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Since conflicting results have been reported on non-specific
immune response in type 1 diabetes, this study evaluates
polymorphonuclear neutrophil (PMN) functions in the
infection free Long Evan diabetic rats (type 1) by using
tests that include: polarization assay, phagocytosis of
baker's yeasts (Saccharomyces cerevisiae) and nitroblue
tetrazolium (NBT) dye reduction. Polarization assay showed
that neutrophils from diabetic rats were significantly
activated at the basal level compared to those from the
controls (p <0.001). After PMN activation with N-formyl-
methionyl-leucyl-phenylalanine (FMLP), control neutrophils
were found to be more polarized than those of the diabetic
neutrophils and the highest proportions of polarization
were found to be 67% and 57% at 10 M FMLP,
respectively. In the resting state, neutrophils from the
diabetic rats reduced significantly more NBT dye than that
of the controls (p < 0.001). The percentages of phagocytosis
of opsonized yeast cells by the neutrophils from control
and diabetic rats were 87% and 61%, respectively and the
difference was statistically significant (p < 0.001). Evaluation
of the phagocytic efficiency of PMNs revealed that control
neutrophils could phagocytose 381+17 whereas those
from the diabetic rats phagocytosed 282 + 16 yeast cells,
and the efficiency of phagocytosis varied significantly (p <
0.001). Further, both the percentages of phagocytosis and
the efficiency of phagocytosis by the diabetic neutrophils
were inversely related with the levels of their corresponding
plasma glucose (p = 0.02; r =—0.498 and p <0.05; r =-0.43,
respectively), which indicated that increased plasma
glucose reduced the phagocytic ability of neutrophils. Such
relationship was not observed with the control neutrophils.
These data clearly indicate that PMN functions are altered
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in the streptozotocin (STZ) - induced diabetic rats, and
hyperglycemia may be the cause for the impairment of
their functions leading to many infectious episodes.
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Introduction

Diabetes related complications are reflected in the host defense
mechanisms from the non-specific to specific immune
systems. Neutrophils, being the member of the non-specific
immune system, play a critical role in the host defense
mechanism against various bacterial infections and it is
suggested that the impaired neutrophil functions [e.g.,
chemotaxis, phagocytosis, nitroblue tetrazolium (NBT) dye
reduction ability etc.] are factors that cause the susceptibility
to infections in diabetics (Coopan, 1985; Reeves and Wilson,
1992). However, the opinions concerning the incidence of
infections in diabetes are divergent. Some authors claim that
susceptibility to infections increased markedly, while others
believe that susceptibility to infections is not exaggerated in
diabetic patients managed appropriately and in good control
(Dziatkowiak et al., 1982). But, most investigators agree that
there is an increase in severity of infections in poorly
controlled diabetes.

One of the major causes of diabetes related complications is
hyperglycemia but the exact mechanism of its detrimental
effects is not clear. Hyperglycemic patients remain persistently
at risk for infectious complications (Hostetter, 1990). Investigators
have evaluated that polymorphonuclear neutrophil (PMN)
functions especially phagocytosis and bactericidal activity are
impaired in type 1 diabetes mellitus (Marhofter ez al., 1992;
Marhoffer et al., 1993; Gallacher et al, 1995) and this
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impairment is related with the metabolic control of the study
subjects, and it seems that bactericidal function improves as
the blood glucose control improves (Gallacher et al., 1995).
Some researchers have shown that although PMN phagocytosis
occurs at similar levels in diabetics and controls, but the
killing of the E. coli and Candida are impaired (Wilson and
Reeves, 1986; Islam et al., 2000). On the contrary, another
group claimed that type 1 diabetic subjects are characterized
by a significant impairment of phagocytic capacity when
compared with healthy donors (Serlenga ef al., 1993).

Many studies have demonstrated an impaired production of
oxygen-derived free radicals [e.g., superoxide anions (O7)
and hydrogen peroxide-myeloperoxidase-halide (H,O,-MPO-
Cl) anti microbial system] by neutrophils from poorly
controlled diabetic patients and STZ-induced diabetic rats
(Shah et al., 1983; Sato et al., 1992; Sato et al., 1992; Sato et
al., 1993). PMNs from type 1 diabetic subjects showed a
highly significant reduction in chemiluminescence response
when stimulated (Marhoffer et al., 1992). Also, neutrophils
from poorly controlled insulin-dependent diabetics showed
impaired ability to generate oxygen radicals (O™) in response
to FMLP, and it was solely attributed to the high glucose
concentration (Ortmeyer and Mohsenin, 1996). However,
contradictory reports are available on the ability of
unstimulated diabetic neutrophils to reduce more NBT dye
compared to the control cells, both at their basal level (Csato
et al., 1980; Weirusz-Wysocka et al., 1987).

