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Abstract 
Glucose and insulin modulate phagocytosis and production of reactive oxygen metabolites 
in human neutrophil granulocytes 
 
Daniel Saiepour, Department of Integrative Medical Biology, Section for Histology and Cell 
Biology, Umeå University, SE-901 87 Umeå, Sweden 
 
Neutrophil granulocytes play an important role in the host defence against invading 
microorganisms and constitute the frontline of defence within the innate immune system and 
are among the first cells to arrive at the site of inflammation. Effective phagocytosis and 
killing of invading pathogens by neutrophils is of significant importance for successful 
resistance to infectious diseases. An important complication in diabetes mellitus is an 
increased sensitivity to infections and increased tissue damage, leading to many secondary 
diseases. This may in part be explained by an impaired function of neutrophil granulocytes. 
Since the exact mechanisms underlying defective neutrophil function in diabetes mellitus are 
not fully understood, the aim of the present study was to investigate the effects of elevated 
glucose and insulin concentrations on phagocytosis of opsonized yeast and on production of 
reactive oxygen metabolites (ROS) in normal human neutrophils. 
 
Elevated D-glucose concentrations (15-25 mM) inhibited the phagocytosis of C3bi- or IgG-
opsonized yeast particles, which was neither an osmotic effect nor an effect due to reduced 
binding of opsonized yeast particles to the neutrophils. Inhibition of protein kinase C (PKC) 
by GF109203X or Go6976 could completely reverse the inhibitory effect of 25 mM D-
glucose on phagocytosis. Diacylglycerol (DAG) dose-dependently inhibited phagocytosis and 
suboptimal inhibitory concentrations of DAG and glucose showed an additive inhibitory 
effect. Elevated concentrations of insulin (80-160 μU/ml) also inhibited neutrophil 
phagocytosis, an effect shown in part to be due to a delayed phagocytosis process. Insulin was 
found to increase the accumulation of cortical F-actin, without affecting the total cellular F-
actin content. The PKCα/β inhibitor, Go6976, abolished the insulin-mediated increase in 
cortical F-actin content and both Go6976 and the PKCα/β/δ/ε-specific inhibitor GF109203X 
reversed the inhibitory effects of insulin on phagocytosis. 
 
The inhibition of phagocytosis by either glucose or insulin resulted in an expected reduction 
of intracellular respiratory burst. However, the extracellular release of ROS during 
phagocytosis was increased by insulin, but inhibited by glucose. The ability of insulin to 
enhance ROS production was found to be F-actin dependent. Data suggests that glucose 
inhibited intracellular respiratory burst activation by interfering with intracellular signaling 
downstream of PKC activation, whereas extracellular release of ROS was inhibited by 
glucose upstream of PKC signaling. 
 
Taken together these results suggest that both hyperglycemia and hyperinsulinemia inhibit 
complement receptor and Fcγ receptor-mediated phagocytosis in human neutrophils. Insulin, 
but not glucose, also induced an enhanced extracellular release of ROS during phagocytosis. 
The combination of reduced phagocytosis and alterations in ROS production may possibly 
explain both the increased sensitivity to infections and tissue damage seen in type-2 diabetes. 
 
 
Key words: neutrophil granulocytes, glucose, insulin, protein kinase C, diacylglycerol, 
phagocytosis, respiratory burst, diabetes 
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Abbreviations 

 
BSA  Bovine serum albumin  

C3bY  Complement factor 3b-opsonized yeast particles 

CL  Chemiluminescence 

CR  Complement receptor 

DAG  Diacylglycerol 

DMSO  Dimethyl sulfoxide 

FcR  Fc receptor 

FACS  Flow cytometry 

fMLP  N-formyl-methionyl-leucyl-phenylalanine 

gp  Glycoprotein 

HRP  Horseradish peroxidase 

IAP  Integrin-associated protein 

IgGY  IgG-opsonized yeast particles 

INFγ  Interferon-γ 

IRS-1  Insulin receptor substrate-1 

KRH  Krebs-Ringer HEPES medium 

LeuCAM  Leukocyte cell adhesion molecule 

LFA-1  Lymphocyte function-associated antigen-1 

3-OMG  3-oxy-methyl-D-glucose 

PBS  Phosphate buffered saline 

PECAM  Platelet endothelial cell adhesion molecule 

PI 3-kinase  Phosphatidylinositol 3-kinase 

PIP2  Phosphatidylinositol diphosphate 

PKC  Protein kinase C 

PLC  Phospholipase C 

PMA  Phorbol 12-myristate 13-acetate 

ROS  Reactive oxygen species 

VLA-1  Very late activation antigen-1 
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Introduction  
An important part of the innate immune response is the function and activities of neutrophil 

granulocytes, which play a prominent role in removing infectious or inflammatory agents, 

which elicit an immune response. Neutrophils are the most frequent leukocyte in human 

blood, accounting for 40-65% of the total leukocytes (Edwards, 1994). The life-span of 

neutrophils is estimated to about 1-2 days once they have entered the extravascular tissues 

(Bainton, 1992). Thus, about 5x1010 neutrophils are released from the red bone marrow into 

the circulation every day in a normal healthy adult person but during infections this number 

can be increased up to tenfold (Edwards, 1994). Neutrophils are characterized by their 

lobulated nucleus, normally containing 2-5 lobes, connected by thin chromatin strands 

(Klebanoff and Clark, 1978). In the cytoplasm, neutrophils contain at least four different 

subsets of granules or storage vesicles, containing a broad spectrum of matrix proteins (e.g. 

antibacterial peptides and proteases) and membrane bound proteins (e.g. receptors important 

for adhesion, migration, and phagocytosis) (Faurschou and Borregaard, 2003). With respect to 

their different membrane proteins and matrix content, these granules are divided into: 

azurophil granules, specific granules, gelatinase granules, and secretory vesicles (Faurschou 

and Borregaard, 2003). Neutrophils are important in phagocytosis and destruction of the 

invading pathogens and in induction and maintenance of the inflammatory state (Brown and 

Lindberg, 1996). Due to the large arsenal of destructive substances used in neutrophil-

mediated response to pathogens, accumulation and activation of neutrophils must be highly 

regulated to avoid damage to host cells and tissues.  

 

Neutrophil recruitment to extravascular tissues 
Interaction between endothelial cells and neutrophils 
 

The process of neutrophil migration to a site of infection requires several adhesion events. 

Near the site of inflammation, neutrophils undergo a series of functional and morphological 

changes. First, the neutrophils circulating in the blood must recognize infection or tissue 

damage. Second, they need to interact with the endothelium at that site. Third, they must 

move through the endothelial barrier, and finally the neutrophils must migrate to the 

extravascular site of infection (Edwards, 1994; Klebanoff and Clark, 1978). To initiate this 

complex series of events, both neutrophils and endothelial cells upregulate to their cell surface 

a number of molecules specialized for mediating these cell-cell adhesion events. These 
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molecules primarily fall into three groups: the selectins, the integrins, and the 

immunoglobulin superfamily members (Godin et al., 1993; Zen and Parkos, 2003). 

 

Selectins are a family of Ca2+-dependent type-I transmembrane lectins expressed on 

neutrophils or endothelium. They present in their amino terminal segment a domain that 

resembles the carbohydrate-binding domain of calcium-dependent animal lectins. This lectin-

like domain is followed by a domain with homology to epidermal growth factor (EGF) and 

then by several cystein-rich globular domains homologous to the short consensus repeats, 

characteristic of complement-regulatory proteins (Lasky and Rosen, 1992). There are three 

members of the selectin family, where L-selectin (CD62L) is expressed on leukocytes, while 

P- (CD62P) and E-selectin are expressed on endothelial cells. L-selectin is constitutively 

expressed on virtually all leukocytes and rapidly shed off from the cell surface upon 

activation. In contrast E-selectin is not expressed on resting endothelium, but is synthesized in 

response to a variety of cytokines (e.g. INF-γ), that are released in response to tissue damage, 

inflammation and immune reactions. The expression of P-selectin on the surface of 

endothelial cells is a very rapid response to inflammation, recognizable by circulating 

leukocytes. P-selectin is synthesized constitutively by the endothelial cells and stored in a 

regulated secretory compartment of these cells called the Weible-Palade bodies (Edwards, 

1994; Lasky and Rosen, 1992). P-selectin expression is induced in response to a variety of 

physiological stimuli, such as thrombin or histamine. The specific carbohydrate recognized by 

the three selectins are the tetrasaccharides of fucose, N-acetylglucoseamine, galactose and 

sialic acid, known as the Lewis-X antigen. So far, all known specific ligands for selectins are 

mucins (Lasky and Rosen, 1992). 

 

Integrins are plasma membrane receptors composed of two gene products, α and β chains, 

which are linked in a noncovalent but very stable structure (heterodimers). There are 18 

known integrin α chains and 8 known  β chains. Most β chains have the ability to combine 

with more then one α chain to make a variety of heterodimers with different functions, such 

as recognizing different ligands (Hynes, 2002). The most abundant integrins in neutrophils are 

the β2 (LeuCAM: leukocyte cell adhesion molecule) family, although studies have shown that 

the β1 integrin (VLA: very late activation antigen) family plays an important role in 

neutrophil locomotion in extravascular tissues (Lawson and Maxfield, 1995; Mayadas and 

Cullere, 2005). There are three β2 integrin family members: lymphocyte function-associated 
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antigen-1 (LFA-1 or CD11a/CD18), Mac-1 (CD11b/CD18) and glycoprotein (gp) 150.95 

(CD11c/CD18). LFA-1 binds specifically to the adhesion molecules ICAM-1 and ICAM-2. 

Mac-1 (complement receptor 3/CR3) also binds to ICAM-1 and to C3bi, a cleavage product 

of activated complement proteins. Gp159.95 is sometimes called complement receptor 4 

(CR4), because it can also bind to C3bi. The integrins are involved in firm adhesion and 

transmigration of neutrophils across endothelial and epithelial monolayers (Edwards, 1994; 

Mayadas and Cullere, 2005) but they may also be important as phagocytic receptors (see 

below). 

