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Abstract

Abnormal immune functions of polymorphonuclear (PMN) cells occur in a variety of pathophysiological conditions. There exists a close
link between glucose metabolism and PMN functions. The aim of this study was to assess the effect of short-term hyperglycemia and/or
hyperinsulinemia on phagocytosis and respiratory burst of PMN cells in healthy subjects in vivo. The study was performed on 12 healthy
subjects (mean age, 26.9 + 1.6 years; body mass index, 24.4 + 0.84 kg/m?). Acute hyperglycemia and/or hyperinsulinemia was induced by
three 4-hour-long clamp studies—hyperglycemic hyperinsulinemic clamp (HHC), hyperinsulinemic euglycemic clamp (HEC), and isolated
hyperglycemic clamp with insulin secretion blockade (HGC). Polymorphonuclear cell phagocytosis and PMN cell respiratory burst (mean
percentage and mean fluorescent intensity of phagocyting/activated PMN cells, phagocytic, and respiratory burst indexes) were evaluated by
flow cytometry under basal and stimulated conditions. Results detected during clamp studies were compared with those found during a
control study with saline infusion. Significant reductions in the mean percentage of phagocyting cells measured under basal conditions after
the HHC (6.7% £ 1.3% vs 12.1% % 4.3%; P <.05) and HGC (4.5% % 1.8% vs 9.9% +£ 2.1%; P < .05) were found in comparison with the
preclamp study period; however, these results did not differ significantly from those detected during the control clamp (CC) study.
Significantly higher phagocytic (115.1 + 65 vs 35.8 £ 18.6; P < .05) and respiratory burst indexes (16.5 + 3 vs 10.1 £ 1.4; P < .05)
measured under basal conditions were found after HEC in comparison with the preclamp data. However, these data did not differ
significantly from those found after the CC study. No significant differences in other parameters of detected PMN cell immune functions
were found after HHC, HEC, and HGC. In conclusion, immune functions of PMN cells were not significantly influenced by short-lasting
hyperglycemia and/or hyperinsulinemia induced in vivo by clamp techniques in healthy subjects compared to changes induced by the CC
study. Further studies on the short-term effect of glucose metabolism on PMN functions in diabetic patients should be considered necessary.
© 2006 Elsevier Inc. All rights reserved.

metabolism and PMN functions based on metabolic and
pathophysiological conditions.

The oxygen-dependent intracellular killing of infectious
agents in PMN cells, known as the respiratory burst,
consists of a sequence of metabolic events activated after
contact of foreign particles with the PMN membrane. The
respiratory burst includes the generation of reactive oxygen
intermediates (ROI) [4-7]. The generation of ROI relates to
the oxidation of glucose via the hexose-monophosphate
shunt. The microbicidal activity of activated macrophages
against certain intracellular and extracellular pathogens is
correlated with their production of ROI [8,9].

1. Introduction

Phagocytosis by polymorphonuclear (PMN) cells con-
stitutes an essential tool of host defense against bacterial and
fungal infections. The phagocytic process can be separated
into several major steps: chemotaxis, attachment of particles
to the cell surface of phagocytes, ingestion, and intracellular
killing by oxygen-dependent and -independent mechanisms
[1,2]. These PMN functions require energy derived from
glucose [3]. There may exist close links between glucose
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Abnormal phagocytosis occurs in a variety of clinical
disorders and may be associated with the neutrophil itself or
with immunoglobulin or complement defects [6,10-17]. In
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diabetic patients, a 50% reduction in PMN glucose use and
glycolysis was found [18]; however, a significant increase in
glucose use and glycogen formation was observed in
leukocytes after treatment of diabetic patients with insulin
[18,19]. Some studies showed functional PMN cell abnor-
malities such as the impairment of chemotaxis [20,21],
adherence [22], and ingestion [20,23], which were associ-
ated with chronic hyperglycemia [20,23,24]. The respiratory
burst of stimulated PMN cells was significantly reduced in
both type 1 [23,25] and type 2 diabetic patients [26] with
poor metabolic control. It is unclear how the acute changes
in short-lasting high glucose and insulin serum levels could
impact the potential for infection in a clinical setting.