Although several studies have been carried out to resolve
the controversial non-specific immune responses in type
ldiabetes, inexplicable controversies with regard to possible
functional defects of polymorphonuclear neutrophil leukocytes
(PMN:s) still persist. Thus, our present study tries to assess the
morphological polarization of neutrophils as a marker of their
early activation, phagocytosis of opsonized yeast particles,
and NBT dye reduction ability for the late activation of these
cells in streptozotocin (STZ) - induced type 1 diabetes using
Long Evan diabetic model rats.

Materials and methods

Animals A total of 30 Long Evan rats (Male: 15; Female: 15) each 2
weeks of age were purchased from the Animal Resources Division of
the International Center for Diarrheal Disease Research, Bangladesh.
The animals were kept in the plastic cages with even floors covered
with wood shavings in the animal house of the department of
Biochemistry and Molecular Biology, University of Dhaka,
Bangladesh. The initial average body weight of the male rats was
145 + 6 gm and of the female rats was 141 +4 gm. These animals were
kept under constant temperature with a 14 hour light and 10 hour dark
cycle. About 5-6 gm of balanced pelleted rat food was supplied thrice a
day. The animals had also free access to drinking water. These
conditions were maintained for the next 4 weeks.

Preparation for streptozotocin-induced type 1 diabetes in the
rats Rats were randomly assigned into two experimental groups:

control group consisted of 5 male and 5 female rats and the diabetic
group consisted of 10 male and 10 female rats. Diabetes was
induced at the age of 6 weeks (186 + 10 gm and 181 + 11 gm body
weights for male and female rats, respectively) by an intraperitoneal
injection of streptozotocin (STZ) dissolved in citrate buffer (65 mg/
Kg body weight). Age matched control rats were injected with
citrate buffer only. The development of diabetes was confirmed by
the presence of hyperglycemia (blood glucose level >230 mg/dL).
Plasma glucose levels were determined by the glucose oxidase
method using blood samples obtained from the animal tail. The rats
were used for the experiments 1 week after receiving STZ injection.

Collection of blood and plasma After completion of the experimental
protocols, blood samples were collected by sacrificing each diabetic
and control rats. The animals were anesthetized in a chamber
containing diethyl ether. Blood was collected into a heparin-
containing container. Immediately after collection, 2.0 ml of blood
was transferred into fresh tube and centrifuged at 3000 rpm for 10
minutes. The plasma was collected and stored at —20°C until further
analysis.

Isolation of neutrophils Neutrophils were isolated from the
freshly collected blood samples of control and diabetic rats by the
standard procedure of dextran (Sigma, St. Louis, USA) sedimentation
followed by centrifugation on Ficoll-Hypaue (Pharmacia, Uppsala,
Sweden). Neutrophils were washed twice with Hank’s Balanced
Salt Solution (HBSS, Sigma) containing 10 mM 3-(N-morpholino)-
propanesulfonic acid (MOPS, Sigma). Hypotonic shock was used
for the removal of the remaining red blood cells from the white cell
preparation. This cell preparation consisted of more than 95%
neutrophils with the remainder being mostly eosinophils and
basophils (Shields and Haston, 1985). The separated neutrophils
were resuspended in 1.0-2.0 ml of HBSS-MOPS, immediately
counted, and then diluted with the medium according to the
different experimental needs.

Polarization assay Polarization assay of neutrophils was performed
by using different concentrations (ranging from 10°-10~° M) of a
chemotactic factor, N-formyl-methionyl-leucyl-phenylalanine (FMLP).
Neutrophils (1 x 10° cells/ml) were taken into different conical
based sterile tubes (Fisher Scientific, Pittsburg, USA) and different
concentrations of FMLP were added to the cells. The cells were
incubated for 30 minutes at 37°C and then fixed with 2% (v/v)
glutaraldehyde (Sigma), washed twice with excess of HBSS-
MOPS. The percentage of polarized cells was assessed by viewing
the cell preparation under Light microscope using a 40X objective
(Nabi and Islam, 2001). At least 300 cells were counted from each
preparation.

