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I

nfection in diabetic patients is a major cause of morbidity
and mortality (1). Polymorphonuclear leukocytes (PMNs)
from diabetic patients do not stimulate normally and have
reduced bactericidal capacity (2). Because oxygen metabolites generated during the PMN respiratory burst
are of major importance in host defense (3), an impairment
in the respiratory burst may contribute to the pathogenesis
of infectious complications in diabetes.
Although impaired PMN function in diabetes is well recFrom the Research Unit, Veterans Administration Medical Center, Boise,
Idaho; and the Division of Gerontology and Geriatric Medicine, and Division
of Endocrinology, Department of Medicine, University of Washington, Seattle,
Washington.
Address correspondence and reprint requests to Christopher Nielson, MD,
Research Unit, Veterans Administration Medical Center, 500 West Fort Street,
Boise, ID 83702.
Received for publication 31 October 1988 and accepted in revised form
16 March 1989.

DIABETES, VOL. 38, AUGUST 1989

ognized, the cause of altered cell function is not understood
(4,5). Because PMN impairment may correlate with the severity of hyperglycemia (6), we evaluated the effects of autologous plasma supplemented with glucose on PMN function in vitro.
RESEARCH DESIGN AND METHODS

Subjects. Blood samples from healthy male and female volunteers (aged 20-45 yr) were obtained at 0900. All subjects
were fasting, had abstained from eating methylxanthine-containing foods for 12 h before study, and no subject was taking
any medicine. Methylxanthine-containing foods were proscribed because of their potential for inhibiting PMN function.
At the time of phlebotomy, mean (±SD) plasma glucose of
the subjects was 5.2 (93 mg/100 ml) ± 0.04 mM. Mean
(±SD) glycosylated hemoglobin was 7.2 ± 0.7%. The study
protocol was approved by the University of Washington Human Subjects Committee.
Reagent preparation. Dulbecco's phosphate-buffered saline was prepared with 1 mM MgCI2 and 1 mM CaCI2. The
chemotactic peptide AMormylmethionyl-leucine-phenylalanine (FMLP) (1 |iM), calcium ionophore A 23187 (0.2 fiM),
or the protein kinase C agonist phorbol myristic acetate
(PMA) (1 nM) was used to initiate the PMN respiratory burst.
A 23187 was dissolved in dimethyl sulfoxide at a concentration of 10 mM and stored at -20°C. PMA and FMLP were
prepared in dimethyl sulfoxide immediately before use. Dimethyl sulfoxide was diluted at least 1:100 with buffer in the
final reaction medium and did not alter PMN activation at
this concentration.
PMN isolation. PMNs were isolated from venous blood that
had been anticoagulated with 1 U/ml heparin via Ficoll-Hypaque centrifugation (7). Dextran (20 ml, 3% in normal saline) and EDTA (5 ml, 10 mg/ml) were added to 30 ml of
whole blood, and erythrocytes were sedimented while blood
was cooled to 4°C for 20 min. Leukocyte-rich plasma was
then layered on a Ficoll-Hypaque gradient (sp gr 1.077) and
centrifuged at 200 x g for 25 min. Bovine serum albumin
(1 mg/ml) was included in both dextran and Ficoll-Hypaque
solutions. PMNs were washed and contaminating erythro1031
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Although impaired polymorphonuclear leukocyte
(PMN) function may be a cause of infectious
complications in diabetic patients, the mechanisms
of altered cell function are not understood. Our studies
of PMN function in healthy subjects demonstrated
significant reduction in the respiratory burst after 30
min of in vitro cell exposure to glucose concentrations
>11 mM (200 mg/dl). The respiratory burst was
reduced 28 ± 5 and 74 ± 7% in PMNs incubated with
11 and 56 mM glucose, respectively. The impairment
was independent of the cell stimulus (chemotactic
peptide, calcium ionophore, or phorbol ester) and
was not affected by sorbinil or myo-inositol. Because
both D- and L-glucose had similar inhibitory effects, a
nonenzymatic mechanism appeared to be the cause of
impaired PMN function. Although mannitol and sorbitol
did not affect cell function, monosaccharides (glucose,
mannose, fructose) that form Schiff-base adducts with
protein inhibited PMN function. These findings suggest
a potential role for protein glycosylation in glucoseinduced impairment of PMN function. Diabetes 38:103135,1989