The effect of acute hyperglycemia on PMN functions was
still predominantly assessed during in vitro studies. There
were described significant changes in immune functions up to
high glucose medium levels. Reduced PMN functions such as
phagocytosis and respiratory burst with reduced superoxide
production were shown in several reports [27-29].

To date, the influence of hyperinsulinemia on PMN cell
activities was assessed very rarely in vivo [18,30]. Never-
theless, the effect of acute hyperglycemia on PMN functions
has not been studied yet.

The aim of our study was to assess the effect of
combined short-lasting hyperglycemia and hyperinsuline-
mia, isolated hyperinsulinemia, and isolated hyperglycemia
on phagocytosis and respiratory burst of PMN cells in
healthy subjects during clamp techniques. These models of
conditions correspond far more with the pathophysiological
status in patients with diabetes mellitus.

2. Materials and methods
2.1. Subject characteristics

Twelve healthy subjects without any concomitant disease
were included into the study. They had a mean age 0f 26.9 +
1.6 years and body mass index of 24.4 + 0.84 kg/m”. Each
of the healthy subjects had to have normal blood counts,
normal glucose tolerance according to the 1999 World
Health Organization diagnostic criteria [31] (mean fasting
glycemia, 4.6 £ 0.12 mmol/L), and normal glycosylated
hemoglobin (mean HbA,, 4.8% + 0.09%). Normal glucose
tolerance was confirmed by an oral glucose tolerance test.
None of the study subjects took medications known to
influence plasma glucose or insulin concentrations or had
pathological levels of erythrocyte sedimentation rate and
routine biochemical laboratory tests (creatinine, urea,
electrolytes, lipid concentrations, urine analysis). Immune
defects were excluded by laboratory tests of physiological
parameters related to immune functions.

The exclusion criteria included respiratory, renal, hepatic,
gastrointestinal, immune, infectious or other diseases, alco-
holism, and drug abuse. Acute and chronic diseases were
excluded based on medical history, physical examination,
and routine laboratory tests of blood counts, biochemical

parameters, etc. None had a defined immune defect and a
history of acute infectious disease during the last 3 months.

All subjects provided written informed consent before
participation in this study, which was reviewed and
approved by the local ethics committee.

2.2. Experimental design

All subjects were examined after an overnight fast. They
were instructed to adhere to their ordinary lifestyle and
avoid alcohol consumption, strenuous exercise, and major
changes in food intake for 3 days before the clamp study.
The study procedures in each healthy subject consisted of
4 consecutive clamp studies, each of 4 hours duration per-
formed in 14-day intervals.

2.2.1. Study 1

The hyperglycemic hyperinsulinemic clamp (HHC)
study was performed as described previously [32,33].
Briefly, a new Teflon cannula (Venflon; Ohmeda, Helsing-
borg, Sweden) was inserted into an antecubital vein for the
infusion of all test substances. A second cannula (Venflon;
Becton-Dickinson, Helsingborg, Sweden) was inserted
retrogradely into a wrist vein for blood sampling, and the
hand was placed in a warming device to achieve venous
blood arterialization. The aim of the HHC was to raise the
plasma glucose concentration acutely to a fixed hypergly-
cemic plateau of 17 mmol/L and to maintain it at that level
for 4 hours. The high plasma glucose level was achieved
with a bolus of 40% glucose in a previously calculated dose
(dose [mL] = weight [kg] X [17 — plasma glucose
concentration] X 0.0855). Thereafter, blood glucose levels
were measured in blood samples obtained at 5- or 10-minute
intervals. Plasma glucose concentrations throughout the
study periods were maintained at the hyperglycemic level
by a continuous 15% glucose infusion at variable rates
adjusted according to glucose levels.

Blood samples for immunoreactive insulin (IRI) deter-
mination were taken before (0 minutes) and at 60, 120, 180,
210, 225, and 240 minutes of each clamp study. Blood
counts, parameters of phagocytosis, and respiratory burst of
PMN cells were determined from blood samples taken at 0
and 240 minutes of each clamp study.