 

Molecules included in the Ig-family are also involved in adhesion and transmembrane 

signaling in leukocytes. They contain at least one Ig-domain, consisting of 70 to 110 amino 

acids with a disulphide bridge that folds the domain in the tertiary structure present in 

antibodies (Barclay, 2003; Halaby and Mornon, 1998). ICAM-1 (CD54), ICAM-2 (CD102) 

and vascular cell adhesion molecule-1 (VCAM-1, CD106) are members of this family and are 

expressed on endothelial cells. Two Ig-family members have been shown to be specifically 

involved in the process of neutrophil transendothelial migration. These are platelet endothelial 

cell adhesion molecule (PECAM, CD31) and integrin-associated protein (IAP, CD47). Both 

PECAM and CD47 are expressed on leucocytes as well as endothelium and current evidence 

suggests that PECAM and CD47 on both cell types are involved in leukocyte migration across 

endothelium (Edwards, 1994; Liu et al., 2004b). 

 

Neutrophil transendothelial migration 

The migration of neutrophils through endothelium into sites of infection usually occurs in the 

postcapillary venules and is divided into three steps: rolling, adhesion, and transmigration, 

which are followed by migration through the extracellular matrix (Liu et al., 2004b). The 

initial interaction of neutrophils with endothelium at the site of infection is a low affinity 

binding, involving selectin-mucin interactions, which slows the rate of neutrophil flow in the 

blood. This allows the neutrophils to take samples of the endothelial environment, to receive 

signals from chemoattractants such as IL-8, cytokines, and lipopolysaccharides. Such signals 

obtained during rolling, lead to neutrophil activation (Edwards, 1994; Liu et al., 2004b). The 

second step, more firm adhesion to the endothelium, is mediated by high affinity integrins. 

Without prior slowing of neutrophil flow in the vessels by selectin-mucin interaction, even 

activated neutrophils cannot adhere to venular surfaces. Thus, it is important that these steps 

occur in sequence. Neutrophil adhesion to endothelium is dependent on β2 integrins, as can be 
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demonstrated in neutrophils from patients with the LAD type-1 disease, where the genetic 

basis for the disease is a failure to express β2 integrins, resulting in severe susceptibility to 

infections (Kuijpers et al., 1997).  

 

Endothelial transmigration is the least understood step in the process. A number of molecules 

are known to be required in the transmigration step, among which CD99, CD31 (PECAM) 

and CD47 are critically involved (Liu et al., 2004b). CD47 may interact with the αvβ3 integrin 

(Brown and Frazier, 2001) or bind to the Ig-family member signal regulatory protein alpha 

(SIRPα), mediating important cell-cell interaction and signaling events to maintain efficient 

neutrophil transmigration (Liu et al., 2002; Liu et al., 2004a). Neutrophils migrate through 

intercellular junctions in the endothelium. Recently, members of the growing family of 

junctional adhesion molecules (JAMs) have been shown to function as ligands for neutrophils 

and monocytes as they migrate across endothelial monolayers (Mandell and Parkos, 2005). 

JAMs are Ig-superfamily members and it was shown that certain JAMs localize to tight 

junctions or desmosomes (Mandell and Parkos, 2005). Two JAM family members, JAM-A 

and JAM-C were found to interact with CD11a/CD18 (Ostermann et al., 2002) and 

CD11b/CD18, respectively (Santoso et al., 2002; Zen et al., 2004). These JAM-β2 integrin-

interactions were shown to play an important role in regulating leukocyte migration across 

endothelial monolayers (Chavakis et al., 2004).  

 

Neutrophil migration through extracellular matrix 

When neutrophils cross the endothelial barrier and enter the extracellular matrix (EM), they 

migrate to the site of infection on EM proteins. Several types of receptors are involved in this 

process, but integrins may be the most important (Lindbom and Werr, 2002). Adherence 

mediated by receptors, such as CR3, LFA and gp150.95, primes or activates neutrophils, 

explaining the more active state of adherent neutrophils than neutrophils in suspension. 

Chemotactic receptors, such as the receptors for N-formylmethionine-leucyl-phenylalanine 

(fMet-Leu-Phe), leukotrine B4, and  the complement product C5a, share the property of being 

able to trigger directional movement at very low ligand concentrations (Edwards, 1994).  

 

Phagocytosis 
The evolutionary conserved ability for efficient phagocytosis is the key to the uptake of 

pathogens or cell debris at sites of infection and/or inflammation, a feature shared by both 
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neutrophils and macrophages - the "professional phagocytes". To fulfil this task, neutrophils 

are equipped with specialized receptors that can recognize their targets, resulting in uptake, 

killing, degradation, and disposal of the phagocytosed particles. Neutrophils can phagocytose 

both opsonized and non-opsonized particles. The main phagocytic receptors involved in the 

uptake of opsonized particles are Fcγ receptors and complement receptor 3 (CR3; 

CD11b/CD18; Mac-1) (Lee et al., 2003). Although neutrophils can directly recognize 

molecules on the surface of invading pathogens, which can induce phagocytosis of the target,  

phagocytosis is greatly enhanced by simultaneous opsonization of the target by host serum 

proteins such as complement or antibody (Kobayashi et al., 2003).  

 

Fc receptors 

The receptors that interact with antibodies are called Fc receptors (FcR) because of their 

interaction with the Fc portion of the heavy chains of the immunoglobulin (Ig), constituted by 

the carboxy-terminal domains. Among the best studied antibody receptors are those that bind 

to IgG (FcγR). These receptors are found on all types of leukocytes and mediate important 

functions as described below. The FcγR found on neutrophils are FcγRIIA and FcγRIIIB 

(Greenberg and Silverstein, 1993). 

FcγRII (CD32) is a family of 40 kDa transmembrane glycoproteins with low affinity for 

monomeric IgG but high affinity for IgG aggregates. This could be of certain importance in 

immune complex clearance in vivo. FcγRIII (CD16) is a glycoprotein that runs as a broad 

band between 50-80 kDa. The receptor has an intermediate affinity for monomeric IgG and 

may also play a role in the clearance of circulating immune complexes (Edwards, 1994; 

Greenberg and Silverstein, 1993). In neutrophils the glycosyl phosphatidylinositol-linked 

form of CD16, FcγRIIIB, is the only isoform expressed (Greenberg and Silverstein, 1993). 

Also, the level of cell surface expression of FcγRIIIB is much higher than that for FcγRIIA 

(Huizinga et al., 1989). Since FcγRIIIB lacks a cytoplasmatic signaling region, the role for 

this FcγR in transmembrane signaling is not completely understood. However, data indicates 

that FcγRIIIB may interact with FcγRIIA or CR3 to mediated cellular responses (Huizinga et 

al., 1989; Poo et al., 1995; Zhou and Brown, 1994). Although the activation pathways 

triggered by each specific type of FcγR in neutrophils are not clear, a number of biological 

functions are associated with FcγR activation, such as clearance of immune complexes, 

activation of the respiratory burst, antibody-dependent cellular cytotoxicity (ADCC), 

phagocytosis, and release of inflammatory mediators (McKenzie and Schreiber, 1998). An 
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important function mediated by FcγR is the induction of phagocytosis. Several studies have 

been conducted to determine which FcγR that can initiate the ingestion process. The 

conclusion that can be made so far is that at least some functions of various FcγR do overlap 

or are actually redundant. This suggests that there is a possibility of receptor co-operativity in 

phagocytosis, where for example the ligation of FcγRIIIB induces actin polymerization in 

neutrophils and also primes phagocytosis by FcγRIIA (Salmon et al., 1991). 

 

Complement receptors 

Activation of the complement system leads to cleavage of complement proteins, liberating 

several ligands for receptors on leukocytes, which can be divided into two categories: 1) 

chemotactic ligands that are soluble and 2) opsonins that are surface-bound. C3 is the most 

abundant complement protein in serum and is converted to C3b, the main opsonin, by either 

the classic (antibody dependent) or alternative (antibody independent) pathway. The 

complement receptors (CR) are subcategorized as follows (Wright, 1992):  

 

CR1 (CD35) that binds to C3b with high affinity is a glycoprotein with a molecular weight 

that varies between 160-250 kDa. Four allelic variants that are expressed in a co-dominant 

fashion have been described. The CR1 protein has a short cytoplasmic tail, a transmembrane-

spanning domain and a large extracellular portion. 

CR2 (CD21) is not found on phagocytes. 

CR3 (CD11b/CD18) that recognizes C3bi but not C3b, is the β2 integrin Mac-1. The 

recognition of C3bi requires the presence of divalent cations (Ca2+ and Mg2+) for effective 

ligand binding. 

CR4 (CD11c/CD18 or gp150.95) can also bind to C3bi. 

 

CR1 and CR3 are likely to have an important function in the uptake of C3b and C3bi-

opsonized infectious microorganisms, respectively. Receptor-mediated phagocytosis is 

performed in two separate steps: first the attachment of the opsonized particle to the 

phagocyte, a function that is subserved by the extracellular domain of the transmembrane 

receptor protein and second, the engulfment of the attached particle, where the receptor 

delivers a signal to the cell to elaborate pseudopods around the target particle (Brown, 1995; 

Greenberg and Silverstein, 1993). Both binding of complement-opsonized particles and 

signaling by their receptors are regulated functions of phagocytes. To be able to ingest 
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C3b/C3bi-opsonized particles, neutrophils need a second stimulus in addition to ligation of 

CR1/CR3. Thus, C3b/C3bi-opsonized particles will bind to resting neutrophils but will not be 

ingested until the receptors are ”turned on”, a step where CR3 undergoes a process of affinity 

modulation. The activating factors in this process may be Arg-Gly-Asp ligands, 

chemoattractants or cytokines (or phorbol myristate acetate (PMA) in experimental 

situations). Also EM-proteins such as fibronectin, vitronectin, or laminin are involved in the 

activation process of CR3-mediated phagocytosis (Brown, 1995). Interestingly, neutrophil 

phagocytosis of C3bi-opsonized yeast (S. cerevisiae) takes place without any additional 

stimulus, suggesting that the yeast particle itself contributes with the "second stimulus" 

required to induce CR3-mediated uptake. One hypothesis that has been put forward is that 

yeast cell wall β-glucan functions in this way by binding to the β-glucan binding site of CR3 

(Cain et al., 1987). 