NBT dye reduction assay Neutrophils (2 x 10° cells/ml) from
control and diabetic rats were taken in two separate glass tubes and
fresh control plasma was added into the cells. The rest of the
procedure was as described elsewhere (Nabi and Islam, 2001).
Briefly, the cells were incubated for 30 minutes at 37°C and then
aliquots of NBT (Sigma) solution was added into the cells and
incubated for 1 hour at 37°C. The unused NBT was removed
through washing and the reduced dye was extracted in dioxan
(Sigma) and quantitated at 520 nm.
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Phagocytosis assay For the phagocytosis assay, opsonized baker’s
yeasts (Saccharomyces cerevisiae; Gist brocades, Holland) were
prepared by preincubating with fresh control serum and washed,
while unopsonized yeasts were only washed with the HBSS-
MOPS. To perform the assay, neutrophils (1 x 10° cells/ml) were
used from both the control and diabetic rats. Two drops of
neutrophils in HBSS-MOPS were taken onto clean glass slides and
incubated for 5 minutes at 37°C. A few drops of prepared yeasts at
1 x 10%mL were then added to the neutrophils and incubated for a
further 5 minutes at 37°C. The rest of the procedure and the scoring
were done as described previously (Islam and Nabi, 2003). Briefly,
neutrophils with three or more attached yeasts were scored as
phagocytic cells. However, this method did not distinguish between
engulfed yeast and those which were attached to the cell surface.
The percentage of phagocytic cells and the number of yeast cells
attached per 100 randomly chosen neutrophils were counted by
examining at least 300 neutrophils from each preparation (controls
and diabetics) under the oil immersion lens.

Statistical analyses The results were expressed as mean + SD. To
compare the differences between neutrophils from the control and
diabetic rats, independent Student’s #-test was performed. Correlation
was determined by using non-parametric Spearman’s rho test. A p
value of less than 0.05 was considered significant.

Results

Polarization of neutrophils Different concentrations of FMLP
ranging from 107 to 10° M were used to observe the dose-
response for neutrophil polarization at 37°C. It was found that
there were differences in the proportions of polarized cells at each
dose of FMLP. The results using neutrophils from diabetic
(n=18) and control rats (n=10) are shown in Fig. 1. The
maximum percentages of polarized cells, about 67% (for
controls) and 57% (for diabetics), were obtained at 107 M FMLP.
Neutrophils from both the groups were found less polarized at
higher concentrations of FMLP, 10° M or 10° M. However,
neutrophils from diabetic rats were significantly more polarized
(p <0.001) at the baseline level (without added FMLP) compared
to those from control rats (30+4 vs 13=+3). Moreover, the
proportion of polarized cells from the diabetic rats did not show
any significant difference compared to those from the control rats
when stimulated with the higher concentrations of FMLP (10~
and 10° M), while at lower concentrations (107 to 10° M)
significant differences (at least, p <0.01) were found.

NBT reduction by neutrophils The mean O.D. value of
the reduced NBT dye under the experimental conditions for
the neutrophils from diabetic rats was found to be 0.12 £+ 0.03
while the corresponding value for the control neutrophils was
0.04 +0.01. Statistical analysis revealed that at the baseline
level, neutrophils from diabetic rats could reduce significantly
more NBT dye (p <0.001) than those from control rats. Table
1 represents the results of NBT dye reduction by neutrophils
from both groups.
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Fig. 1. Percentages of polarized neutrophils from control and
diabetic rats toward different concentrations of FMLP (107 to
10° M). The highest proportions of polarized neutrophils were
found at 107" M FMLP. Diabetic neutrophils showed significantly
high polarization at the baseline level (denoted as ‘No FMLP”)
compared to their control counterparts (**p < 0.001). Neutrophils
from diabetic rats showed less polarization compared to those of
control rats and the proportions of polarized cells varied
significantly (*p <0.01).

Phagocytosis by the diabetic and control neutrophils
Neutrophils from both the groups of rats were allowed to
phagocytose opsonized yeast cells. The percentages of
neutrophils phagocytosing opsonized yeasts were found to be
87+4% and 61+7% by the control and diabetic rats,
respectively. Statistical analysis showed neutrophils from the
diabetic rats were less phagocytic than those from the control
rats (p < 0.001). The results have been documented in Table 1.
To test the nonopsonic phagocytic activity, neutrophils from
both groups of rats were allowed to phagocytose unopsonized
yeast cells. Table 1 shows that compared to 32+ 4% of the
control neutrophils, 21+4% of the diabetic neutrophils
phagocytosed unopsonized yeast cells. Neutrophils from the
diabetic rats were found less phagocytic to unopsonized yeasts
(»<0.001).