2.2.2. Study 2

The hyperinsulinemic euglycemic clamp (HEC) proce-
dure was described previously [32-34]. A primed constant
insulin infusion (1 mU/kg per minute of Actrapid HM;
NovoNordisk, Copenhagen, Denmark) was administrated to
raise and maintain the plasma insulin concentration at
approximately 60 mU/L. The whole blood glucose levels
were measured in blood samples obtained at 5- or 10-minute
intervals. Glycemia was maintained at fasting level
(4-6 mmol/L) by a continuous infusion of 15% glucose at
variable rates adjusted according to glucose measurements.
Addition of saline was infused to match the liquid volume
applied during the HHC in study 1.
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2.2.3. Study 3

To test the effect of isolated hyperglycemia in vivo, the
isolated hyperglycemic clamp (HGC) with insulin secretion
blockade was performed. A hyperglycemic plateau of
17 mmol/L was achieved with a 40% glucose bolus in a
previously calculated dose (dose [mL] = weight [kg] X
[17 — glycemic level] X 0.0855) followed by a continuous
intravenous 15% glucose infusion at variable rates adjusted
according to glucose level measurements as in study 1. The
endocrine insulin secretion was blocked by continuous
somatostatin infusion at the rate of 500 ug/h (somatostatin
injection power, 1 X 3 mg + solvens; UCB SA Pharma,
Braine, L’Alleut, Belgium). To ensure time and volume
compatibility with the HHC, the rest of the liquid volume
applied throughout the first clamp study was substituted by
an adequate amount of drinking water.

2.2.4. Study 4
The control clamp (CC) study consisted of infusion of saline
and drinking of water time- and volume-matched to the HHC.

The mean plasma glucose concentration during study
1 was 17 £ 0.35 mmol/L with coefficients of variation
lower than 5%. Because of the physiological stimulation of
endogenous insulin secretion, the mean reactive plasma
insulin concentration was 352.3 + 66 pU/mL. Euglycemia
(mean plasma glucose concentration, 4.7 + 0.09 mmol/L
with coefficients of variation <5%) and hyperinsulinemia
(mean plasma insulin concentration, 57 + 5 pU/mL) were
maintained throughout study 2. Stable hyperglycemia (mean
plasma glucose concentration, 16.4 + 0.7 mmol/L with
coefficients of variation <5%) was achieved in study 3 with
endocrine insulin secretion blockade by somatostatin,
resulting in a mean plasma insulin value of 23.8 =+
3.6 pU/mL. During the CC study (study 4), the mean
plasma glucose concentration and mean plasma insulin
value were 4.8 + 0.12 mmol/L with coefficients of variation
lower than 5% and 3.4 + 0.5 pU/mL, respectively.

2.3. Analytical methods

The plasma glucose concentrations were measured on a
Beckman Analyzer (Beckman Instruments, Fullerton, CA)
using the glucose oxidase method. HbA . was evaluated by
the Bio-Rad Haemoglobin A;. Column Test (Bio-Rad
Laboratories, Munich, Germany). Immunoreactive insulin
was determined by radioimmunoassay using Immunotech
Insulin IRMA kit (Immunotech, Prague, Czech Republic).

Phagocytosis of PMN cells was evaluated by flow
cytometry using a commercially available quantitative test
(Phagotest; Orpegen Pharma, Heidelberg, Germany). Phago-
cytosis of PMN cells was analyzed as described previously
[35,36]. Phagotest measures the overall percentage of
granulocytes showing phagocytosis—the ingestion of one
or more bacteria per cell—as well as the individual cellular
phagocytic activity (number of bacteria per cell).

