. Although it is difficult to prove a similar causal
relation between hyperglycaemia and infection, there are
substantial clinical data supporting this hypothesis [6].
Moreover, uncontrolled hyperglycaemia may be associated
with increased risk of nosocomial infections in critically
affected patients, even in those without a history of diabetes
[10–13].
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Various pathophysiological and biochemical mechanisms
have been proposed to explain the adverse effects of
hyperglycaemia. In recent years, an increasing number of
reports have shown that enhanced oxidative stress is a key
factor in the development of abnormalities in diabetes
[14,15]. Reactive oxygen species (ROS) are by-products of
normal metabolic processes in the cell. At low concentra-
tions, they are thought to have some physiological roles
[16,17], including the activation and proliferation of lym-
phocytes [18]. However, at high concentrations they lead to
oxidative stress and cause damage to cellular components
[17]. ROS can function as signalling molecules to activate a
number of cellular stress-sensitive pathways that cause cel-
lular damage and they are proposed to be responsible for the
late complications of diabetes [19]. Hyperglycaemia not only
generates ROS, but also attenuates antioxidant mechanisms,
creating a state of oxidative stress [20–24]. Enhanced oxida-
tive stress is proposed to be a major cause of diabetic
endothelial dysfunctions [25,26], nephropathy [27,28] and
neuropathy [21]. Concerning lymphocyte function, it has
been suggested that oxidative stress may play an important
pathogenic role in the development of immunodeficiency
[29–31].

The aim of the present study was to analyse the effect of
diabetes on the generation of an in vivo antibody response.
For this purpose, a type I diabetes model was obtained by
treating BALB/cByJ mice with multiple doses of streptozo-
tocin (STZ), which allow a chronic stable mild hyperglycae-
mia without insulin therapy. Moreover, the direct effect of
hyperglycaemia in T and B lymphocyte reactivity was also
evaluated.

Materials and methods

Animals

Inbred female BALB/cByJ mice were purchased from the
Instituto Nacional de Tecnología Agropecuaria. They were
used between 60 and 90 days of age and were housed
on a 12-h light/dark cycle under controlled temperatures
(18–22°C). Animals were handled and sacrificed according
to the Institutional Committee for Use and Care of Labora-
tory Animals (CICUAL, School of Medicine, University of
Buenos Aires, Argentina), following the Guide for the Care
and Use of Laboratory Animals.

Experimental diabetes

To induce the diabetic state, 1 daily dose of STZ (Sigma
Chemical Co., St Louis, MO, USA) (40 mg/kg in citrate
buffer, pH = 4·5) was administered intraperitoneally (i.p.) to
the mice [32] during 5 consecutive days. Blood glucose mea-
surements were performed with a One Touch Ultra test
strips glucometer (Lifescan, Johnson-Johnson Co., Milpitas,
CA, USA) in blood samples from mice tail

punctures, before 15 days after STZ treatment (with a fre-
quency of once a week) and at the end of each experiment.
Mean plasma glucose levels were 83 � 7 and 183 � 33 mg/dl
before and after treatment, respectively, remaining at this
level throughout the experiments. Mice injected with the
vehicle at the same time were used as the respective controls
(normal mice).

Immunizations

Sheep red blood cells (SRBC) were used as an immunogen to
evaluate T-cell-dependent humoral response and lipopoly-
saccharide (LPS) (Sigma Chemical Co.) was used to deter-
minate T-cell-independent humoral response. For SRBC
response, mice were i.p. immunized on day 0 and boosted on
day 11 with 0·2 ml of 2·5 % SBRC (8 ml/kg) in saline. Blood
samples were collected for antibody determination on day 10
(primary response) and on day 18 (secondary response). For
LPS, each mouse received an i.p. injection of 10 mg LPS
(400 mg/kg) in 0·1 ml saline and blood samples were col-
lected on day 10. Mice injected with vehicles were used as
controls.