Efficiency of phagocytosis by the neutrophils from control
and diabetic rats Data of the present study revealed that
neutrophils from diabetic and control rats could not
phagocytose the same number of yeast cells. The percentages
of neutrophils from both groups that had phagocytosed 3-6, 7-
10 and more than 10 opsonized yeasts have been shown in
Fig. 2. Neutrophils attached with more than 10 yeasts were
considered to be the highly efficient phagocytic cells. The
percentages of highly efficient neutrophils phagocytosing
opsonized yeasts were about 11+ 1% and 6+2% for the
control and diabetic groups, respectively. On the other hand,
the percentages of highly efficient neutrophils phagocytosing
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Table 1. Phagocytosis and NBT dye reduction by neutrophils from control and diabetic rats

% Neutrophils No. of opsonized % Neutrophils No. of unopsonized Reduced NBT
phagocytosing yeasts attached phagocytosing unop- yeasts attached to 100 dye in dioxan,
Neutrophils opsonized yeasts to 100 neutrophils sonized yeasts neutrophils O.D. at 520 nm
Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD
(Range) (Range) (Range) (Range) (Range)
c | 87+4 381+17 32+4 240+ 12 0.04+0.01
ontro (80-94) (357-409) (25-37) (224-265) (0.02-0.06)
. . 617 282+ 16 21+4 168+ 19 0.12+0.03
Diabetic
(48-70) (210-310) (15-30) (133-198) (0.09-0.16)
p values <0.001 <0.001 <0.001 <0.01 <0.001

In the phagocytosis assays, the numbers of experiments were 10 and 20, using neutrophils from 10 control and 20 diabetic rats, respec-
tively. In the NBT test, the numbers of experiments were 7 for control rats and 12 for diabetic rats.
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Fig. 2. Percentages of neutrophils from the control and diabetic
rats phagocytosing 3-6, 7-10 and more than 10 opsonized yeasts.
The number of yeasts attached to neutrophils varied significantly
between control and diabetic rats (p =<0.001). n=20 and 10 for
diabetic and control rats, respectively.

unopsonized yeasts were found 4+ 1% and 2 +2% for the
control and diabetic rats, respectively. The differences were
found significant (»p <0.001 and p<0.01), for neutrophils
phagocytosing opsonized and unopsonized yeasts, respectively.

Relationship between plasma glucose level and phagocytic
activity of neutrophils The percentages of phagocytic
neutrophils from diabetic rats showed a significant negative
relationship (p =0.02, r=-0.498) with the plasma glucose
level of the corresponding rats (Fig. 3), while the control rats
did not show such relationship. Furthermore as shown in Fig.
4, diabetic neutrophils phagocytosing the total number of
opsonized yeast cells were inversely related to the plasma
glucose level (p < 0.05; r =-0.43). It clearly demonstrates that
increased plasma glucose level can reduce the phagocytic
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Fig. 3. Relationship between fasting plasma glucose and
percentages of phagocytic neutrophils toward opsonized yeasts.
The figure demonstrates, phagocytosis by diabetic neutrophils is
inversely related to the corresponding plasma glucose level (p =
0.02, r=-0.498, n=20).

ability of the neutrophils. Although nonopsonic phagocytosis
by the diabetic and control neutrophils revealed significant
differences, no relationship was found between the percentage
of phagocytic cells and the levels of plasma glucose.

Discussion

In this study we observed the altered non-specific immune
response in STZ-induced diabetic rats by examining different
functions of neutrophils such as polarization response to
chemotactic factor FMLP, phagocytic capacity and NBT dye
reduction ability. It has already been established that diabetic
subjects are more prone to infectious diseases compare to their



Neutrophil Dysfunctions in Diabetic Rats 665

320

300 1

280 A

260 -

Total number of yeast cell attached
per 100 neutrophils

240 A

220 T T T T
100 200 300 400 500

Concnetration of plasma glucose (mg/dL)

Fig. 4. Relationship between fasting plasma glucose and the total
number of opsonized yeasts attached to neutrophils. Each
experiment represents the average value of the number of yeasts
attached to 100 neutrophils. This figure indicates that high levels
of plasma glucose reduces the ability to engulf/adhere opsonized
yeast by the neutrophils (r=-0.43, p <0.05, n=20).

healthy counterparts. In search for the roles of neutrophils in
the pathogenesis of diabetic complications many studies on
the functions of neutrophils have been carried out and ended
with many controversies.