One half of a heparinized whole-blood sample (100 uL
per test) was incubated in an ice bath for 10 minutes as a
negative control sample. The second half of the blood
sample was incubated with fluorescein-labeled opsonized
(with immunoglobulin and complement) bacteria Escherichia
coli (E coli FITC opsonized 1 x 10° bacteria per milliliter) in
a water bath at 37°C for 10 minutes. At the end of the
incubation time, phagocytosis was stopped by placing all
samples on ice and adding 100 uL of quenching solution.
After washing with the washing solution, the erythrocytes
were disrupted by adding 2 mL of the lysing solution to the
blood samples. Finally, 200 uL of the staining solution was
added to the samples, and the percent of the phagocyting
cells, as well as the intensity of the fluorescence per cell, was
evaluated as described below.

Respiratory burst of PMN cells was evaluated by flow
cytometry using a commercially available test (Bursttest;
Orpegen Pharma, Heidelberg, Germany). The test measures
the percentage and the enzymatic activity of the ROI-
producing PMN cells. Bursttest uses unlabelled opsonized
E coli (a particulate stimulants) for PMN stimulation.
Escherichia coli was chosen as a more physiological
stimulants with closer relation to infection.

Respiratory burst of the PMN cells was analyzed as
described previously [35,36]. Briefly, mixed heparinized
blood (100 uL per test) was incubated in an ice bath for
10 minutes to cool the blood samples to 0°C. Half of the
whole blood was mixed with 20 uL of precooled E coli. The
nonstimulated sample served as a negative background
control. Next, 20 uL of washing solution was added. After
mixing, the samples were incubated in a water bath at 37°C
for 10 minutes. After that, 20 uL of substrate solution
(dihydrorhodamine 123; DHR123) was added and incubat-
ed for another 10 minutes at 37°C. At the end of the
incubation, the blood samples were lysed and fixed with
2 mL lysing solution, then washed and supplemented with
200 uL DNA staining solution. Measurements of the cell
suspensions were done using the flow cytometer, as
described below, within 30 minutes after 10 minutes of
incubation with the staining solution.

Comparisons of blood count changes found after each
clamp study with those detected during the CC study
showed significantly reduced amounts of leukocytes after the
HHC (A leukocytes after the HHC vs after the CC, 1.17 vs
0.19; P < .05) and after the HGC (A leukocytes after the
HGC vs after the CC, 1.12 vs 0.19; P < .05). These results
did not influence the percentage and mean fluorescent
intensity of phagocyting and active PMN cells measured by
flow cytometry, as approximately 10000 PMN cells from
each blood sample were taken to perform the measurement
of activity of PMN phagocytosis and respiratory burst.

2.4. Analysis of PMN functions by flow cytometry

Percentage of phagocytic PMN cells, mean fluorescent
intensity of the labeled phagocyting PMN cells, and
percentage and mean fluorescent intensity of cells with



814 V. Fejfarova et al. / Metabolism Clinical and Experimental 55 (2006) 811818

Table 1

The phagocytosis of PMN cells measured under basal conditions before and after HHC, HEC, isolated HGC, and CC studies

A. Basal phagocytic parameters before and after individual clamp studies

Phagocytic parameters

Type of clamp

HHC HEC HGC cC
Before clamp  After clamp  Before clamp  After clamp Before clamp  After clamp  Before clamp  After clamp
(n = 12) (n = 12) (n = 12) (n = 12) (n = 12) (n = 12) (n = 12) (n=12)
MP of phagocyting 12.1 + 4.4 6.7 £ 1.3*% 73+ 1.7 75+ 1.5 99 + 2.1 45 + 1.8% 7.8 +22 58+ 1.8
PMN cells (%)
MFI of phagocyting 389 + 121 392 +£ 70 214 + 122 341 £ 152 177 + 98 167 + 93 418 + 142 427 + 139
PMN cells
Phagocytic indexes 146 £ 1.2 132 £ 1.1 35.8 + 18.6 115.1 £ 65*  65.5 *+ 40.6 65 +40.8 176 + 67.3 122.5 + 37

B. A comparison of the changes in phagocytic parameters assessed during clamp studies with those found during the CC study