GLUCOSE INHIBITION OF PMN

Control specimens demonstrated that glucose did not affect the lucigenin-dependent luminescence measurement of
the respiratory burst. When introduced immediately before
PMN stimulation, glucose, at concentrations of up to 65 mM
(maximum tested), did not affect lucigenin-dependent luminescence. To determine whether a glucose reaction to
either buffer or plasma components would affect the luminescence measurement, glucose (without PMN) was incubated at 37°C in buffer or plasma. Neither buffer nor plasma
affected the respiratory burst when added immediately
before cell stimulation. Finally, to determine whether the
osmotic effects of glucose would affect cell function or luminescence measurement, PMNs were incubated with mannitol (60 mM) for 30 min and then stimulated to induce the
respiratory burst. PMN incubated with mannitol generated
the same magnitude of lucigenin-dependent luminescence
as PMN did when incubated without mannitol.
Data analysis. Luminescence was integrated over 2-10 min
after PMN activation. All comparisons of glucose effects were
paired with PMN from the same blood sample, with activation
and measurement of luminescence performed simultaneously under each experimental condition. Experiments were
usually repeated five times with specimens from different
donors. Statistical evaluation was performed with analysis of
variance (ANOVA) and the Student-Newman-Keuls test.
RESULTS

Because impaired PMN function has been associated with
poor glucose control in diabetic patients (9), the effects of
PMN exposure to increased glucose concentrations were
evaluated. Cells were initially exposed to glucose only during
stimulation and without preincubation. When PMNs were
stimulated by the chemotactic peptide FMLP in the presence
of glucose at concentrations of 5-60 mM (90-1100 mg/dl),
no effects of glucose on the PMN respiratory burst were
apparent (Fig. 1; ANOVA F5,24 = 1.9, P > .05). Thus, increased glucose concentrations during the respiratory burst
may not affect PMN function. However, previous studies
have demonstrated impaired function in vitro in PMN exposed to hyperglycemia in vivo (5,10). Therefore, we evaluated the effects of PMN exposure to glucose before stimulation of the respiratory burst.
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FIG. 1. Glucose effects on polymorphonuclear leukocyte (PMN)
respiratory burst induced by 1 \iM AMormylmethionyl-leucinephenylalanine. D-Glucose was introduced at cell activation or 30 min
before cell activation as indicated. Oxygen metabolite generation was
measured with lucigenin-dependent luminescence at 2-4 min after
activation. PMN function is indicated as percentage of luminescence
from cells not exposed to added glucose (control specimen). Controls
were separated, incubated, and stimulated parallel to specimens
exposed to glucose. Data are means ± SE with specimens of 2 x 105
PMN from each of 5 subjects. O, No incubation; • , 30-min incubation.