Polarization assay has been carried out to observe the pattern
of early activation of human leukocytes as it is a recognized
measure of the early events of locomotion in neutrophils
(Shields and Haston, 1985) and monocytes (Islam and
Wilkinson, 1988). It was observed that although neutrophils
from diabetic rats were found significantly more activated at
their basal level, they showed slightly lower morphological
polarization in response to FMLP as compared with those
from the controls. These data indicate that due to increased
blood glucose level, diabetic neutrophils are found activated at
the resting state and could not show their normal response
toward chemotactic factor. Moreover, microscopic observations
revealed that neutrophils from diabetic rats when treated with
FMLP showed reduced locomotor shape (chemotactically
induced elongation) compared to those of control cells. Our
findings support the data of Oldenborg and Sehlin (1997) who
described the in vitro effects of D-glucose on the shape
changes in FMLP induced neutrophils and concluded that D-
glucose could reduce the FMLP (10°®* M) induced elongation
of neutrophils in a dose dependent manner.

The reduction of the NBT dye is an indirect measure of the
bactericidal function of neutrophils as generation of O™ radicals
during phagocytosis reduces the dye. Due to spontaneous
adhesion of neutrophils and increased production of free
radicals by these cells, increased chemiluminescence at the
base line level has been reported in diabetic patients, though
upon stimulation, the response was lower compared to the

controls (Delamaire et al., 1995). Our data revealed that
diabetic neutrophils could reduce more NBT dye at their basal
level; in contrast, Csato ef al. (1980) found significantly lower
reduction of NBT dye in diabetes than in healthy donors
irrespective of affliction with other dermatoses. Our findings
with polarization assay and NBT dye reduction are similar to
those obtained by workers measuring other aspects of
neutrophil function (Biswas et al., 1993; Delamaire et al.,
1995). We did not find any relationship between the NBT
reduction ability of the diabetic neutrophils and the plasma
glucose level, and the phagocytic ability of the cells. Bellinati-
Pires et al. (1992) also reported similar results that demonstrated
that the ability of neutrophils to reduce NBT dye was not
correlated with their bactericidal activity but only the absolute
absence of NBT reduction reflected the low bactericidal
activity of neutrophils.

The percentages of neutrophils from diabetic rats phagocytosing
opsonized yeasts has been found to be significantly lower than
those from the control cells (Table 1), which is similar to the
findings of Pershel et al. (1994). Also, diabetic neutrophils
were significantly less efficient in phagocytosing the total
number of yeast cells than those by the control cells.
Neutrophils from diabetic rats showed significantly lower
performance in phagocytosing nonopsonic yeasts though we
did not find any correlation with the level of plasma glucose.
The complement receptor CR3 has been described to function
as a nonopsonic receptor in macrophages (Ehlers, 2000),
which is also expressed by neutrophils (Sengelov, 1995).
There are receptors on the surface of neutrophils involved in
the nonopsonic binding and phagocytosis of many organisms
such as M. kanasii, N. meningitides, P. aeruginosa, Streptococci
as well as zymosan (Peyron ef al., 2000; Albanyan et al.,
2000; Eastabrook ef al., 1998; Mahenthiralingam and Speert,
1995). Evidences indicate that CR3 also serves in the
nonopsonic recognition of microbes by interacting directly
with a wide spectrum of molecules on their surfaces (Hetland
et al., 1994; Cywes et al., 1997). Unopsonized yeasts can also
bind to these receptors (Ross et al., 1985). Thus, receptors
involved in the nonopsonic phagocytosis are also assumed to
be impaired in diabetic neutrophils, and as a result, these cells
showed reduced phagocytic activity even to nonopsonic yeast
cells.

In summary, our results indicate that neutrophils from
diabetic rats are already activated at their basal level (showed
by polarization and NBT dye reduction studies) whereas the
phagocytic activity by the cells was significantly reduced. It
remains to be shown whether increased plasma glucose level
has a direct effect on C3b- and/or Fc-receptor mediated
neutrophil phagocytosis that may hinder the cell surface
receptors and/or may be due to desensitization of the cells.
Excess glucose in the blood may lead to impairment of
normal expression and/or inhibition of signals triggering for
pinocytic uptake at the phagocytic site for Fcy-R mediated
phagocytosis (prerequisite for phagocytosis, Botelho er al.,
2002). These assumptions become more supportive by the
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characteristically less response of change in the shape of
neutrophils when treated with FMLP and the significantly
fewer yeast cells phagocytosed (attached as well as engulfed)
by the diabetic neutrophils.
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