Antibody titres

Serum obtained from retroorbital blood samples was stored
at -20°C until assayed. Quantitative enzyme-linked immu-
nosorbent assay (ELISA) was performed to determine
SRBC-specific and LPS-specific antibodies as previously
described [33]. Briefly, 96-well plates (Maxisorp immuno-
plates, Nunc) were coated overnight with SRBC membranes
(10 mg/ml) or LPS (2 mg/ml). After blockade of unspecific
sites with buffer containing 1% albumin, dilutions of sera
were added and incubated for 2 h at room temperature.
Plates were then washed and samples were incubated with a
goat IgG anti-mouse IgM or IgG phosphatase alkaline con-
jugated (Sigma Chemical Co. ) and p-nitrophenylphosphate
(Sigma Chemical Co., St. Louis, MO, USA) as substrate for
developing coloration that was read at 405 nm. Reactions
were considered positive when optical density values were
above the mean value plus 2 s.d. of normal sera (sera from
non-immunized and/or vehicle-injected mice that gave non-
statistical differences among them).

Cell suspensions and culture conditions

Lymphoid cell suspensions from lymph nodes or spleens
were obtained as described previously [34]. The cell culture
medium used was RPMI 1640 (Gibco™, Invitrogen, Carls-
bad, USA) containing 0·2 g% glucose (Sigma Chemical Co.).
Briefly, lymphoid organs were aseptically removed and dis-
rupted through a 1-mm metal mesh and the resulting cell
suspensions were filtered through a 10-mm nylon mesh. After
three washes in RPMI 1640 medium, cells were resuspended
in RPMI 1640 supplemented with 10% of batched-tested

R. Rubinstein et al.

236 © 2008 British Society for Immunology, Clinical and Experimental Immunology, 154: 235–246



non-stimulatory foetal bovine serum (Gibco™), 2 mM
glutamine (Gibco™,), 100 U/ml penicillin (Gibco™), and
100 mg/ml streptomycin (Gibco™). When high concentra-
tions of sugars were used, glucose or mannitol (Sigma
Chemical Co.) (40 and 15 g% stock solution, respectively)
were added directly to the medium in the cell culture dish
to yield the final concentrations of sugars expressed for
each experiment. Where indicated, pre-incubations of cells
(3 ¥ 106 cell/ml) with sugars were performed, followed by the
cell culture conditions described above.

Preparation of high glucose supernatants

Lymphoid cell suspensions from lymph nodes or spleens
(3 ¥ 106 cell/ml) were cultured in RPMI 1640 in the absence
(0·2 g%) or presence of high concentrations of glucose
(0·5, 1 and 2 g%). After 24 h incubation, cultures were cen-
trifuged at 200 ¥ g for 15 min, cell free supernatants were
obtained and their effects on freshly obtained lymph nodes
or spleen cells were assayed.

Assessment of cell viability

Cell viability was estimated according to the trypan blue
(Sigma Chemical Co.) exclusion criteria. The number of
viable cells was determined by counting in duplicate the
trypan blue negative (viable) and positive (dead) cells in a
Neubauer chamber under a light microscope. In each case, at
least 200 cells were counted. Normally, freshly obtained cell
viability was higher than 95%. Percentage of survival rate
refers to the percentage of viable cells relative to the total
number plated.

Mitogen assay

Cells (1·5 ¥ 106 cells/ml) were settled at a final volume of
0·2 ml in 96-well flat-bottom microtitre plates (Nunc™) in
triplicate aliquots. The T-cell-selective mitogen Concanava-
lin A (Con A) (Sigma Chemical Co.) and the mitogen
selective for B cells, LPS were used. Mitogens were added to
the microcultures and dose response curves were per-
formed to determine optimal mitogen concentrations. Cells
were cultured at 37°C in a 5% CO2 atmosphere for differ-
ent periods. Cells stimulated with the mitogens displayed
the expected kinetic of proliferation with a peak on day 3
of culture [35]. Proliferation was measured by adding
0·75 mCi [3H]-thymidine ([3H]TdR, Perkin Elmer precisely,
Boston, MA, USA, 20 Ci/mmol) for the last 18-h period of
culture. Thymidine incorporation was measured by scintil-
lation counting after retention over GF/C glass-fiber filters
(Whatman Internationational Ltd, Maidstone, UK) of the
acid-insoluble macromolecular fraction. The mean of trip-
licate determinations was calculated for each lectin concen-
tration. The dpm in basal cultures was subtracted from

dpm in stimulated cultures. To analyse the influence of
high glucose concentrations on the proliferative response,
pre-incubations were carried out at different times and
glucose or mannitol concentrations. After these periods cell
viability was determined and T- and B-cell mitogen stimu-
lation was performed as described above.