Changes of parameters

Type of clamp

HHC HEC HGC CcC
AMP of phagocyting —54 t4 027 £ 1.8 —51+2 —-1.1£23
PMN cells
AMEFI of phagocyting 2.84 + 96 126.5 £ 150 33£6 —27 £ 151
PMN cells
APhagocytic indexes 1.5 £ 0.83 —87.2 + 68.8 0.1 £0.7 18.5 + 32

Results are means + SE. MFI indicates mean fluorescent intensity; MP, mean percentage; A, change in parameters before and after the clamp study.
* P <.05; statistically significant changes after HHC and HGC clamps in comparison with parameters found before HHC and HGC clamps, respectively;

other parameters are not significant.

oxidative burst were measured in the blood samples with the
use of the FACSCalibur (Becton-Dickinson, San Jose, CA)
flow cytometer equipped with a laser beam emitting 488 nm
of blue-green light. For the analyses of blood leukocytes
from the samples (at least 10000 cells per sample), the
CellOuest software (BDIS, CA) was used. The fluorescence
was estimated using histograms from the FL2 channel. The
power of the study was less than 80%.

Table 2

2.5. Data analysis

Polymorphonuclear functions (phagocytosis and respira-
tory burst) under basal conditions (activity of negative
samples) and after E coli stimulation in the pre- and
postclamp periods were compared. Phagocytic and respira-
tory burst indexes related to PMN functions were calculated
(mean fluorescent intensity of phagocyting or active PMN

The phagocytosis of PMN cells measured after £ coli stimulation before and after HHC, HEC, isolated HGC, and CC studies

A. Stimulated phagocytic parameters before and after individual clamp studies

Stimulated parameters

Type of clamp

HHC HEC HGC CcC
Before clamp ~ After clamp ~ Before clamp  After clamp ~ Before clamp ~ After clamp  Before clamp  After clamp
(n = 12) (n = 12) (n = 12) (n = 12) (n = 12) (n = 12) (n = 12) (n = 12)
MP of phagocyting 81.9 + 3.9 81.6 = 4.5 594 + 9.6 564 + 7.7 66 = 8.8 69.5 + 4.5 60 + 6.8 573 + 7.4
PMN cells (%)
MFT of phagocyting 1268 = 214 1333 + 247 1018 £ 219 638 £ 196 1159 + 445 653 + 215 1129 £+ 198 1240 * 145
PMN cells
Phagocytic indexes 104.4 +£ 288 787 + 21.7 362 + 98 349.5 + 92 451 + 87 429 + 38.2 417 +£ 842 4103 £ 81.1

B. A comparison of the changes in phagocytic parameters assessed during clamp studies with those found during the CC study

Changes in parameters

Type of clamp

HHC HEC HGC CcC
AMP of phagocyting —03 + 1.1 48 £5 —3.1+05 —24 £+ 1.7
PMN cells
AMEFTI of phagocyting 654 + 113 —156 + 57 —193.8 + 27 —26.9 + 59
PMN cells
APhagocytic indexes 31.1 + 41.6 16.6 + 11.1 21.3 + 48.1 13.4 + 40.7

Results are means + SE. No parameters are significant.
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The respiratory burst of PMN cells measured under basal conditions before and after HHC, HEC, isolated HGC, and CC studies

A. Basal parameters of respiratory burst before and after individual clamp studies

Basal parameters

Type of clamp

HHC HEC HGC cC
Before clamp  After clamp  Before clamp  After clamp  Before clamp  After clamp  Before clamp  After clamp
(n = 12) (n=12) (n=12) (n = 12) (n=12) (n =12) (n=12) (n = 12)
MP of active PMN cells (%) 4.5 + 14 25104 29+ 0.7 2.1 £ 0.6 39+ 1 6.8 + 2.6 34 + 1.1 3.1+ 1.1
MFI of active PMN cells 288 + 53 300 + 66 501 £ 95 678 £ 156 475 £ 116 494 + 173 516 + 128 684 + 175
Respiratory burst indexes 146 £ 1.2 132+ 1.1 101+ 14 16.5 + 3* 14.6 £ 3.1 173 £35 101 £ 1.3 11.9 £ 23

B. A comparison of the changes in respiratory burst parameters assessed during clamp studies with those found during the CC study