PMNs (2 x 105 cells) were suspended in 40 |jJ of autologous plasma supplemented with glucose to concentrations
of 5-60 mM (90-1100 mg/dl). The cells were then incubated
at 37°C with gentle agitation. After 30 min, 1960 uJ of phosphate buffer (37°C) containing 5 mM (90 mg/dl) glucose
was added to each specimen. Lucigenin (1 \xM) was then
added, and the cells were stimulated with 1 |xM FMLP. With
these methods, the concentration of glucose to which cells
were exposed during the respiratory burst (5-6 mM) was
nearly uniform between specimens incubated with or without
glucose. PMNs incubated with higher glucose concentrations had a marked reduction in the magnitude of respiratory
burst induced by FMLP (Fig. 1; ANOVA Fio,4o = 1155, P <
.005). The respiratory burst was impaired in all specimens
of PMNs incubated in plasma containing any concentration
of glucose >11 mM (200 mg/dl) (Student-Newman-Keuls
test, P < .05).
When induced by chemotactic peptide, the PMN respiratory burst is dependent on receptor binding of the peptide,
membrane transduction of the stimulus, and phosphatidylinositol hydrolysis (11). To determine whether glucose affected the initial membrane-dependent components of stimulus-response coupling, PMNs were stimulated with A 23187
or PMA. A 23187 directly mobilizes intracellular calcium, and
PMA is a protein kinase C agonist. Although calcium and
protein kinase C are partially independent pathways of stimulus-response coupling in PMN, both pathways probably
activate the same NADPH oxidase responsible for the
respiratory burst (12). These studies were also of interest because protein kinase C agonists have been reported to improve nerve tissue impairment in diabetes (13). PMNs stimulated by either FMLP, A 23187, or PMA were similarly
inhibited by incubation with glucose (Fig. 2; 59, 64, and 64%
inhibition by 56 mM glucose when PMNs stimulated by FMLP,
DIABETES, VOL. 38, AUGUST 1989
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cytes removed with hypotonic lysis for 15 s in distilled water.
PMNs were then resuspended in autologous plasma and
kept on ice. The procedure yielded preparations that contained 95% PMNs that were at least 95% viable determined
by trypan blue exclusion.
Measurement of PMN respiratory burst. Lucigenin-dependent luminescence was detected at 37°C with a Packard
Instrument model 6500 Picolight luminometer. PMNs
(200,000) were stimulated in 2 ml phosphate buffer with 1
fiM FMLP, 1 nM PMA, or 0.2 fiM A 23187; measurements of
luminescence were then performed at 2-min intervals. Luminescence with lucigenin after oxidation of xanthine by xanthine oxidase (superoxide anion generation in cell-free system) was linearly related to xanthine concentration and
superoxide concentration measured by cytochrome reduction. Lucigenin-dependent luminescence was inhibited by
100 U/ml superoxide dismutase and was not induced by
hydrogen peroxide or hypochlorous acid. Thus, as previously reported (8), lucigenin-dependent luminescence appeared to indicate superoxide anion generation.
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A 23187, and PMA, respectively; ANOVA F212 = 0.23, P >
.5). To include the periods of maximal cell response to each
stimulus, these measurements reflect average luminescence
over 10 min after initial stimulation. The respiratory burst
appeared to be suppressed throughout the period of cell
activation. No change in the time of initial response or duration of the respiratory burst was apparent with any stimulus.
Thus, inhibition of the PMN respiratory burst by glucose did
not appear to be caused by an effect on membrane transduction of the cell stimulus.
Both sorbinil, an aldose reductase inhibitor, and myo-inositol have been shown to prevent or reverse some complications of diabetes (14). To determine whether glucose metabolism through the aldose reductase pathway contributed
to the glucose-induced impairment of PMN function, either
sorbinil or myo-inositol was included during PMN incubations with glucose. Concentrations of each agent were selected to be in excess of the concentration required to prevent or reverse diabetic complications in past studies.
Improvement in neuron function has been reported after
myo-inositol supplementation that increased plasma myoinositol from 30 to 250 |xM (15). Sorbinil inhibits aldose
reductase by 50% at concentrations <1 fxM (16). Plasma
concentrations achieved with sorbinil doses that reverse diabetic neuropathy are <10 IJLM (17,18). However, neither
300 fiM sorbinil nor 300 |xM myo-inositol affected the impairment of PMN function induced by incubation with glucose. The PMN respiratory burst was reduced 62 ± 19 and
63 ± 9% by 56 mM glucose (30 min at 37°C in autologous
plasma) despite inclusion of 300 JJLM sorbinil or 300 |xM myoinositol, respectively (both P > .05 vs. control without sorbinil
or myo-inositol, n = 5).
Because enzyme binding to substrate is stereospecific,
DIABETES, VOL. 38, AUGUST 1989