Detection of lymphocyte apoptosis

Apoptosis was studied by labelling DNA and analysing chro-
matin morphology with a fluorescence microscope or by
measuring subdiploid DNA content by flow cytometric
analysis. Lymph node and spleen cells were harvested after
24 h incubation (200¥ g 15 min), washed with PBS and
counted. For fluorescence microscope examination, cells
were fixed with ethanol and labelled with Hoechst 33258
(0·5 mg/ml) (Sigma Chemical Co.) for 10 min according to
the manufacturer’s instructions. After three washes with
PBS, nuclear morphology was observed under a fluorescent
microscope (Olympus IMT2). Nuclei showing chomatin
condensation or fragmentation were considered apoptotic.
For every treatment, 200 nuclei from random microscopic
fields were counted by a double-blinded observer.

For flow cytometric analysis, a modification of the
Nicoletti method was used [36]. Lymph node and spleen
cells were harvested by centrifugation, washed and then fixed
overnight with cold 70% ethanol. After washing twice with
0·2 M phosphate buffer containing 0·1 M citric acid (pH
7·8), the cells were then stained in the dark for 30 min at
room temperature with propidium iodide (PI) (Sigma
Chemical Co. ) staining solution (50 mg/ml of PI in 0·1%
Na-citrate, 0·1% Triton X-100, 50 mg/ml RNAase A) and
analysed by flow cytometry using a FACScan flow cytometer
(Becton Dickinson) with log amplification and FACScan
research software. For each sample 10 000 cells were acquired
and analysed using the WinMDI 2·9 program. Apoptotic
nuclei appeared as a broad hypodiploid DNA peak that was
easily distinguishable from the narrow peak of normal
(diploid) DNA content [37].

Glucose incorporation to macromolecules

RPMI 1640 standard medium alone or with increasing con-
centrations of glucose was incubated at 37°C in the presence
of 14C-glucose (Perkin Elmer precisely; 303 mCi/mmol), to
obtain a specific activity of 10 mCi/g glucose. After 24 h incu-
bation in the presence or absence of lymphocytes (3 ¥ 106

cells/ml), supernatants were removed and macromolecules
were precipitated with 10% of cold trichloroacetric acid and
filtered through Whatman GF/C glass fibre filters (Whatman
Internationational Ltd). The filters were washed three times
with ice-cold solution of 10 mM glucose in PBS, pH 7·4,
dried and transferred to counting vials. Radioactivity was
measured by liquid scintillation counting.

High glucose effect on immune response
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Measurement of intracellular ROS generation

The ROS produced within lymphocytes were detected with
the membrane-permeant probe 2′,7′-dichlorofluorescein
diacetate (DCFH-DA). The probe freely enters the cell, is
incorporated into hydrophobic regions and the acetate
moiety is cleaved off by cellular esterases leaving a non-
fluorescent and impermeant form of DCFH [38]. ROS pro-
duced by the cell oxidize DCFH to DCF, which after excitation
emits fluorescence. The lymphocytes (1 ¥ 106 cells) were
incubated in the dark with 5 mM DCFH-DA (Sigma Chemical
Co.) for 15 min at 37°C. Cells were then washed twice with
PBS, harvested in PBS 0·5% Triton X-100, centrifuged at
12 000¥ g for 10 min and the supernatant was collected. The
intensity of dichlorofluorescein (DCF) fluorescence in the
supernatant was measured with an excitation wavelength of
488 nm, and an emission wavelength of 530 nm (Hitachi
F2000 Fluorescence Spectrophotometer, Tokyo, Japan).
Intracellular ROS production was calculated from a DCF
standard curve (1–40 nmol/ml).

Colorimetric assay for lipid peroxidation

As marker for lipid peroxidation, malondialdehyde (MDA),
formed by the breakdown of polyunsaturated fatty acids, was
determined [39]. MDA has been identified as the main
product that reacts with thiobarbituric acid (TBA) to give
red species absorbing at 535 nm (TBARS). After treatments,
lymph node and spleen lymphocytes (1 ¥ 107 cells) were
centrifuged for 15 min at 200 g, and the pellets were
resuspended and incubated with 15% trichloroacetic acid,
0·375% TBA (Sigma Chemical Co.), and 0·25 N hydrochloric
acid. The samples were heated for 15 min in a boiling water
bath. After cooling, the flocculent precipitate was removed
by centrifugation and the absorbance in the supernatant was
determined at 535 nm. A standard plot for MDA was pre-
pared using 1,1,3,3-tetraetoxypropane (Sigma Chemical
Co.).

