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Chapter 1 

Abstract 

 

 Pathogens that are entered in our body are first encountered by resident macrophages. 

Then, neutrophils are recruited to elicit a strong innate immune response, which is followed 

by the emigration of a wave of monocytes which are more equipped to tackle infection. Both 

the cells are then involved in dictating the course of action to different components of the 

immune system to build up an effective and strong immune response against the pathogen. 

Being the first recruited cells at the infection site, neutrophils can decide the outcome of 

infection. In diabetes, frequency and severity of infections are found to be more and this is 

partly attributed to the dysfunction of immune cells. Against this backdrop, this work was 

planned to analyze the effect of high glucose and insulin levels (features observed in 

diabetes) on neutrophil functions. Attempts were also made to study the role of neutrophil 

secretion in priming neutrophil and monocyte cells under hyperglucose and hyperinsulin 

conditions. The potential of cereal beta-glucans in correcting the altered functions of 

neutrophils were then studied.  

For the study, neutrophils were isolated and treated with hyperglucose or hyperinsulin 

conditions or both (hyperglucose +hyperinsulin conditions) in vitro.  Neutrophil functions 

like chemotaxis, phagocytosis, ROS production and killing ability were then assessed in these 

neutrophils. In another set of experiments, culture supernatants of neutrophils that are 

exposed to hyperglucose (HG) or hyperinsulin (HI) conditions or both (hyperglucose + 

hyperinsulin; HGI) were collected. Naïve neutrophils and monocytes were then isolated and 

treated with these supernatants and they were then analyzed for above-mentioned functions. 

Simultaneously, neutrophil secretions were analyzed by SDS-PAGE. Extracellular trap 

formation, another defensive mechanism exhibited by neutrophils, was further studied by 

NET-DNA determination, different microscopical techniques as well as myeloperoxidase and 

elastase assays. Antimicrobial activity of these traps was also assayed. Cytokine analyses was 

performed by ELISA and RT-PCR methods. Finally, the potential of cereal beta-glucans in 

bringing back the changes induced by hyperglucose or hyperinsulin was assessed both in 

vitro and in vivo.  
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HG increased NBT reduction and reduced killing ability of neutrophils. HGI increased 

neutrophil chemotaxis while HI showed relatively no influence on the functions of 

neutrophils. HG did not influence monocyte functions apart from increasing their phagocytic 

potential. HI increased yeast killing ability of monocytes without influencing chemotaxis, 

phagocytosis or NBT reduction to a considerable extent. HGI increased phagocytic 

potentional of monocytes while reducing their yeast killing ability. Thus, the influence of 

hyperglucose and hyperinsulin varied with the cell type (monocyte or neutrophils) and both 

glucose and insulin showed independent effects on the functions. Neutrophil secretions also 

modulated the functions of neutrophil and monocyte albeit in different manner. Secretions of 

unstimulated neutrophils suppressed chemotaxis, phagocytosis and killing ability of 

monocytes but it did not affect the functions of neutrophils. Hyper insulin and hyper glucose+ 

hyperinsulin-induced neutrophil secretions caused reduction in phagocytic index of 

neutrophils without affecting other functions. Neutrophil secretions collected during 

hyperglucose or hyperinsulin did not alter monocyte functions significantly when compared 

to secretion collected from unstimulated neutrophils. SDS- PAGE analysis of the secretions 

showed differential secretion of protein during HG, HI and HGI conditions. This might have 

caused the changes in neutrophil functions. In diabetic patients, all other functions except 

ROS generation were found decreased.  

ET formation in neutrophils was found to be elevated in the presence of high glucose in vitro. 

ET formation was increased in neutrophils on exposure to neutrophil secretions collected 

during HG, HI and HGI. But, the antibacterial activity of the released ET was also found to 

be decreased in neutrophils in the presence of HG, HI and HGI conditions. Cytokine analysis 

showed changes in Pro- inflammatory (TNF-α, IL-1β, IL-6) and anti- inflammatory cytokine 

(TGF-β1) secretion by neutrophil cells. 

 Cereal beta-glucans extracted from both rice bran and oats were found effective in 

correcting the functional defects of neutrophils (induced by hyperglucose / hyperinsulin) both 

in vitro (in HL-60 cell line) and in vivo (Wistar rats) conditions. In a nutshell, implementing 

immune modulation in diabetes patients via pharmacological intervention may minimize 

infections associated with diabetes. 
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Chapter 2 

Introduction 

2.1  Diabetes mellitus: A global threat. 

 Diabetes mellitus (DM) is a heterogeneous group of diseases characterized by 

prolonged elevation of glucose in blood due to impaired secretion or action of insulin. This 

leads to abnormalities in the metabolism of carbohydrates, proteins and fats. According to 

International Diabetic federation, at present, around 387 million people live with diabetes and 

this statistics may go up to 592 million by the year 2035 ( Forouhi and Wareham, 2014).  Of 

these patients, nearly 77% belong to low or middle income countries making the disease 

management worse. Persistent diabetes may lead to secondary diabetic complications and 

management of the disease therefore includes the management of these health issues. In 

2014, 179 million people died due to diabetes associated complications.  