 

Respiratory Burst 
The NADPH oxidase 
 

To efficiently neutralize and kill invading pathogens, neutrophils are equipped with a wide 

array of microbicidal mechanisms, including the release of microbicidal peptides or lytic 

enzymes from cytoplasmic granules and the production of reactive oxygen species (ROS) 

(Elsbach and Weiss, 1992; Klebanoff, 1992). Thus, during neutrophil phagocytosis of 

pathogens their O2 consumption is increased about 100 times of that in resting cells 

(Klebanoff, 1992). Generation of ROS is mediated by the assembly of the NADPH oxidase, a 

multi-protein enzyme complex responsible for transfer of electrons from NADPH to O2 with 

subsequent formation of the superoxide anion (O2
-) as follows: 2O2 + NADPH  oxidase > 2O2

- + 

NADP + H+ (Babior, 1999). The O2
- rapidly dismutates to H2O2 and secondary ROS (e.g. 

hydroxyl radicals OH•), which either per se or in combination with contents of neutrophil 

granules constitute one of the primary neutrophil host defence mechanisms (Klebanoff, 1992; 

Rosen et al., 1995). Chronic granulomatous disease (CGD) is a genetic disorder, which 

involves defects in components of the NADPH oxidase, resulting in an inactive NADPH 

oxidase (Dinauer and Orkin, 1992). The fact that CGD patients are severely sensitive to 

bacterial and fungal infections emphasise the importance of the NADPH oxidase and ROS 

production for proper neutrophil-mediated defence against pathogens (Dinauer and Orkin, 

1992).  
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In resting neutrophils, the components of the NADPH oxidase are effectively kept separated 

from each other as cytosolic proteins, or integrated into the membranes of cytoplasmic 

granules (Babior, 1999). Fully assembled, the NADPH oxidase consists of at least seven 

different subunits, three catalytic membrane-bound subunits and four regulatory cytosolic 

proteins. A b-type flavocytochrome is a major part of the membrane-bound catalytic subunit, 

and is composed of the two transmembrane proteins p22phox and gp91phox (phox=Phagocyte 

oxidase). Associating with the b-type cytochrome is also the small GTP-binding protein 

Rap1A. Neutrophil activation results in the translocation of the cytosolic regulatory proteins 

p47phox, p67phox, p40phox, and the small GTP-binding protein Rac2 to the membrane-bound 

components of the NADPH oxidase. NADPH generated from the hexose monophosphate 

shunt interacts with a NADPH binding site of gp91phox, which thereby functions as an electron 

acceptor. Electrons are transferred to O2 by the heme-containing p22phox subunit, resulting in 

the generation of O2
- (Babior, 1999).  

 

Respiratory burst activation  

Activation of the NADPH oxidase is regulated by a complex array of intracellular signaling 

events. Thus, a respiratory burst can be activated by phagocytosis of target particles, exposure 

to chemotactic factors, by Ca2+ ionophores, or by synthetic agonists directly activating PKC 

(Karlsson and Dahlgren, 2002). Depending on the specific mode of neutrophil activation, the 

NADPH oxidase can be assembled in the plasma membrane or in intracellular compartments, 

such as phagosomal membranes or granule membranes, resulting in preferential extracellular 

or intracellular production of ROS (Karlsson and Dahlgren, 2002).  

 

Ligation of phagocytic receptors (i.e. CR3 or FcγR) each can induce NADPH oxidase 

activation, either when triggered by opsonized particles or when these receptors are ligated by 

antibodies (Karlsson and Dahlgren, 2002; Löfgren et al., 1999). Interestingly, when CR3 is 

ligated by C3bi-opsonized yeast, ROS are produced both extracellulary and intracellularly in 

the phagosome (Granfeldt and Dahlgren, 2001). However, when CR3 is ligated by antibodies, 

even when the antibodies are bound to Pansorbins (heat-killed protein A-positive S. aureus), 

only an intracellular respiratory burst response is generated, despite the fact that such 

Pansorbins are not phagocytosed (Serrander et al., 1999). In analogy with that for CR3-

mediated phagocytosis, these findings highlight an important aspect of CR3-mediated 

NADPH oxidase activation, namely that a secondary signal is often needed, beside the CR3-

induced signaling response, in order to activate the oxidase. Thus, the fact that C3bi-
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opsonized yeast gives rise to both extra- and intracellular ROS production again suggests that 

the yeast surface itself contributes with the second signal, likely to be mediated by β-glucans 

(Cain et al., 1987). FcγR ligation by receptor-specific antibodies bound to Pansorbins 

activates ROS production in human neutrophils, where ligation of FcγRIIIB was found to be 

more efficient than ligation of FcγRIIA (Löfgren et al., 1999). Similar to that seen in 

phagocytosis, FcγRIIIB may also cooperate with CR3 or FcγRIIA in activation of the 

neutrophil respiratory burst, where CR3 or FcγRIIA may mediate signaling (Löfgren et al., 

1999). 

 

Chemotactic factor (i.e. fMet-Leu-Phe) activation involves G protein-coupled seven 

transmembrane-spanning cell surface receptors, which activate signaling cascades regulating 

phosphoinositide hydrolysis, Ca2+ mobilization, PKC activation and activation of mitogen-

activated kinases (Bokoch, 1995; Prossnitz and Ye, 1997). It is important to note, that the 

chemotactic factor fMet-Leu-Phe stimulates neutrophil migration and shape changes at low 

nanomolar (1-10 nM) concentrations, whereas activation of the NADPH oxidase requires high 

concentrations (100 nM - 1μM) of the peptide (Prossnitz and Ye, 1997). The respiratory burst 

generated by fMet-Leu-Phe results in ROS being preferentially extracellularly released, and 

only to a minor extent generated in an intracellular compartment (Dahlgren, 1987).  

 

ROS and tissue damage  

The ultimate goal of neutrophil-mediated destruction of pathogens would be to efficiently 

render the pathogen harmless, without damaging host tissues. However, ROS generated from 

activated neutrophils have been reported to be involved in tissue injury associated with a 

number of inflammatory diseases (Witko-Sarsat et al., 2000).  

 

Chemiluminescence techniques to detect neutrophil ROS formation 

ROS secreted from the neutrophils into the extracellular space may have significantly 

different biological effects than ROS produced in an intracellular compartment. This aspect 

becomes particularly important when trying to estimate the impact of neutrophil activation on 

the risk of tissue damage related to extracellularly secreted ROS. Therefore, to be able to 

specifically measure the ROS produced intracellularly or extracellularly, the luminol- and 

isoluminol-enhanced chemiluminescence (CL) techniques are well suited (Dahlgren and 

Karlsson, 1999). Luminol (5-amino-2,3-dihydro-1,4-phthalazindione) is cell permeable and, 
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when present in the incubation medium, can thus detect both extracellular and intracellular 

ROS formation. When the membrane impermeable ROS scavengers, superoxide dismutase 

(SOD) and catalase, are added to the luminol-enhanced system, only intracellular ROS are 

quantified (Dahlgren and Karlsson, 1999). Isoluminol on the other hand, is a cell-

impermeable luminol-analogue, which will only detect ROS secreted extracellularly 

(Dahlgren and Karlsson, 1999; Lundqvist and Dahlgren, 1996). The specific ROS detected by 

these chemiluminescence systems are not completely defined. However, both the luminol and 

isoluminol-enhanced reactions are peroxidase-dependent, making the availability of 

neutrophil endogenous myeloperoxidase (MPO) a limiting factor for these reactions 

(Dahlgren and Karlsson, 1999). Thus, the luminol and isoluminol-enhanced reactions may not 

entirely reflect the activation of the NADPH oxidase per se, but addition of excess exogenous 

peroxidase (e.g. horseradish peroxidase/HRP) to the isoluminol-enhanced system creates a 

measuring system more specifically reflecting the NADPH oxidase activity in the plasma 

membrane. Since the latter system was found to be insensitive to the H2O2-scavenger catalase, 

but strongly sensitive to the O2
--scavenger SOD, it has been suggested that isoluminol 

preferentially detects O2
- (Lundqvist and Dahlgren, 1996). 

 

Neutrophil function in diabetes mellitus 
Diabetes mellitus is associated with many secondary diseases and late complications, such as 

neuropathy, retinopathy, nephropathy and an increased sensitivity to infections. That a defect 

in the function of neutrophils could be one mechanism behind the known increased sensitivity 

to infections in diabetic patients was first suggested by Marble et al. already in 1938 (Marble 

et al., 1938). Since then, many studies of neutrophils from diabetic patients have shown 

defects in all functional steps such as adherence, chemotaxis, respiratory burst, phagocytosis 

and bactericidal activity (Dziatkowiak et al., 1982; Ortmeyer and Mohsenin, 1993; Tater et 

al., 1987; Wilson, 1986).  

 

Phagocytosis defects 

Conflicting data have been reported about the in vitro phagocytic capacity of neutrophils from 

diabetic patients, showing normal (Dziatkowiak et al., 1982; Tater et al., 1987; Wilson and 

Reeves, 1986), increased (Karima et al., 2005) or decreased phagocytosis activity (Bagdade et 

al., 1974; Marhoffer et al., 1994; Van Oss, 1971). Interestingly, increased glucose 

concentrations were found to impair phagocytosis of IgG-opsonized Staphylococcus aureus 
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by normal human neutrophils (Van Oss and Border, 1978), whereas phagocytosis of C3bi-

opsonized Staphylococcus aureus was unaffected by elevated glucose concentrations 

(Pickering et al., 1982). These findings suggest that Fcγ receptor-mediated phagocytosis may 

be more sensitive to elevated glucose concentrations than is CR3-mediated phagocytosis.  