Statistical analysis

The Student’s t-test for unpaired values was used to deter-
mine the levels of significance. When multiple comparisons
were necessary after anova, the Student-Newman-Keuls test
was applied. Antibody production data were not normally
distributed, so the non-parametric statistic Kruskal–Wallis
test was performed, and post hoc analysis was carried out
using the Dunn’s multiple comparison test. Differences
between means were considered significant if P < 0·05.

Results

Antibody response to T-cell dependent and
independent antigens

To investigate if changes in the humoral response are present
in diabetic mice we examined the antibody production after

immunization with SRBC, a thymus-dependent antigen, and
LPS, a thymus-independent antigen in animals at different
times after diabetes induction. To analyse the primary
response, specific antibody titres of the IgM and IgG type
were evaluated by ELISA at day 10 after immunization. We
found that titres of anti-SRBC IgM and IgG were not signifi-
cantly different between control and diabetic animals after
1–3 months, but a significant decrease was observed after 6
months of diabetic induction (Fig. 1a and b). In contrast,
during the secondary response, on day 18 after the first
immunization and one booster injection, titres of anti-SRBC
IgG were lower in animals with diabetes compared with the
control at all times tested, reaching significant differences
after 1 month of diabetes induction. (Fig. 1c). When we
evaluated the humoral response after LPS challenge, signifi-
cant decreases in the anti-LPS IgM titres were found after 6
months of diabetes induction. (Fig. 1d). It is important to
note that this humoral response in control animals was
similar at all times tested (from 15 days to 6 months after
diabetes induction, data not shown).

Lymphocyte reactivity to T-cell and B-cell mitogen

To investigate if in vivo antibody production is correlated
with in vitro lymphocyte reactivity we evaluated the
mitogen-induced T and B cell proliferation. Due to the
well-known lymphoid profile, cell suspension from lymph
nodes was used for the T-selective mitogen Con A stimula-
tion while spleen lymphocyte suspensions were used for
evaluating LPS (B-cell selective) mitogen effect. The
maximal proliferation was reached at 2 mg/ml for Con A
and 25 mg/ml of LPS for both control and diabetic mice at
all times tested (data not shown). However, the maximal
mitogen-induced lymphocyte proliferation was altered in
diabetic animals after 6 months of diabetes induction. As
can be seen in Fig. 2, both Con A-induced T cell and LPS-
induced B cell proliferation was 58 � 9% and 52 � 10%
lower than the maximal proliferation obtained for control
mice, respectively.

Effect of high glucose on lymphocyte proliferation

In order to gain insight into the potential mechanisms
involved in this alteration we evaluated the influence of
hyperglycaemia on the immune response. Lymph node and
spleen lymphocytes isolated from normal BALB/c mice were
exposed to various test media containing increasing concen-
trations of glucose for 0, 6 or 24 h. After these treatments,
similar amounts of viable lymph node and spleen cells were
stimulated with T and B selective mitogens, respectively. To
maintain the exact pre-incubation conditions with different
concentrations of glucose, cells were centrifuged and the
medium was saved to resuspend at the concentration of
1·5 ¥ 106 viable cells/ml. Exposure of T- and B-cells to high
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glucose concentrations induced a time- and concentration-
dependent decrease in cell proliferation (Fig. 3a and b).
Thus, after 24 h culture with 1 g% glucose, T- and B-cell
proliferation was significantly reduced to 40·3 � 2·5% and
45·6 � 3·6%, respectively. However, no reduction in lym-
phocyte proliferation was observed when high glucose was
added simultaneously with the mitogens, suggesting that a

time-dependent interaction between the medium and the
cells is needed. Unlike D-glucose, 1 g% mannitol did not
significantly inhibit T- and B-cell proliferation when com-
pared with control (Table 1); this suggests that high glucose-
induced decrease in lymph proliferation is not just the result
of high osmolarity. However, if after washing, viable cells
from high glucose pre-incubation were incubated with
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Fig. 1. Antibody titres following SRBC and LPS immunizaton in normal and diabetic mice. Normal and 15 days, 1, 3 and 6 month STZ treated

mice were immunized with SRBC, 2.5% in saline (a and b) and boosted on day 11 with 2.5% of SRBC in saline (c) or immunized with LPS