DISCUSSION
These studies demonstrate that the PMN respiratory burst
is impaired by cell incubation with glucose at concentrations
that commonly occur in diabetic patients. The results are
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FIG. 3. Effects of polymorphonuclear leukocyte (PMN) incubation
with D- (hatched bars) or L- (solid bars) glucose before induction of
respiratory burst by 1 jiM ZV-formylmethionyl-leucine-phenylalanine.
Oxygen metabolite generation was measured with lucigenin-dependent
luminescence for 4 min after cell activation. PMN function is indicated
as percentage of luminescence from cells not exposed to added
glucose (controls). These controls were separated, incubated, and
stimulated parallel to specimens exposed to glucose. Data are
means ± SE with specimens of 2 x 105 PMN from each of 3 subjects.
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FIG. 2. Glucose {solid bars) effects on polymorphonuclear leukocyte
(PMN) respiratory burst induced by 1 jiM N-formylmethionyl-leucinephenylalanine, 0.2 (xM calcium ionophore A 23187, or 1 jiM phorbol
myristic acetate. Cells were incubated before stimulation for 30 min
at 37°C in autologous plasma supplemented with 56 mM glucose or
without glucose (control, hatched bars) as indicated. Respiratory burst
was evaluated with lucigenin-dependent luminescence for 10 min after
stimulation and is indicated with counts per minute (CPM), relative unit
of luminescence from Packard Picolight luminometer. Data are
means ± SE with specimens of 2 x 10s PMN from each of 5 subjects.

effects of glucose mediated by enzymatic processes are
stereospecific. To determine whether PMN inhibition by glucose metabolism was dependent on an enzymatic reaction,
effects of the stereoisomers D- and L-glucose on the respiratory burst were studied. Both D- and L-glucose induced
similar PMN inhibition (Fig. 3, P > .05). Thus, a nonenzymatic
process appeared to mediate PMN inhibition by glucose.
Nonenzymatic protein glycosylation is well recognized in
diabetes (19). Glycosylation is the process of Schiff-base
formation between a monosaccharide and protein followed
by an Amadori rearrangement and, finally, protein crosslinking. Because Amadori product formation and protein
cross-linking occur over days or weeks, glycosylation is
often used clinically as a measurement of chronic diabetic
glucose control (20). However, Schiff-base formation may
occur much more rapidly (10-20 mM glucose incorporated
into each mole of hemoglobin per hour with 300 mg/dl glucose) (21). The Schiff base can be formed between protein
and most monosaccharides. Therefore, the effects of mannose and fructose, which may glycosylate protein, were compared with effects of mannitol and sorbitol, which are structurally similar to mannose and glucose but lack the aldehyde
function necessary for glycosylation. PMNs incubated with
either mannose or fructose (56 mM) were inhibited, whereas
cells incubated with mannitol or sorbitol (56 mM) were minimally affected (Fig. 4). Both fructose and mannose caused
significant inhibition compared with control, mannitol, or sorbitol (P < .05), although neither mannitol nor sorbitol caused
significant inhibition compared with control (P > .05).

GLUCOSE INHIBITION OF PMN
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When tissues are exposed to hyperglycemia, increased
conversion of glucose to sorbitol by aldose reductase is
associated with accumulation of sorbitol and depletion of
cellular myo-inositol (27). Because PMN stimulation by
chemotactic peptide induces phosphatidylinositol hydrolysis
(11), a depletion of myo-inositol could impair PMN response
to chemotactic peptide. Although sorbinil blocks glucose
metabolism by aldose reductase (28), and increased extracellular myo-inositol prevents reduction of intracellular myoinositol (14), neither sorbinil nor myo-inositol prevented the
impairment of PMN function induced by glucose. Thus, PMN
function did not appear to be impaired by an effect mediated
by glucose metabolism through the aldose reductase
(polyol) pathway.
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FIG. 4. Effects of sorbitol, mannitol, mannose, and fructose on the
polymorphonuclear leukocyte (PMN) respiratory burst induced by 1
liM N-formylmethionyl-leucine-phenylalanine. Cells were incubated in
autologous plasma supplemented with 56 mM sugar each as indicated.
Oxygen metabolite generation was measured with lucigenin-dependent
luminescence for 4 min after cell activation. PMN function is indicated
as percentage of luminescence from cells not exposed to added sugar
(controls). These controls were separated, incubated, and stimulated
parallel to specimens exposed to sugars. Data are means ± SE with
specimens of 2 x 105 PMN from each of 5 subjects.