 

Respiratory burst defects in diabetes 

Although the effects of hyperglycemia on ROS production in neutrophils from diabetic 

patients or normal controls in vitro have been studied by many authors, the results are still 

conflicting. ROS production in neutrophils seems to be impaired by hyperglycemia when the 

cells are activated by fMet-Leu-Phe (Nielson and Hindson, 1989; Ortmeyer and Mohsenin, 

1993; Ortmeyer and Mohsenin, 1996), whereas activation by PMA (Kawamura et al., 1994; 

Lin et al., 1993; Ortmeyer and Mohsenin, 1993; Ortmeyer and Mohsenin, 1996; Shah et al., 

1983) or particulate stimuli (Aleksandrovskii, 1992; Baranao et al., 1987; Markert et al., 

1984; Wierusz-Wysocka et al., 1987) does not seem to be affected by elevated glucose 

concentrations in human neutrophils. The exact mechanisms by which hyperglycemia affects 

ROS production in human neutrophils, and the intracellular signaling pathways sensitive to 

glucose, are still unclear. However, it has been suggested that an increased metabolism of 

glucose through the polyol pathway, involving increased consumption of NADPH by aldose 

reductase, could reduce the available NADPH used by the NADPH oxidase (Tebbs et al., 

1992). Also hyperosmolarity caused by glucose (Sato et al., 1993) or protein glycosylation 

(Nielson and Hindson, 1989) have been suggested to impair neutrophil ROS production.  

 

Protein kinase C 

Several studies have shown that hyperglycemia can activate protein kinase C (PKC) (Lee, 

1989; Pfeiffer, 1996). The PKC isotypes that have been described so far, fall into three 

categories, based on primary structure and biochemical properties: the classical PKCs 

(cPKCs), the novel PKCs (nPKCs) and the atypical PKCs (aPKCs) (Spitaler and Cantrell, 

2004; Tan and Parker, 2003). cPKCs (PKCα, PKCβ1, PKCβ2 and PKCγ) require 

phosphatidylserine (PS) and are activated by Ca2+ and DAG; the nPKCs (PKCδ, PKCε, 

PKCη, PKCθ and PKCμ) are Ca2+- independent but also require DAG and PS; and aPKCs 

(PKCζ and PKC105) are dependent on PS, but DAG and Ca2+- independent (Spitaler and 

Cantrell, 2004; Tan and Parker, 2003). PKC β1 and β2, which require phosphatidylserine (PS) 

and are activated by Ca2+ and DAG, are the most abundant isoforms found in neutrophils 
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(Thelen and Wirthmueller, 1994). Also other PKC isoforms, such as  PKCζ and PKCδ have 

been found in human neutrophils (Thelen and Wirthmueller, 1994). However, the exact role 

of different PKC isoforms in neutrophil function is not known in detail.  

 

Elevation of the blood glucose by more than 5.5 mM increased the levels of membrane-bound 

and cytosolic PKCβ2  in platelets from type-2 diabetics as well as healthy controls (Pirags et 

al., 1996). A previous study by Oldenborg and Sehlin showed that activation of PKC with 

PMA dose-dependently inhibited neutrophil random locomotion and insulin-induced 

chemokinesis (Oldenborg and Sehlin, 1999a). PKC-activation also mediated an inhibitory 

effect of high glucose concentrations on insulin-induced chemokinesis in neutrophils 

(Oldenborg and Sehlin, 1999a). Other studies suggest that an increased membrane bound 

PKC activity could be mediated by de novo synthesis of diacylglycerol (DAG) from glucose. 

Such de novo synthesis of DAG has been observed both in endothelial cells (Lee, 1989) and 

in neutrophils stimulated by β-glucan (Rossi et al., 1991). Interestingly, a recent study on 

neutrophils from diabetic patients under poor glycemic control showed an increased level of 

total PKC, increased PKC activity, and increased amount of DAG (Karima et al., 2005). It 

was found that poor glycemic control actually enhanced fMet-Leu-Phe or PMA-stimulated 

O2
- release, where the mechanism was suggested to be mediated by PKC-dependent 

phosphorylation of p47phox (Karima et al., 2005). However, it is still unclear if those effects of 

poorly controlled diabetes were mediated by the presence of advanced glycation end products 

(AGE; see below). Thus, the exact mechanisms by which hyperglycemia affects neutrophil 

function are still unclear. 

 

Advanced glycation end products (AGE) 

Chronic hyperglycemia may result in the accumulation of AGE, resulting from the 

nonenzymatic reaction of amino acids with aldose sugars (Brownlee, 1995). A cell surface 

receptor for AGEs (RAGE) has been identified, which belongs to the Ig-superfamily of 

receptors (Neeper et al., 1992; Schmidt et al., 2001). RAGE is expressed by human 

neutrophils and ligation of this receptor by AGE-BSA induced a dose-dependent rise in 

intracellular Ca2+ [Ca2+]i as well as actin polymerization (Collison et al., 2002). It was found 

that AGE per se did not induce a respiratory burst in neutrophils, but that stimulated it 

augmented fMet-Leu-Phe-induced ROS production (Wong et al., 2002). Moreover, whereas 

AGE-BSA enhanced phagocytosis of S. aureus, neutrophil transendothelial migration, S. 

aureus-induced ROS production and bacterial killing were all inhibited by AGE-BSA 
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(Collison et al., 2002). Thus, these findings highlight the possibility that long-standing 

hyperglycemia may have additional effects on neutrophil function, beside those observed as 

more acute effects of elevated glucose concentrations. 

 

Effects of insulin on neutrophil function 

Although hyperglycemia and hyperinsulinemia due to insulin resistance are commonly found 

in patients with type-2 diabetes, few studies on the direct effects of hyperinsulinemia on 

neutrophil function have been published. It is well known that neutrophils and other 

leukocytes possess insulin receptors (Fussganger et al., 1976; Walrand et al., 2005). Although 

insulin is not directly involved in regulating glucose transport in neutrophils, it can affect the 

glucose metabolism in these cells (Esmann, 1972). It has been shown that physiological or 

moderately elevated levels of insulin stimulate neutrophil chemokinesis (Cavalot et al., 1993; 

Oldenborg and Sehlin, 1998). This effect of insulin was sensitive to inhibitors of tyrosine 

kinase or phosphatidylinositol 3-kinase (PI3-kinase) (Oldenborg and Sehlin, 1998). Insulin 

may also have direct effects on neutrophil respiratory burst, since it was shown that the 

hormone could stimulate intracellular ROS production in neutrophils, an effect that could be 

blocked by anti-insulin receptor antibodies (Spagnoli et al., 1995). On the other hand,  insulin 

was also found to inhibit fMet-Leu-Phe-stimulated extracellular ROS production in normal 

human neutrophils by reducing the release of myeloperoxidase without affecting the 

formation of superoxide anions from the NADPH oxidase (Oldenborg et al., 2000). Although 

most effects of insulin are thought to involve insulin receptor-mediated tyrosine kinase and 

PI3-kinase-dependent signaling pathways, non-tyrosine kinase signaling pathways involving 

activation of   phospolipase C (PLC), DAG and PKC have also been suggested (Strålfors, 

1997).  
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Specific aims  

The molecular mechanisms underlying impaired neutrophil function in diabetes are not well 

understood and are likely to be complicated. Defect control of insulin levels and 

hyperglycemia are cardinal signs of diabetes but even knowledge on the effects of insulin and 

glucose levels on normal neutrophil function is scanty. Therefore, to further investigate the 

effects of glucose and insulin on the function of neutrophil granulocytes, the aims of this 

thesis were: 

 

• To study the effects of elevated D-glucose or insulin concentrations on the 

phagocytosis of C3bi or IgG-opsonized yeast particles in normal human neutrophils. 

 

 

• To study the effects of elevated D-glucose or insulin concentrations on the production 

of ROS in normal human neutrophils.  

 

 

• To investigate the intracellular mechanisms through which elevated D-glucose or 

insulin concentrations affect the phagocytosis of C3bi and IgG-opsonized yeast 

particles and ROS production in normal human neutrophils. 
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Materials and methods 

Chemicals 

Electrophoretically homogenous, lyophilized bovine serum albumin (BSA), Horseradish 

peroxidase (HRP) and catalase were were from Boehringer Mannheim Scandinavia AB, 

Stockholm, Sweden. GF109203x was from Calbiochem, La Jolla, CA, USA. Go6976 was 

from LC Laboratories, Woburn, MA, USA. May-Grünwalds reagent was from 

Apoteksbolaget, Malmö, Sweden. Diacylglycerol (DAG), FITC-phalloidin, 

lysophosphatidylcholine, Luminol, Isoluminol, superoxide dismutase (SOD) and phorbol 12-

myristate 13-acetate (PMA) were from Sigma Chemical Co., St. Louis, MO, USA. Fura 2-

AM was from Molecular Probes, OR, USA. Polymorphprep was from Nycomed Pharma, 

Oslo, Norway. Rabbit anti-yeast IgG was a generous gift of Dr. Maria Fällman, Umeå 

University, Sweden. Tannic acid was from Ketsen, Stockholm, Sweden. PMA, GF109203x 

and Go6976 were dissolved in dimetylsulfoxide (DMSO) and stored at -20°C. The highest 

final DMSO concentration in the experiments was 0.1% (v/v) and equal concentrations of 

DMSO were included in the controls. Double-distilled water was used throughout and all 

reagents used were of analytical grade.  