(10mg in saline) (d). Serum was collected on day 10 (a, b and d) or on day 18 (c) and assayed for the presence of IgM (a and d) or IgG (b and c) by

ELISA. Data shown represent the mean � s.e.m. of eight experiments performed by duplicate. Each experiment was performed with one or two sera

of each experimental condition. *P < 0.01 with respect to control value.
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Fig. 2. Mitogen-induced proliferative response in normal and diabetic mice. Lymphocytes (3 ¥ 106 cells/ml) from normal or STZ treated mice after

different times (15 days, 1, 3 and 6 month) were stimulated with optimal mitogen concentration of Con A (2 mg/ml, a) and LPS (25 mg/ml, b).

Results shown are the mean � s.e.m. of six independent experiments performed in triplicate. *P < 0.01 with respect to the control values.
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standard fresh medium containing 0·2 g% of glucose, a sig-
nificant reversion from the inhibitory effect was found.
Figure 3 (c and d) shows that both T- and B-cell proliferation
from cells previously incubated in high glucose increases
significantly following removal of the excess glucose, allow-
ing the cells to recover their normal reactivity. Moreover, if
fresh lymphocytes from control mice were incubated in
supernatants from high glucose treated cells, an important
decrease of cell division was observed (Fig. 3c and d). As it is
very well known that the advanced glycation end-products
(AGEs) have key roles in the pathogenesis of diabetic com-
plications [40] and that lymphocytes have receptors
for AGEs [41,42], we studied the glycosilated products
formation. For this purpose the 14C-glucose incorporation
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Fig. 3. Effect of high glucose on mitogen-induced normal T- and B-cell proliferative responses. Lymphocytes (3 ¥ 106 cells/ml) were treated during

0 (�), 6 (�) or 24 (�) hours in RPMI 1640 without (control, standard medium, 0.2 g% of glucose) or with the addition of glucose to yield the

final concentrations of 0.5, 1 and 2 g%, in the absence of mitogens. At the end of incubation, cell viability was determined and mitogen-induced

proliferation was assayed (a and b). Characteristics of high glucose effects on lymphocyte proliferation are shown in c and d. Dark bars show

proliferation from lymphocytes pre-incubated during 24 h in RPMI 1640 with high glucose. Grey bars display results from lymphocytes

pre-incubated with high glucose but re-suspended in standard fresh medium for mitogen stimulation. White bars indicate proliferation from

freshly obtained lymphocytes incubated with cell-free high glucose supernatants. Experimental values were expressed as percentage of the control

values (proliferation of lymphoid cells incubated with standard medium), for Con A-stimulated T cells (a and c) and for LPS-stimulated B cells

(b and d). Results shown are the mean � s.e.m. of n = 6 independent experiments performed in triplicate. *P < 0.01 with respect to control values

and #P < 0.01 with respect to high glucose values.

Table 1. Mitogen stimulation of T and B cells after 24 h culture in

media containing increasing concentrations of glucose or mannitol.

Culture media added

Proliferation (dpm)

T lymphocyte B lymphocyte

None (Glucose 0.2 g%) 194 916 � 21 136 64 373 � 7 215

Glucose 0.5 g% 144 238 � 8 654* 52 142 � 3 650

Mannitol 0.5 g% 216 357 � 12 981 65 017 � 4 551

Glucose 1 g% 116 950 � 5 263* 35 405 � 1 770*

Mannitol 1 g% 189 323 � 8 966 62 717 � 5 472

Glucose 2 g% 21 441 � 557* 6 437 � 193*

Mannitol 2 g% 139 365 � 18 117 47 636 � 2 858

*P < 0.01 statistically significant compared with the control

(standard medium). Data are the mean � s.e.m. of six experiments

performed in triplicate.
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into macromolecules was analysed. Figure 4 shows a
concentration-response increase in the presence of glycosi-
lated products in the supernatants from treated cells with
high glucose concentrations.