Changes in parameters

Type of clamp

HHC HEC HGC cC
AMP of active PMN cells -2+ 14 —-0.8 £ 0.7 28 + 1.7 —-03 + 1
AMFTI of active PMN cells 12.1 £ 60 177.5 £ 104 6.6 £ 92 168.2 + 106
ARespiratory burst indexes 1.7 £ 09 —-50x33 0.7 £ 3.8 29t 2.1

Results are means + SE. No parameters are significant.

cells divided by mean fluorescent intensity of nonphagocyt-
ing or nonactive PMN cells). The HHC, HIC, and HGC
studies were also compared with the time- and volume-
controlled saline infusion.

The statistical data analysis was performed by the BMDP
PC 90 statistical software (Los Angeles, CA). The compar-
ison of data and indexes evaluated before and after each
clamp study was performed by paired Wilcoxon test in each
healthy subject, and the comparison of data changes among
clamp studies was performed by Kruskal-Wallis test in each
healthy subject. The Spearman rank correlation coefficient

Table 4
The respiratory burst of PMN cells measured after £ coli stimulation before and

was used to determine any significant correlation between
assessed data. All data are expressed as means = SE. All
results including indexes were also analyzed after logarith-
mic transformation of non-Gaussian distributed data.
P values of less than .05 were considered significant.

3. Results

We found significant reductions in the mean percentage
of phagocyting PMN cells measured under basal conditions
after the HHC (P < .05) and after the HGC (P < .05;

after HHC, HEC, isolated HGC, and CC studies

A. Stimulated parameters of respiratory burst before and after individual clamp studies

Stimulated parameters

Type of clamp

HHC HEC HGC CcC
Before clamp  After clamp  Before clamp  After clamp  Before clamp  After clamp  Before clamp  After clamp
(n=12) (n = 12) (n = 12) (n = 12) (n = 12) (n=12) (n=12) (n =12)
MP of active 89.6 £ 5.3 89.8 + 4.8 91.1 £33 79.4 + 8.9 82.6 £ 7 912 + 2.7 90 + 3.5 894 £ 2.5
PMN cells (%)
MEFTI of active 2850 + 508 2620 + 476 2487 + 353 2407 £ 307 1906 + 358 1662 + 287 3045 + 344 2886 + 393
PMN cells
Respiratory burst 1044 +£ 288 787 £ 21.7 529 + 254 45 + 145 369 + 14.8 383 + 142 37 £ 9.6 40.1 £ 12.5
indexes

B. A comparison of respiratory burst parameters assessed during clamp studies with those found during the CC study

Changes in parameters

Type of clamp

HHC HEC HGC cC
AMP of active 0.7 £ 44 —11.7 £ 8.8 10.3 £ 7.1 —05+24
PMN cells
AMEFTI of active —107 £+ 212 —80.3 £ 83 —238 + 198 —158.5 + 389
PMN cells
ARespiratory burst 29.7 £ 353 —-1.8 £ 215 13 £09.1 —-7.1+£94
indexes

Results are means + SE. No parameters are significant.
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Table 1A). Other phagocytic parameters of PMN cells
assessed after individual clamp studies under basal con-
ditions were not significantly different from those found
before the clamp studies (Table 1A). However, the changes
in basal phagocytic PMN parameters evaluated during indi-
vidual clamp studies did not differ significantly from those
of the CC study (Table 1B).

Other parameters of phagocyting PMN cells measured
after E coli stimulation (Table 2A) were not influenced by
acutely induced hyperglycemia and/or hyperinsulinemia
during provided clamp studies. Similar to differences in basal
PMN phagocytic parameters, the changes in PMN phagocytic
parameters before and at the end of the HHC, HEC, HGC, and
the CC studies measured after £ coli stimulation were not
statistically different as shown in Table 2B.