Media 

Krebs-Ringer Hepes (KRH) medium containing (in mM): NaCl 136, KCl 4.7, KH2PO4 1.2, 

MgSO4 1.2, NaHCO3 5, Hepes 20, D-glucose 5, CaCl2 1.1, supplemented with 1mg/ml BSA, 

pH 7.40, was used in all experiments. Phosphate buffered saline (PBS) containing (in mM): 

Na2HPO4 8.1, KCl 2.7, KH2PO4 1.5 and NaCl 137, pH 7.40 was used to wash the cells during 

the preparation and staining. 

Isolation of human neutrophil granulocytes 

Neutrophil granulocytes were isolated from heparinized venous blood, drawn from apparently 

healthy, adult volunteers, essentially using the method of Böyum. In short, blood was layered 

on top of Polymorphprep and spun in a centrifuge at 450-500 x g and room temperature for 30 

minutes. The neutrophil layer was then collected and following a brief hypotonic lysis of 

remaining erythrocytes, using distilled water; the neutrophils were washed three times at 200 

x g for 5 minutes and finally suspended at 1x106 cells/ml in KRH. The cell suspension was 

kept at room temperature until used, which was within one hour. 
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Preparation and opsonization of yeast particles 

Opsonized yeast particles were prepared essentially as previously described by Andersson et 

al. (Andersson et al., 1988; Hed and Stendahl, 1982). For complement opsonization, FITC-

labeled or unlabeled heat killed yeast particles (S. cereviciae) were incubated with 20% 

normal human serum in KRH at 37°C for 30 min, a procedure shown to result in deposition of 

C3bi on the yeast surface without any detectable IgG (Hed and Stendahl, 1982). For IgG-

opsonization, heat killed yeast particles were incubated with purified rabbit anti-yeast IgG (24 

µg/ml) in the presence of 20% heat inactivated (56°C, 30 min) human serum in KRH at 37°C 

for 30 min. All particles were then washed twice, resuspended at 1x108/ml in KRH and kept 

on ice until used, which was within 2 hours. 

Measurement of phagocytosis 

For measurements of phagocytosis, neutrophils (1x106/ml) were first incubated in suspension 

with different concentrations of D-glucose or insulin at 37°C for 30 min. DAG, PKC 

inhibitors, cytochalasine B, or PMA, when used, were added during the last 5 min prior to the 

addition of yeast particles. C3b-opsonized yeast (C3bY) or IgG-opsonized yeast particles 

(IgGY) were then added to the neutrophils, which were further incubated at 37°C for 15 min. 

The tubes were then put on ice for 15 min to stop the phagocytosis process. Phagocytosis was 

evaluated either by light microscopy according to the method by Giaimis et al. (Giaimis et al., 

1992) or by flow cytometry using FITC-labeled yeast particles. For light microscopic 

evaluation of phagocytosis, neutrophils from each sample were attached to glass slides. To 

visually separate ingested yeast particles from extracellularly bound, non-ingested particles, 

slides were then treated with 1% (w/v) tannic acid in PBS for 1 min at room temperature 

(Giaimis et al., 1992). Next, slides were stained with May-Grünwalds reagent for 5 min and 

finally washed with H2O for another 5 min. Tannic acid will not get access to ingested yeast 

particles, but will only etch the extracellularly bound yeast. Therefore, by using this method, 

ingested yeast particles will have a light pink color whereas extracellularly bound yeast will 

have a dark purple color. The slides were allowed to dry at room temperature before 

microscopic evaluation. The number of ingested and extracellularly bound particles was 

counted by light microscopy. One hundred neutrophils were analyzed in each of three 

separate preparations from each sample/incubation condition. Phagocytosis was expressed as 

a phagocytosis index showing number of ingested yeast particles per 100 neutrophils.  For 

flow cytometric evaluation of phagocytosis, opsonized FITC-labeled yeast particles were used 

in the phagocytosis assay, as described above. Following phagocytosis, samples on ice were 
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mixed with trypan blue (1% (v/v) final concentration) to quench the fluorescence of yeast 

particles that were not fully ingested by the neutrophils. Phagocytosis was quantified by using 

FACscan flow cytometry (BD Biosciences, Mountain View, CA, USA) and analyzed using 

CellQuest software (BD Biosciences, Mountain View, CA, USA). Sufficient quenching of 

non-ingested yeast was confirmed by comparing the fluorescence signal from FITC yeast, 

with or without trypan blue. The results obtained by the two different methods described 

above gave virtually identical results. 

Measurement of intracellular F-actin following preincubation and synchronized 

phagocytosis 

For the F-actin assay, 1 x 106  neutrophils were preincubated in 200 µl KRH in polypropylene 

tubes at 37°C for 30 min with 0, 80, or 160 µU/ml insulin. For measurement of basal F-actin 

levels, 500 µl of ice-cold 4% paraformaldehyde was added after the preincubation. The 

samples where then treated as described below. For measurement of cellular F-actin content 

following synchronized phagocytosis, the tubes were placed on melting ice after 

preincubation with or without insulin. After this, unlabeled C3bY particles were added to the 

neutrophils for 20 minutes to induce binding of C3bY to the neutrophils. The suspension was 

then incubated at 37°C for 1, 5 or 15 minutes, after which the phagocytosis process was 

stopped by adding 500 µl of ice-cold 4% paraformaldehyde. The tubes were then put on 

melting ice for at least 30 minutes. Next, the samples were washed twice in PBS for 10 

minutes, resuspended in 1 ml FITC-phalloidin solution (10 µM FITC-phalloidin and 10 µg/ml 

lysophosphatidylcholine in PBS), and incubated in the dark at room temperature for 40 

minutes. After this, the samples were washed twice in PBS and the F-actin content was 

quantified by using FACscan flow cytometry and analyzed using CellQuest software. For 

evaluation of synchronized phagocytosis of FITC-labeled yeast particles, unfixed samples 

treated as for the F-actin assay were mixed with trypan blue (1% w/v final concentration) to 

quench the fluorescence of non-ingested yeast particles, and phagocytosis was immediately 

quantified by using fluorescence light microscopy. 

Quantification of cortical F-actin 

To determine the neutrophil cortical F-actin content, 1 x 106 neutrophils were incubated in 

200 µl KRH in polypropylene tubes at 37°C for 30 min with 0 or 80 µU/ml insulin. The PKC 

inhibitor Go6976, when used, was added at the start of incubation. After 30 minutes, 500 µl of 

ice-cold 4% paraformaldehyde was added and the samples were treated with FITC-phalloidin 
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solution as described above.  Confocal images of central sections (confocal section with 

largest cell diameter) of neutrophils were captured using laser confocal microscopy (Leica 

TSP-2, Heidelberg, Germany), and the cortical F-actin content, defined as the amount of F-

actin (pixel intensity) within 1 µm from the cell membrane, was determined using Leica 

Confocal Software (LCS Lite), as described below. 

Outer 
demarcation 

Inner 
demarcation 

Cortical F-actin  
 

(= Area A - Area B) 
Area A

 

 

Cortical F-actin was defined as the amount of F-actin within 1 μm from the plasma 

membrane. To calculate this, confocal images of FITC-phalloidin-stained neutrophils were 

captured at the confocal plane showing the largest cell diameter. Using these images, an outer 

demarcation (Area A) was drawn around the cell and an inner demarcation (Area B) was 

created, which had 1 μm smaller radius than that in area A. Cortical F-actin was calculated 

using the formula [mean pixel intensity for area A - mean pixel intensity for area B]/[mean 

pixel intensity for Area A] and the resulting value showed the F-actin level in the cortical 

area. 
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Measurement of reactive oxygen species (ROS) 

Neutrophil production of ROS was assayed at 37°C as luminol or isoluminol-enhanced 

chemiluminescence (CL), using a Hidex luminometer (Hidex, Turku, Finland). The CL 

activity determined with cell permeable luminol detects both the extracellular and intracellular 

ROS production, whereas that with cell-impermeable isoluminol, in the presence or absence 

of exogenous horse-radish peroxidase (HRP), reflects the extracellular activity (Dahlgren and 

Karlsson, 1999). Addition of superoxide dismutase (SOD) and catalase to the luminol-

dependent reaction results in a system where only the intracellular CL is quantified (Dahlgren 

and Karlsson, 1999). Neutrophils (2 x 106/ml) were incubated in KRH with glucose, insulin or 

inhibitors, where indicated, for 25 minutes at 37°C in disposable polypropylene tubes. 

Thereafter, the following were added to the tubes: 56 µM isoluminol  ± 4 U/ml HRP 

(extracellular CL); 56 µM luminol (total CL); 56 µM luminol + 50 U/ml SOD and 2000 U/ml 

catalase (intracellular CL).  The tubes, containing a total volume of 500 µl, were then placed 

in the luminometer and the baseline CL was recorded for the last 5 minutes of the 30 minutes 

preincubation period. Neutrophils were then activated by adding stimulus and the CL was 

recorded during 15-30 minutes after activation. 

 

Myeloperoxidase release-assay 

Neutrophils, incubated in KRH with 5, 15, or 25 mM glucose for 30 minutes at 37°C, were 

stimulated with 2.5 μM A23187 for 5, 15, or 30 minutes at 37°C. Cells were then put on 

melting ice and neutrophils were sedimented for 10 minutes at 1500 rpm and 4°C. Cell-free 

supernatants were incubated with 4 µg/ml o-Phenylenediamine dihydro-chloride in 0.1 M 

citrate phosphate buffer, pH 5.0, for 30 minutes and the absorbance at 450 nm was read on a 

plate reader (SpectraMax 190; Mol. Devices, Sunnyvale, CA, USA). 