particularly remarkable because of the short period of relatively modest elevation in glucose required to induce significant cell dysfunction. Elevation of plasma glucose >200
mg/dl (11 mM) is common in diabetic patients. These results
support previous work that suggests hyperglycemia may
predispose to infectious complications in diabetes (1,2).
Multiple cell types and numerous cell actions maintain host
defense. The specific ramifications of an impairment in the
PMN respiratory burst are unclear. However, disease states
and pharmacological agents that reduce PMN chemiluminescence have been associated with reduced microbicidal
activity in vitro (22) and with an increased incidence of infection (23). The reduction in chemiluminescence induced
by many pharmacological agents correlates closely with a
reduction in bactericidal activity (22). PMNs from diabetic
subjects (229-312 mg/dl glucose) demonstrate a 5-45%
decrease in staphylococcal killing (1). This impairment is in
the same range as the 28% reduction in chemiluminescence
induced by 300 mg/dl glucose in this study. Thus, a glucoseinduced abnormality in the PMN respiratory burst may be of
clinical significance.
Data have been reported that suggest PMN dysfunction
in diabetes may be caused by reduced phosphofructokinase
activity (24), intracellular sorbitol accumulation (25), and altered arachidonic acid metabolism (26). Although impaired
PMN function in diabetes may be induced by multiple mechanisms, our results suggest that the rapid impairment in respiratory burst induced by glucose in vitro is caused by glycosylation. The experiments with glucose isomers, sorbinil,
myo-inositol, and alternative stimuli of the respiratory burst
argue against a detrimental effect of glucose mediated by
either glycolytic or aldose reductase (polyol) pathways of
glucose metabolism.
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Although the optical isomers of glucose have identical
chemical properties, only the D-isomer is a substrate for most
enzymes. Because both D- and L-glucose caused similar
impairment of PMN function, the effect appeared to be mediated by a nonenzymatic process. The nonenzymatic process most often implicated in diabetic complications is protein glycosylation (29).
Protein glycosylation results from formation of a Schiff base
(aldimine) between the aldehyde function of a monosaccharide and a free amino group (usually e-amino group of
lysine) of protein (30,31). The Schiff base is labile and increases rapidly in amount. Slowly, an Amadori rearrangement occurs that leads to a stable ketoamine linkage and,
finally, protein cross-linking may occur. Schiff-base formation
reaches equilibrium within minutes to hours, whereas Amadori product formation requires hours to days (21). Various
monosaccharides, including mannose and fructose, will condense with protein (32). In contrast, compounds that lack
the aldehyde function are unable to form a Schiff base. Mannitol and sorbitol are structurally identical to mannose and
glucose but lack the aldehyde function. Our studies demonstrated that glucose, mannose, and fructose would inhibit
the PMN respiratory burst, whereas mannitol and sorbitol
had minimal effect. These results demonstrated that a simple
osmotic effect could not be responsible for inhibition of PMN
function and further suggested that protein glycosylation
may be the mechanism of impaired cell function.
Most studies of glycosylation have measured the stable
Amadori or protein cross-linked products of glucose condensation (33,34). The distinction of which pathologic effects
are mediated by cross-linked protein, Amadori products, or
Schiff-base formation is not well established. In most circumstances, the relative amounts of each product will be
closely correlated to one another. However, because PMN
function impairment was induced by glucose within 30 min,
effects of glycosylation were likely to have been mediated
by Schiff-base formation.
A principal result of our study is the characterization of an
in vitro model of the glucose-mediated impairment of PMN
function. Initial results with this model suggest that glucose
impairs PMN function independent of the pathway of stimulus-response coupling through a nonenzymatic mechanism
that may involve protein glycosylation. Further studies, including direct measurement of glycosylation products and
evaluation of the activities of specific enzymes, will be required before the mechanism of impaired PMN function in
diabetes can be clearly defined. Although multiple factors,
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including insulin deficiency and secondary effects of chronic
hyperglycemia, may contribute to the impairment of host
defense in diabetes, demonstration that PMN function is rapidly altered by modest elevation of plasma glucose may be
relevant in the evaluation and management of diabetic patients.
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