The measurements of respiratory burst of PMN cells
under basal conditions before and after each clamp study did
not differ significantly (Table 3A); their respective changes
during the HHC, HEC, and HGC were not significantly
different from the results of the CC study (Table 3B). The
mean percentage and mean fluorescent intensity of active
PMN cells measured after £ coli stimulation before and
after each clamp study did not differ significantly (Table 4A),
and their differences under stimulated conditions were
not statistically different either from those detected during
CC (Table 4B).

Significantly higher phagocytic indexes and respiratory
burst indexes evaluated under basal conditions were found
after the HEC (P < .05). However, these indexes were not
significantly different from those found after the CC study
(Tables 1 and 3).

All indexes elucidating the activity of phagocytosis and
respiratory burst measured after E coli stimulation were not
statistically different before and after each study clamp.
Moreover, their comparison with indexes detected during
CC did not differ significantly, even after logistic transfor-
mation (Tables 2 and 4).

4. Discussion

The aim of our study was to determine whether short-
lasting hyperglycemia and/or hyperinsulinemia induced
under defined conditions during clamp studies could influ-
ence the immune functions of PMN cells in healthy subjects
in vivo. The design of our study was based on theoretical
pathophysiological presumptions and on results of previous
experimental in vitro studies. To the best of our knowledge,
studies performing under exactly defined conditions during
clamp studies have not been published yet.

Based on pathophysiological aspects, we presumed a
prevailing negative effect of hyperglycemia on phago-
cytosis and especially on respiratory burst of PMN
cells. There exist some hypotheses of pathophysiological
action of higher glucose and insulin concentrations on
metabolism and activity of PMN cells. They are, in some
aspects, controversial.

Physiologically, superoxide radicals are formed during
the respiratory burst from oxygen and nicotinamide adenine
dinucleotide phosphate (NADPH) molecules under cataly-
zation of NADPH oxidase [6]. Normally, 40% of glucose is
metabolized through hexose monophosphate shunt in PMN
cells. Hyperglycemia could induce the several-fold increase
in glucose amounts metabolized via hexose monophosphate
shunt. Reactive oxygen intermediate production increases
proportionally with NADPH production increase [37]. Con-
versely, during severe hyperglycemia, saturation of hexoki-
nase enzyme could appear. Afterwards, glucose is converted
to sorbitol by an NADPH-dependent aldose reductase
enzyme in the polyol pathway, in which NADPH is con-
sumed by the aldose reductase enzyme and therefore ROI
production decreases [17].

Based on experimental in vitro studies performed on
PMN cells from healthy subjects after short-term exposition
to hyperglycemia, we suspected various impairments of
PMN functions. Cendoroglo et al [27] proved that incubation
of PMN cells from healthy subjects in media with high
glucose concentrations, comparable to concentrations in
dialysis fluids, inhibited phagocytosis and respiratory burst
after 30 minutes of incubation. An inhibition of phagocytosis
and unaffected activity of respiratory burst (irrespective of
glucose concentration or fluid osmolality) after exposition of
PMN cells from healthy subjects to high glucose concen-
trations (25 mmol/L) and hyperosmolarity of peritoneal
fluids has been shown by Liberek et al [38]. Nielson and
Hindson [39] showed an impairment of respiratory burst of
preincubated PMN cells from healthy subjects in dependence
on increasing glucose concentration (11-56 mmol/L) during
30 minutes of incubation in vitro.

In our study, we have not found any significant effect of
acute short-lasting hyperglycemia (17 mmol/L) on PMN
functions, neither on phagocytosis or on respiratory burst of
PMN cells. Compensatory effect of both the abovemen-
tioned pathophysiological mechanisms participating in ROI
production might be involved.

Similarly to hyperglycemic conditions, we did not find
any significant effect of short-lasting hyperinsulinemia on
immune functions of PMN cells in healthy subjects.

Based on previously reported studies, we supposed that
insulin could activate the main PMN functions through
specific binding of insulin to its PMN membrane receptor
[40,41]. Moreover, as described earlier, insulin was able to
increase in vitro glucose consumption of PMN cells from
nondiabetic human subjects without influencing the perme-
ability of the plasma membrane to glucose [42]. Spagnoli et
al [43] confirmed the activation of PMN functions induced
by high insulin concentrations. On the other hand, Hu et al
[44] showed that insulin attenuated PMN respiratory burst.