 

Measurements of cytoplasmic Ca2+ 

[Ca2+]i of resting or fMet-Leu-Phe-stimulated neutrophils was quantified, as previously 

described for pancreatic β cells (Pakhtusova et al., 2003), with slight modifications. In brief, 

neutrophils were loaded with 2 μM fura-2-AM in KRH medium at 37°C for 40 minutes. After 

removal of extracellular fura-2 by washing in KRH, cells were further incubated in the 

presence of 5 mM or 25 mM glucose for 30 minutes at 37°C. Neutrophils were then allowed 

to attach for 5 minutes to glass cover slips mounted as the bottom of an open chamber, 
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mounted on a heated stage of an inverted microscope (Zeiss Axiovert) equipped for 

epifluorescence measurements. To excite the fura-2, cells were successively exposed to 

wavelengths of 340 and 380 nm during 23 ms intervals each, using a 75W xenon lamp. The 

interval between the cycles of 340/380 nm excitation was 1.75 seconds. Images were acquired 

using an Orca ER camera (Hamamatsu, Japan) and analyzed on an Openlab image analysis 

system (Improvision, Coventry, UK). After the neutrophils had adhered, resting [Ca2+]i was 

registered for 2 minutes. Then, 100 nM fMet-Leu-Phe was added and the [Ca2+]i was 

registered for another 10 minutes. [Ca2+]i was calculated based on the ratio of 340 and 380 nm 

signals after background subtraction, using the equation described by Grynkiewicz et al. 

(Grynkiewicz et al., 1985), with a Kd of 224 nM. 

 

Statistics 

Statistical analyses were performed by using two-tailed Student’s t-test for paired or unpaired 

samples.
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Results and Discussion 

Elevated glucose concentrations decrease the rate of phagocytosis of C3bi or IgG-

opsonized yeast particles in normal human neutrophils (I) 

Neutrophil phagocytosis of invading pathogens is of outmost importance for successful 

resistance to infections. However, phagocytosis is a complicated process that can be activated 

by several different types of prophagocytic receptors (Greenberg and Silverstein, 1993). In 

neutrophils, two of the best characterized phagocytic receptors are FcγR for the Fc portion of 

IgG on IgG-opsonized targets and CR3 that will recognize C3bi-opsonized targets (Lee et al., 

2003). An important complication in diabetes mellitus is an increased sensitivity to infection, 

which is associated with many secondary diseases (Tater et al., 1987; Wilson, 1986). 

Although neutrophil function is generally thought to be impaired in diabetic patients, 

conflicting data has been reported about the neutrophil in vitro phagocytosis capacity in this 

disease, showing both normal (Dziatkowiak et al., 1982; Tater et al., 1987; Wilson, 1986) as 

well as decreased phagocytic activity (Bagdade et al., 1974; Marhoffer et al., 1994; Van Oss, 

1971; Wilson, 1986).  

 

To further investigate the mechanisms behind these defects, we examined the effects of 

elevated glucose concentrations on the phagocytosis of C3bi- or IgG-opsonized yeast particles 

in normal human neutrophils. Our results demonstrate that the rate of phagocytosis decreased 

when the D-glucose concentration was elevated from 5 mM to 15 or 25 mM. It was 

previously shown that an increase of the glucose concentration from zero to 5 mM, which is 

close to a normal physiological level, enhanced the adhesion of neutrophils to glass surfaces 

treated with BSA (Oldenborg and Sehlin, 1999b). Further increase of the glucose 

concentration from 5 mM to 15 mM or 25 mM had little effect on the adhesion (Oldenborg 

and Sehlin, 1999b). Similar studies on the locomotion of neutrophils showed an increase in 

motility, when the glucose concentration was elevated from 0 mM to 5 mM, but no significant 

effects when the concentration of glucose was further elevated to 15 mM or 25 mM 

(Oldenborg and Sehlin, 1999b).  These results would suggest that the glucose-induced 

inhibition of phagocytosis of C3bY or IgGY in neutrophils is unlikely to be caused by 

impaired attachment or locomotion. However, the effects could be the result of either a 

reduced binding of C3bi or IgG-opsonized yeast particles to neutrophil complement or Fcγ 

receptors or due to a reduced ingestion of yeast particles bound to the cell surface, or both. 

The total number of neutrophil-associated yeast particles (C3bY), both ingested and bound to 

 28



the outside of the neutrophils, was affected by glucose to a rather low extent. When the total 

number of cell-associated IgGY was analyzed in the same way there was a slight decrease in 

the total number of cell-associated IgGY in the presence of 25mM glucose, as compared to 

that at 5mM glucose. 

 

The modest effects of elevated glucose concentrations on the total number of neutrophil-

associated yeast particles suggest that impaired binding of yeast particles to complement or 

Fcγ receptors cannot per se explain the strong inhibitory effects of glucose on phagocytosis. It 

is therefore most likely that the inhibitory effects of elevated glucose concentrations are acting 

specifically on the rate of the ingestion process following complement or Fcγ receptor 

engagement by particulate stimuli. To determine whether the inhibitory effect of high glucose 

concentrations on phagocytosis in neutrophils was simply an osmotic effect, we examined the 

effects of the transported but non-metabolizable glucose analogue 3-oxy-methyl-D-glucose 

(3-OMG) and of the non-transported stereo-isomer L-glucose, on the phagocytosis of C3bY. 

The results showed no significant changes in phagocytosis by these two sugars at 15 or 25 

mM, indicating that the effects of high glucose concentrations were not simply an osmotic 

effect.  

Taken together these results suggest that increased glucose concentrations inhibit neutrophil 

phagocytosis of C3bY and IgGY by specifically affecting the ingestion process.  

 

The effects of elevated glucose concentrations on neutrophil phagocytosis are mediated 

by activation of PKCα and/or PKCβ, possibly through generation of DAG (I) 

 

Several studies have shown that hyperglycemia activates protein kinase C (PKC), which may 

underly insulin resistance and diabetic complications in different tissues (Lee, 1989; Pfeiffer, 

1996). Several PKC isoforms have been described so far, which fall into three categories 

based on primary structure and biochemical properties (Spitaler and Cantrell, 2004; Tan and 

Parker, 2003). PKC β1 and β2, which require phosphatidylserine (PS) and are activated by 

Ca2+ and DAG, are the most abundant isoforms found in neutrophils (Thelen and 

Wirthmueller, 1994).  

To further investigate the possible role of PKC in glucose-mediated inhibition of 

phagocytosis, we next tested the effect of the PKC-activator PMA on neutrophil phagocytosis 

of C3bY and IgGY. We found that the rate of phagocytosis of both types of targets decreased 
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dose-dependently at 1 nM – 1 μM PMA. Thus, PKC activation by PMA could decrease the 

rate of complement or Fcγ receptor-mediated phagocytosis of yeast particles in normal human 

neutrophils. If the D-glucose-mediated inhibitory effects on phagocytosis of C3bY and IgGY 

in neutrophils were mediated by PKC activation, a PKC inhibitor should reverse that effect. 

Thus, to further investigate the possible inhibitory effects of glucose-mediated PKC activation 

on phagocytosis of opsonized yeast particles, we tested the effect of two specific PKC 

inhibitors, GF109203X - an inhibitor of the α, β, δ, and ε-isoforms of PKC and Go6976 - an 

inhibitor of the α and β-isoforms of PKC. We first studied the ability of GF109203X to 

reverse glucose-induced inhibition of neutrophil phagocytosis of C3bY.  Addition of 

GF109203X at 10 nM – 1 μM dose-dependently reversed the inhibitory effect of 25 mM 

glucose, with an almost normalized phagocytosis at 1 μM GF109203X. This is in good 

agreement with our previous finding, where 1 μM of GF109203X completely abolished 

PMA-induced superoxide secretion from human neutrophils (Oldenborg and Sehlin, 1999a). 

In the same way, Go6976, at 0.1 – 10 μM, also dose-dependently reversed the inhibitory 

effects of 25 mM glucose on neutrophil phagocytosis of both C3bY and IgGY. Also here, we 

confirmed that 10 μM Go6976 completely inhibited PMA-induced superoxide secretion in 

neutrophils. Thus, inhibition of the PKC isoforms α and/or β is sufficient to prevent the 

decreased rate of phagocytosis seen at elevated glucose concentrations. 

It has been suggested that activation of PKC can be mediated by de novo synthesis of DAG 

from glucose (Lee, 1989; Rossi et al., 1991). As the PKC isoforms α and β can be activated 

by DAG, we next studied the ability of a membrane permeable DAG analogue to inhibit the 

phagocytosis of C3bY. We found that DAG, indeed, dose-dependently inhibited phagocytosis 

of C3bY, an effect that could be reversed by the PKC inhibitor Go6976. If elevated glucose 

concentrations and DAG inhibit phagocytosis by the same mechanisms, there should be an 

additive effect by a combination of suboptimal inhibitory concentrations of the two 

substances. Indeed, the combination of 10 mM glucose and 100 μM DAG decreased the rate 

of phagocytosis significantly more then the two suboptimal concentrations alone and 

compared to that at 5 mM D-glucose. Thus, it is possible that the inhibitory effects of elevated 

glucose concentrations on neutrophil phagocytosis are mediated by DAG-induced activation 

of PKCα and/or PKCβ. 
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Elevated insulin concentrations inhibit phagocytosis of C3bi or IgG-opsonized yeast 

particles in normal human neutrophils (II). 