Effect of high glucose on cell viability and apoptosis

To analyse high glucose effect on cell viability, lymph node
and spleen lymphocytes were exposed to various test media

containing increasing concentrations of glucose for 24 h,
and viability and apoptosis were studied. High glucose
caused a concentration dependent decrease in cell viability.
At a concentration of 1 g%, glucose induced a decrease in cell
viability of 15·3 � 0·8% and 27·5 � 1·2% for lymph node
and spleen cells, respectively, when compared with control
cells incubated in standard medium (Fig. 5).

The participation of apoptotic effects was evaluated by
flow cytometric analysis after staining the DNA content of
nuclei with PI. In this way, the low broad hypodiploid peak
due to apoptotic cells was measured. As shown in Fig. 6 (b
and c) after 24 h incubation with high glucose, apoptotic cell
levels increased significantly. In a similar way, Hoescht stain-
ing of cells incubated for 24 h in medium with high glucose,
showed a reduction in the diameter of the nuclei and a
complete disarrangement of structure with small areas of
highly condensed cromatin, characteristic of apoptotic cells
(Fig. 6a). These results showed that treatment with high
glucose induced apoptosis in lymph node and spleen
lymphocytes.

To demonstrate that the effects of high glucose on cell
viability were not a consequence of hyperosmolarity,
experiments were reproduced using RPMI 1640 containing
equimolar concentrations of mannitol. After 24 h of culture,
mannitol did not significantly modify T- and B-cell viability
or apoptosis (Figs 5 and 6).

Effect of high glucose on oxidative stress production

Oxidative stress in lymph node and spleen lymphocytes was
analysed by the detection of ROS and by the measurement
of lipid peroxidation performed by TBARS production.
After 24 h of incubation with high glucose, T and B
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lymphocytes showed an increase in ROS production and
lipid peroxidation in comparison with control cells (Fig. 7).
When the same concentration of mannitol was used, no
enhancement of intracellular ROS and TBARS formation
was observed.

Discussion

Although diabetes is widely believed to predispose to serious
infections and clinical studies support an association
between diabetes and infection, the mechanisms linking dia-
betes and immunosuppression are not completely elucidated
[1].

The present work was undertaken to investigate the
immunosupression associated with diabetes and the partici-
pation of high glucose levels. For this purpose a STZ-
induced model of type I diabetes in mice was used. As a
regimen of multiple doses of STZ is highly dependent on the

strain of mice and on age, 2-month-old BALB/cByJ mice
were used. This strain has an intermediate susceptibility to
diabetic induction [43] and displays a chronic stable mild
hyperglycaemia without insulin therapy and a similar life-
time to normal mice.

These diabetic mice displayed altered humoral immune
responses. In fact, after 6 months of diabetes induction both
primary production of IgM and IgG antibodies against a
T-cell-dependent or independent antigen are affected, but 1
month of STZ treatment is sufficient for decreasing the IgG
levels of anti-SRBC in the secondary response. These find-
ings suggest that the hyperglycaemic state in mice mainly
affects the immunological memory. Several studies have
indicated an alteration of the antibody synthesis to immu-
nization in the context of diabetes. Thus, the primary anti-
body production to T-cell dependent antigens (hepatitis A
viral antigen, diphtheria toxoid) is reduced in type-1 diabe-
tes patients, while the response to a T-cell-independent
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polysaccharide (pneumococcal polysaccharide) was normal
[44]. A depletion of memory CD4+ cells was also described
in these patients [45]. Likewise, in diabetic mice, it was
shown that a depression in primary and secondary immune
responses was due to altered T-cell function and phagocytic
activity in macrophages [46]. Moreover, impaired pro-
liferation of diabetic lymphocytes has been described.
In peripheral blood lymphocytes from hyperglycaemic
diabetic patients, either with insulin-dependent diabetes
mellitus or non-insulin-dependent diabetes mellitus,
reduced proliferative responses of T cells were reported
[44,47–49]. Furthermore, Sakowicz-Burkiewicz et al. [50]
described that T cells isolated from the spleen of diabetic rats
proliferate less than cells isolated from normal rats when
stimulated with mitogen or anti-CD3 or anti-CD28
antibodies. However, our results indicate that IgG produc-
tion is impaired after 1 month of diabetic induction while
the proliferation of T- and B-cells to mitogens is affected

after 6 months of a maintained and mild diabetic state, sug-
gesting therefore that an in vivo factor would be altering the
immune response.