Similar to our results, Safronova et al [40] showed that
insulin did not change the basal PMN production of ROI after
60 minutes of PMN cell incubation in different insulin
concentrations in the medium. However, the authors reported
that insulin could modulate the stimulated respiratory burst
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parameters via tyrosine phosphorylation in dependence on
temperature and pretreatment of PMN cells with insulin.

A recent study performed by Walrand et al [18] assessed,
as in our clamp study, the effect of hyperinsulinemia on
PMN cells from healthy subjects in vivo. In contrast to our
study, increased chemotaxis, phagocytosis, and bactericidal
capacities were found after 4 hours of HEC in healthy
subjects [18]. We also found significantly higher phagocytic
and respiratory burst indexes after HEC; however, these data
did not differ from those detected after the CC study. The
differences between Walrand’s study and ours consisted in
the lower plasma insulin levels used during Walrand’s study
in comparison with our HEC (46 vs 60 mU/L) and in the
different methods assessing PMN functions. In contrast to
our study, Walrand et al did not perform a comparison of
detected data with data evaluated after the CC study with
saline infusion; the effect of time and volume expansion was
not excluded. Escherichia coli, which serves as a stimulant
in our study, is more physiological than formyl-methionyl-
leucyl-phenylalanine (fMLP) and phorbol 12-myristate
13—acetate (PMA) used in Walrand’s study [18].

There are many differences between studies performed in
vivo evaluating the effect of short-lasting hyperglycemia
and/or hyperinsulinemia and experimental in vitro studies.
Experimental in vitro studies used considerably higher
glucose concentrations (11-56 mmol/L) for testing, in
comparison with high glucose levels typical in human
medicine. In our study, we tested a high glucose serum level
(17 mmol/L), which is more realistic in clinical practice.
Moreover, the evaluations performed in vitro do not
correspond to physiological regulation mechanisms com-
pensating for the effect of acute hyperglycemia and hyper-
insulinemia on PMN functions in humans such as
mechanisms mediated by secondary messengers, that is,
intracellular calcium, tyrosine kinase, enzymes of hexoso-
monophosphate shunt, scavenger system represented by, for
example, superoxidedismutase and at least by cytokines.

Limitations of our study include variations of detected
parameters of phagocytosis and respiratory burst, which have
been corrected by adequate statistical methods. We cannot
exclude less evident changes in PMN functions with short-
term changes in glucose or insulin, which can be detectable in
more study subjects. The degree of PMN function decreased
unambiguously, which is considered as being of clinical
importance as it occurs very rarely. It is represented by
chronic granulomatous disease, lazy-leukocyte syndrome,
myeloperoxidase deficiency, deficiency of leukocyte glucose-
6-phosphate dehydrogenase, and by genetically transferred
metabolic diseases. All mentioned diseases are demonstrated
usually by repeated serious infections and have obvious
pathological results based on Phagotest and Bursttest. Such
abnormalities were not found in any of the volunteers from
our clamp study [45].

In summary, we did not find any significant alteration of
phagocytosis and respiratory burst of PMN cells in the healthy
subjects during acutely induced short-lasting hyperglycemia

and/or hyperinsulinemia in vivo in comparison with the CC
with saline infusion. Although there were found elevated
phagocytic and respiratory burst indexes after short-lasting
isolated hyperinsulinemia and reduced percentages of phag-
ocyting PMN cells after short-lasting hyperglycemia and
hyperinsulinemia or isolated hyperglycemia measured under
basal conditions, these abnormalities were not proved in com-
parison with the CC study with saline infusion.

In conclusion, the main benefit of our study is the fact that
the effect of acute hyperglycemia and/or hyperinsulinemia on
immune functions of PMN cells was studied in healthy
subjects in vivo under conditions that may reflect diabetes-
related mechanisms better than in vitro experiments. We
believe that our results encourage further studies to evaluate
possible mild changes in immune functions of PMN cells.
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