 

Due to insulin resistance, hyperglycemia and hyperinsulinemia are commonly found in 

patients with poorly controlled type 2 diabetes. Still, our knowledge of the effects of elevated 

insulin concentrations on the function of neutrophils is scanty. We investigated the acute 

effect of elevated insulin concentrations on the phagocytosis of C3bY and IgGY in normal 

human neutrophils. Thus, neutrophils were preincubated for 30 min in suspension at different 

insulin concentrations (40, 80 and 160 µU/ml) in the presence of 5 mM glucose, followed by 

another 15 min incubation in the same medium but with yeast cells added. The results showed 

that phagocytosis of both targets were decreased by insulin in a dose-dependent manner. To 

further analyze the inhibitory effects of insulin on neutrophil phagocytosis, we compared the 

phagocytosis index (number of targets/100 neutrophils) and the fraction of phagocytosing 

neutrophils (number of neutrophils with at least one ingested target) during synchronized 

phagocytosis of opsonized yeast particles. We found no differences in the number of yeast 

particles bound/100 neutrophils or the fraction of neutrophils with bound opsonized yeast 

particles when the cells were kept on ice, indicating that the inhibitory effect of insulin on 

phagocytosis was not due to a decreased binding of opsonized yeast particles. Since insulin at 

80 μU/ml was found to give maximally inhibitory effects, this concentration of the hormone 

was used for further studies. Following incubation at 37°C for 1, 5, 15 or 60 minutes, the 

number of ingested yeast particles/100 neutrophils was reduced by insulin at all time-points, 

as compared with that in the absence of insulin. When counting the fraction of phagocytosing 

neutrophils, we found that this parameter was most strongly reduced by insulin at 1 minute, 

whereas this difference was gradually reduced with time and no significant difference was 

seen at 15 or 60 minutes, as compared with the control. A more detailed analysis of the effect 

of insulin on the number of opsonized yeast particles ingested per neutrophil following 15 and 

60 minutes of phagocytosis at 37° C showed that a larger fraction of neutrophils had ingested 

only one or two yeast particles and a smaller fraction of neutrophils had ingested three or four 

yeast particles, as compared with that in the absence of insulin.  

Taken together, these data indicate that moderately elevated insulin concentrations decrease 

the rate of phagocytosis of C3b- or IgG-opsonized yeast particles in neutrophils by delaying 

the phagocytosis process, resulting in an increased number of neutrophils ingesting a lower 

number of yeast particles. 
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Insulin modulates the accumulation and distribution of F-actin in neutrophils through a 

PKCα and/or PKCβ dependent signaling pathway (II) 

 

A dynamic remodelling of the cytoskeleton is important for an effective phagocytosis process 

in neutrophils. Furthermore, it is well known that insulin affects the regulation of the 

cytoskeleton, where part of these effects involves a decreased level of G-actin and an 

increased level of F-actin (Rao et al., 1985; Al-Habori, 1993; Vadeler et al., 1991). We 

therefore investigated if the insulin-induced delay in neutrophil phagocytosis of C3bY could 

be due to alterations in F-actin turnover or its spatial distribution. 

 

To test the hypothesis, that insulin interferes with the formation of F-actin and thereby inhibit 

phagocytosis, we studied the effects of insulin on the amount and localization of F-actin in 

neutrophils after 30 minutes incubation at 37°C in the absence of target particles. Using flow 

cytometry, we found that the total cellular levels of F-actin were not significantly different in 

neutrophils incubated in the presence or absence of 80 μU/ml insulin. However, following 

insulin treatment, F-actin was redistributed and accumulated in the cortical area under the 

plasma membrane. Thus, quantification of this parameter in neutrophils incubated in the 

presence or absence of insulin showed that the amount of cortical F-actin was significantly 

increased by 80 μU/ml insulin, as compared with that without insulin. We also investigated 

the total neutrophil F-actin content in neutrophils during synchronized phagocytosis of C3bY. 

Again, we found no significant difference in resting F-actin contents in samples preincubated 

in the presence or absence of insulin. However, during C3bY phagocytosis, we found 

significantly higher levels of F-actin at 1, 10 and 15 minutes after the onset of phagocytosis in 

neutrophils preincubated with 80 µU/ml insulin, as compared with that in the controls. It is 

possible that these differences may rather reflect the delayed uptake of C3bY in the presence 

of insulin than an effect of insulin on the assembly/disassembly of F-actin during 

phagocytosis. 

 

Several studies have suggested a possible role of PKC in the turnover and remodelling of F-

actin (Blobe et al., 1996; Gschwendt et al., 1996; Niggli et al., 1999; Slater et al., 2000). 

Therefore, we tested the effects of the PKC inhibitor Go6976 on insulin-mediated cortical F-

actin formation. The increase in the amount of cortical F-actin mediated by 80 µU/ml insulin 

was completely reversed by 10 μM Go6976. The PKC inhibitor did not have any significant 
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effect on the amount of cortical F-actin in the absence of insulin. Given the assumption that a 

disturbance in F-actin assembly could affect the phagocytosis process and the possible links 

found between PKC (α and β isoforms) and the formation of cortical F-actin, we tested the 

effects of the PKC inhibitor Go6976 on the insulin mediated inhibition of neutrophil 

phagocytosis. These experiments revealed that Go6976 (10 μM) completely abolished the 

inhibitory effect of 80 µU/ml insulin on neutrophil phagocytosis of C3bY. It has been shown 

that Go6976 could also inhibit the function of PKD (PKCµ) (Gschwendt et al., 1996). 

Therefore, to rule out that the effect of insulin in our system was not mediated by PKD, we 

also used the PKC inhibitor GF109203X, which inhibits the α-, β-, δ-, and ε-isoforms of PKC 

without directly blocking PKD enzymatic activity (Zugaza et al., 1997). These experiments 

showed that GF109203X at 1 µM, a concentration which completely inhibits PMA-stimulated 

respiratory burst in human neutrophils (Oldenborg and Sehlin, 1999a), reversed the inhibitory 

effect of insulin on neutrophil phagocytosis to the same extent as that seen for Go6976. Thus, 

these experiments suggested that PKD is not involved in this mechanism. 

 

Cellular responses to insulin are thought mainly to be dependent on tyrosine phosphorylation 

of the insulin receptor and subsequent recruitment of various insulin receptor substrates (i.e. 

IRS-1, IRS-2 and Shc) to the tyrosine-phosphorylated insulin receptor motifs (White, 1997). 

The resulting downstream signaling events, induced by the tyrosine phosphorylated insulin 

receptor, may include PI3-kinase activation and activation of p21ras and MAP kinase, each 

involved in mediating a big array of the cellular effects of insulin (White, 1997). However, 

some effects of insulin have been suggested to be mediated by tyrosine kinase-independent 

signaling pathways, perhaps involving insulin receptor-mediated non-covalent activation of 

heterotrimeric G proteins with subsequent PLC-dependent generation of 

inositolphosphoglycan (IPG) and DAG (Strålfors, 1997; Sung, 1992). Thus, IPG and DAG, 

with or without the involvement of PKC, have booth been implicated as second messengers of 

insulin (Strålfors, 1997). Oldenborg et al. (Oldenborg and Sehlin, 1998) have previously 

reported that insulin could stimulate chemokinesis in adherent neutrophils, an effect that was 

sensitive to inhibitors of PI3 kinase and tyrosine kinases. Those data would suggest that 

insulin-mediated signaling in neutrophils is indeed dependent on the “classical” signaling 

pathways from the insulin receptor. However, our findings show that the inhibitory effect of 

insulin on neutrophil phagocytosis, and the ability of insulin to increase the accumulation of 

cortical F-actin in the absence of target particles, involves signaling pathways dependent on 
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the PKC isoforms α and/or β. It is therefore likely that insulin may exert a complex set of 

signaling events in human neutrophils.  

 

As described above, insulin increases the accumulation of cortical F-actin, without affecting 

the total cellular F-actin level. Thus, the inhibitory effect of insulin on neutrophil 

phagocytosis may involve a more rigid cell surface, due to the increased cortical F-actin 

structures, negatively affecting the dynamic changes in the actin cytoskeleton needed for 

efficient phagocytosis to occur. This is in good agreement with results showing that insulin, 

indeed, stimulates the accumulation of cortical F-actin in other cell types (Vadeler et al. 

1991). In relation to the findings, that an inhibitor of PKCα/β could completely reverse both 

the insulin-stimulated increase in cortical F-actin accumulation and the inhibitory effect of 

insulin on neutrophil phagocytosis, it is interesting to note that many PKC isoforms can bind 

to F-actin in cell-free systems as well as in several different cell types, including neutrophils 

(Blobe et al., 1996; Niggli et al., 1999; Slater et al., 2000). Data on enterocytes show that 

binding of classical PKC isoforms (cPKC; α, βI, and βII) to F-actin may in fact serve to 

stabilize actin filaments (Banan et al., 2004). Binding of cPKC isoforms to F-actin can be 

potentiated by phorbol esters or Ca2+, with a synergistic effect between these two factors 

when present at the same time (Slater et al., 2000). Furthermore, the level of phorbol ester 

needed to induce cPKC activation and binding to F-actin was lowered at increasing Ca2+ 

concentrations (Slater et al., 2000). Although we do not yet know the detailed nature of the 

intracellular signaling molecules, which mediate the effects of insulin on the reorganization of 

the actin cytoskeleton and inhibition of neutrophil phagocytosis, DAG may be one candidate 

(Strålfors, 1997). Both phorbol esters and DAG activate cPKC by binding to the C1 domain 

of PKC (Geiger et al., 2003). Since neutrophil phagocytosis is accompanied by increased 

cytoplasmic Ca2+ concentrations, and since increasing cytoplasmic Ca2+ concentrations can 

lower the concentrations of stimulus needed for cPKC binding to F-actin, it is tempting to 

speculate that a possible insulin-mediated cPKC/F-actin interaction might be facilitated by 

increased Ca2+ concentrations at onset of phagocytosis. However, the exact intracellular 

responses to insulin in human neutrophils are still unclear and need further investigation. 
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Elevated insulin concentrations modulate the production of reactive oxygen species 

(ROS) in C3bY-stimulated neutrophils (III) 

 

Activation of neutrophils with opsonized yeast particles results in phagocytosis and 

simultaneous activation of ROS production by the NADPH oxidase (Karlsson and Dahlgren, 

2002). Normally, ROS production during phagocytosis is preferentially located in the 

membranes of the forming phagosomes, with less ROS produced and released into the 

extracellular compartment (Granfeldt and Dahlgren, 2001). To further investigate the effects 

of insulin on the antibacterial function of neutrophils, the effects of an elevated insulin 

concentration on ROS production by C3bY-stimulated neutrophils was studied. As expected 

from our findings of an insulin-mediated inhibition of phagocytosis, the intracellular ROS 

production was significantly decreased when neutrophils had been incubated with 80 μU/ml 

insulin prior to stimulation with C3bY. This could be partly explained by the decreased rate of 

phagocytosis. However, we found that the extracellular ROS production in neutrophils 

interacting with C3bY was significantly increased after preincubation with insulin, as 

compared with that without insulin. Thus, the presence of 80 µU/ml insulin results in a 

reduced rate of phagocytosis but a strongly enhanced extracellular production of ROS from 

the neutrophils. The increased extracellular release of ROS, measured by using the 

peroxidase-dependent isoluminol reaction, in the presence of insulin could be due to increased 

leakage of MPO from the neutrophils. However, since the relative effect of insulin in this 

system was not much affected by the addition of excess exogenous peroxidase, the increased 

extracellular ROS detected in the presence of insulin was mainly due to increased activation 

of the NADPH oxidase and to a much lesser extent to an increased release of MPO during 

phagocytosis.   