Hyperglycaemia has been identified as the main factor
contributing, either through direct or indirect mechanisms,
to the diabetic pathogenesis, by producing biochemical and
metabolic alterations that lead to both functional and struc-
tural alterations [7–9,20,51,52]. Also, several studies have
described the metabolism and function of immune cells
from diabetic patients, but there are only very few reports of
the direct action of high glucose on lymphocyte physiology.

The present results indicate that high glucose levels can
alter activation of both T and B lymphocytes. In fact, pre-
incubation of lymph node and spleen cells in a high glucose
containing medium led to a significant time- and dose-
dependent decrease in T- and B-selective mitogen-induced
proliferation. These effects were not associated with hyper-
tonic glucose as they were not observed in similar osmotic
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concentrations of mannitol, suggesting that glucose may
have a suppressive effect on cell proliferation that is indepen-
dent of osmolarity. It is important to note that reduction in
either T or B cell proliferation was not observed when high
glucose and mitogens were simultaneously added, indicating
that a time-dependent interaction of the cells with high
glucose is needed. So, the possibility emerged that the
immune response was affected by either altered lymphoid
and/or accessory cell functionality or a time-dependent
formation of toxic intermediates that affect lymphocyte
activation. As high-glucose exposed cells were able to
improve their proliferative response when cultured with the
mitogen in a fresh standard medium, we analysed the pos-
sible participation of intermediates that in turn could be
affecting immune reactivity. In fact, cell-free supernatants
from 24 h-lasting incubations of cells with high glucose were
able to decrease mitogen-induced proliferation of fresh
lymphocytes.

Many important biochemical mechanisms are activated in
the presence of high glucose, which occur in diabetes.
Elevated levels of glucose accelerate the formation of
advanced glycation products [53]. We observed the presence
of glycosilated products in the supernatants obtained after
24 h incubation in the presence of lymphocytes, suggesting
their participation in the deleterious effect of high glucose
on lymphocyte proliferation. It is widely accepted that
hyperglycaemic conditions induced an enhancement of oxi-
dative stress in a variety of tissues and cells types [54–56].
Moreover, via their chief signalling receptor AGEs generate
ROS [57]. The results shown here are in line with these
observations. Twenty-four-hour incubation of lymph node
and spleen lymphocytes with high glucose leads to an
increase in oxidative stress as indicated by the measurement
of free radical production (ROS generation) and by the pres-
ence of lipid peroxidation (TBARS production). On the
other hand, ROS and lipid peroxidation levels in cells incu-
bated in the presence of hyperosmotic mannitol were not
different from those incubated in control glucose. T-cell sup-
pression by increased levels of ROS was already described
[58,59]. Moreover, several studies have shown that intracel-
lular oxidative stress initiates apoptotic processes and is toxic
to primary T cells [60–62]. It has been suggested that
enhanced oxidative stress plays an important role in the
development of immunodeficiency [63] and may be
involved in both impaired responsiveness and enhanced
apoptosis in T cells from HIV-infected or other immunode-
ficient patients [64,65]. Moreover, previous studies have
described that high glucose enhanced oxidative damage,
which in turn may activate the death pathways implicated in
cell necrosis and apoptosis [66–68]. In accordance with these
results, the presence of high glucose in lymph node and
spleen lymphocyte cultures decreased cell viability. Cell
counting performed after 24 h incubation in high glucose
conditions showed a significant decrease in cell survival and
a higher percentage of apoptotic cells. Apoptosis induction

by a high glucose or diabetic state was also observed in
endothelial cells [69–71], as well as in retinal neural cells [72]
and in aorta [73].

Finally, we show in this study, for the first time, that high
glucose concentrations can directly affect lymphoid cell
growth and lead to cell death. There is evidence that im-
proving glycaemic control in diabetic patients ameliorates
immune dysfunction [6,74,75]. Although extrapolation to
in vivo conditions must be handled with caution, it can be
suggested that prolonged exposure to pathologically high
concentrations of glucose would result in the immuno-
suppressive state observed in diabetes. The results presented
here point to the importance of early adequate control of
glycaemia in subjects affected by diabetes.
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