 

The effect of elevated insulin on the extracellular ROS production is dependent on the 

formation of F-actin and mediated through a PKCα and/or PKCβ dependent signaling 

pathway (III) 

 

When the PKC inhibitor, Go6976, was added to neutrophils prior to stimulation with C3bY 

the inhibitory effects of elevated insulin concentration on ROS production was abolished. 

Since this PKC inhibitor also reversed the inhibitory effects of insulin on neutrophil 

phagocytosis, the finding on ROS would suggest that the increased extracellular ROS 
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production in neutrophils stimulated with C3bY is closely linked to the retarded phagocytosis 

process.  

 

As described above, the inhibitory effects of an elevated insulin concentration on neutrophil 

phagocytosis of opsonized yeast particles were associated with an increased accumulation of 

cortical F-actin. To examine if the effects of insulin seen on ROS production also included 

involvement of F-actin, the effects of the F-actin disrupting agent cytochalasin B (CB), were 

investigated. First, the optimal phagocytosis-inhibitory concentration of CB was determined, 

using FITC-labeled C3bY.  We found that phagocytosis was dose-dependently inhibited by 

CB at 0.5 - 50 µg/ml, with near complete inhibition at 10 µg/ml CB. Extracellular C3bY-

stimulated ROS production was decreased, but not completely inhibited, when neutrophil 

phagocytosis was blocked with 10 µg/ml CB, as compared with that in the absence of CB. 

This finding is in line with that previously reported (Granfeldt and Dahlgren, 2001). In the 

presence of 10 µg/ml CB, no significant difference in the total amount of extracellular ROS 

produced could be found when neutrophils were incubated in the presence or absence of 80 

µU/ml insulin. The exact role of the cytoskeleton in regulating the assembly or function of the 

NADPH oxidase is not well understood. However, a likely explanation to the finding that 

cytochalasin B reversed the effects of insulin in our system could be that the effect of insulin 

on neutrophil F-actin distribution, besides resulting in a slower rate of phagocytosis, could 

also be to affect complement receptor-mediated activation and assembly of the NADPH 

oxidase in the plasma membrane. 

 

Effects of elevated glucose concentration on ROS production in neutrophils (IV) 

 

The mechanisms by which glucose affects ROS production in neutrophils are far from well 

understood. Previous studies have shown that elevated glucose concentrations can impair 

ROS production in neutrophils from healthy donors stimulated by fMet-LuePhe, whereas 

stimulation with PMA was not affected (Marhoffer et al., 1993; Nielson and Hindson, 1989; 

Oldenborg et al., 2000; Ortmeyer and Mohsenin, 1993). To further investigate the effects of 

elevated glucose concentration on ROS production in neutrophils, a series of agonists which 

induce extracellular and/or intracellular activation of the NADPH oxidase were tested. We 

found that glucose at 25 mM inhibited the extracellular ROS production both when 

neutrophils were stimulated with C3b opsonized yeast particles and with surface bound IgG, 

as compared to that at 5 mM glucose. As discussed above (I), 25 mM glucose inhibited 
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phagocytosis of C3bY and IgGY in normal human neutrophils, an effect that was mediated 

through a PKC-dependent signaling pathway. Direct activation of PKC with PMA results in 

both an intracellular production and an extracellular release of ROS in neutrophils (Karlsson 

and Dahlgren, 2002). However, only the intracellular PMA-stimulated ROS production was 

found to be sensitive to an elevated glucose concentration, whereas the extracellular PMA-

stimulated ROS production was not affected. These findings are in agreement with previous 

reports showing no effect of elevated glucose concentrations, or diabetes mellitus, on PMA-

stimulated neutrophil release of O2
- (Ortmeyer and Mohsenin, 1993; Ortmeyer and Mohsenin, 

1996). Previous studies have shown that elevated glucose concentrations increase the PKC 

activity in the membranous fraction of endothelial cells, with a parallel decrease in the 

cytosolic PKC fraction, without altering the total PKC activity (Lee, 1989). It was also 

reported that a blood glucose above 11 mM increased the amount of membrane-bound and 

cytosolic PKCβ2 in platelets of patients with type-2 diabetes mellitus, as well as in healthy 

controls (Pirags et al., 1996). Thus, our present finding, that 25 mM glucose inhibited PMA-

stimulated NADPH oxidase activation, suggests that the possible effects of glucose on certain 

PKC isoforms and the activation of PKC isoforms responsible for NADPH oxidase activity 

may be rather complex. It is possible that glucose, by activating PKC, prevents optimal 

participation of PKC in the phosphorylation of NADPH oxidase components or proteins 

involved in the oxidase assembly/activation.  

 

Activation of secretion in many cell types involves an increase in [Ca2+]i. Also in neutrophils, 

regulation of [Ca2+]i is a common feature of, but not a prerequisite for, receptor-mediated 

activation (Andersson et al., 1986; Lew et al., 1985). In neutrophils, Ca2+ ionophores 

stimulate a rather specific intracellular activation of the NADPH oxidase (Karlsson and 

Dahlgren, 2002). Our results showed that neither the ROS production nor the secretion of 

MPO in neutrophils stimulated with the Ca2+ ionophore A23187 were affected by glucose. 

However, we found that an elevated glucose concentration increased neutrophil resting [Ca2+]i 

without affecting the fMet-Leu-Phe-stimulated relative increase in [Ca2+]i. It is therefore 

interesting to note that an elevated basal [Ca2+]i has been reported in neutrophils of 

hyperglycemic type-2 diabetes patients (Foris et al., 1998; Krol et al., 2003) and that Ca2+ 

channel blockers substantially ameliorated or completely abolished the elevated [Ca2+]i (Krol 

et al., 2003). Notably, normalization of the [Ca2+]i also reversed glucose-induced inhibition of 

phagocytosis (Krol et al., 2003). The findings of the present study would suggest that elevated 

glucose concentrations have different effects on the mechanisms involved in maintaining the 
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basal [Ca2+]i and those that mediate a rapid increase in [Ca2+]i following stimulation with 

fMet-Leu-Phe. Since an elevated glucose concentration only affected the basal [Ca2+]i and not 

the net increase in [Ca2+]i following fMet-Leu-Phe-stimulation, our findings further indicate 

the possibility that glucose may specifically interfere with the ability of neutrophils to 

maintain the resting [Ca2+]i level. Further, since A23187-stimulated ROS production or MPO 

release were not affected by 25 mM glucose, it is likely that elevated glucose concentrations 

do not affect granule fusion or NADPH oxidase activation induced by elevated [Ca2+]i. Taken 

together these data indicates that elevated glucose concentrations can interfere with both 

extracellular and intracellular neutrophil ROS production. The inhibitory effects of glucose on 

the activation of extracellular ROS production is likely to be upstream of PKC activation, 

without interfering with signaling which results in elevation of [Ca2+]i. In contrast, glucose-

mediated inhibition of intracellular ROS production may be downstream of PKC activation, 

without affecting Ca2+-dependent granule fusion and NADPH oxidase activation. 
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General summary 

 
1. Elevated D-glucose concentrations (15-25 mM) inhibit the phagocytosis of C3bi-

opsonized and IgG-opsonized yeast particles in normal human neutrophils. These effects 

of glucose are not due to an impaired binding of yeast particles to the neutrophils, or due 

to osmotic effects. 

 

2. The inhibitory effects of D-glucose on complement receptor-mediated and Fcγ receptor-

mediated phagocytosis in human neutrophils involve activation of PKCα and/or PKCβ, an 

effect possibly mediated by DAG. 

  

3. Elevated glucose concentrations can inhibit both extracellular and intracellular neutrophil 

ROS production. The inhibitory effects of glucose on activation of extracellular ROS 

production is likely to be upstream of PKC activation, without interfering with signaling 

resulting in elevation of [Ca2+]i. In contrast, glucose-mediated inhibition of intracellular 

ROS production may be downstream of PKC activation, without affecting Ca2+-dependent 

granule fusion and NADPH oxidase activation. 

 

4. Elevated insulin concentrations (40-160 μU/ml) can decrease the rate of phagocytosis of 

C3bi-opsonized or IgG-opsonized yeast particles in normal human neutrophils by 

retarding the phagocytosis process, resulting in en increased number of neutrophils 

ingesting a lower number of yeast particles.  

5. The inhibitory effects on insulin on phagocytosis of C3bi-opsonized or IgG-opsonized 

yeast particles in neutrophils may involve accumulation of cortical F-actin through a 

PKCα and/or PKCβ dependent signaling pathway. 

 
6. Elevated concentrations of insulin, but not glucose, increase the extracellular ROS 

secretion from normal human neutrophils during phagocytosis of C3bi-opsonized yeast 

particles. This effect of insulin, being dependent on F-actin, may contribute to increased 

tissue damage during infections in diabetes mellitus. 
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