 Generally, DM is classified into Type 1 and Type 2- the former caused by 

autoimmune destruction of insulin producing β- cells causing insulin insufficiency and the 

latter caused due to the impairment in insulin action and/or insulin secretion. Other types of 

diabetes include gestational diabetes or other forms caused due to use of certain medicines, 

various illnesses or surgery. Risk factors for developing diabetes include family history, 

overweight, autoimmune diseases etc. Type I DM is usually managed by insulin therapy 

while type 2 DM is controlled with a combination of diet management, weight management, 

exercise and oral glucose-lowering medications or insulin injections.  

  Infections are very common in DM and in them, persistent rise in blood glucose level 

and innate immune deficiencies are accounted for increased infections. Though information 

from several studies conducted on innate immune system suggested deficiencies, they did not 

provide unambiguous answers. 

2.1.1 Immune dysfunctions in diabetes 

 Several factors, like genetic susceptibility to infection, local factors including poor 

blood supply, alterations in metabolism and defects in innate immune functions have been 

suggested as reasons for increased infections. However, in DM, adverse effect on adaptive 

immunity is not generally anticipated (Geerlings and Hoepelman, 1999).  
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Neutrophils and monocytes, the two main cells in cellular immune response play important 

role in protecting the host from getting infectious diseases. In DM, functions of these cells are 

shown to be altered. Increased superoxide generation (Omori et al., 2008), impaired 

chemotaxis, decreased bacterial killing efficiency (Tan et al., 1975) and altered phagocytic 

ability of  these cells were reported in DM (Wilson et al., 1986; Karima et al., 2005). In 

conjunction with that, some microorganisms are shown to boost their adherence capacity to 

diabetic cell and are shown to be more virulent in high glucose condition.  

2.1.2 Natural immune modulators  

 Immunity is the ability of human body to resist disease and to combat pathogens. The 

major immune mediators of immune system  which immediately acts on invaders includes 

cytokines, acute phase proteins, macrophages, monocytes, complement factors and neutrophil 

cells. They modulate and potentiate the immune system.  

The efficiency of immune system is greatly influenced by immune suppression or immune 

stimulation. Agents that regulate or modify the immune response and its outcome are called 

immune modulators (Puri et al., 1994). There are two types immunomodulators based on 

their effects: immune suppressants and immune stimulators. Immune suppressants inhibit 

synthesis of proinflammatory cytokines, inhibit cell activation and proliferation while 

immune stimulators activate the immune cells by increasing the proliferation of lymphocytes 

and secretion of immunostimulatory cytokines. Many natural compounds have been 

identified as strong immune modulators.  It is interesting to identify promising natural 

compounds that can be used in therapeutic strategies and to study their mechanism of action. 

One such promising molecule is betaglucan, a natural polysaccharide with immune 

modulation potential. 

2.1.3 Beta- glucan  

 Beta- glucans are structural polysaccharides found in the endosperm cell walls and 

subaleurone layers of cereals, yeast, algae and fungi. They are heterogeneous group of 

glucose polymers, consisting of a backbone of beta (1, 3)-linked β-D-glucopyranosyl units 

with beta (1, 6) -linked side chains of varying distribution and length. Oat and barley beta-

glucans are linear polysaccharides with large regions of beta (1, 4) linkages separated by 

shorter stretches of β (1, 3) structures. The quantity of beta- glucan can vary with the cereal 

variety and the environmental factors (Miller and Fulcher, 1994).  
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Though beta- glucan from different sources vary in its structural or functional properties, 

consumption of beta glucan is reported to provide many health benefits. Intake of oat 

betaglucan can lower the blood cholesterol level and can improve postprandial glucose 

response (Wood et al., 1994a; Wood et al., 2000; Cavallero et al., 2002). Beta- glucan from 

fungi and other sources have also been shown to be immune stimulators. They were shown to 

bind to the receptors on macrophages and other white blood cells and activate them (Brown 

and Gordon, 2001; Yun et al., 2003).  

 The immunomodulatory effect of beta- glucan is achieved through Dectin- 1 receptor, 

a type II transmembrane protein receptor that binds to beta- glucan. Dectin-1 receptors are 

expressed on cells which are responsible for innate immune response and have been found in 

macrophages, neutrophils, and dendritic cells. Binding triggers effective immune responses 

like phagocytosis and proinflammatory factors production for the elimination of infectious 

agents. The Dectin- 1 cytoplasmic tail contains an immunoreceptor tyrosine- based activation 

motif  (ITAM) that signals through the tyrosine kinase in collaboration with Toll-like 

receptors 2 and 6 (TLR-2/6). The entire signaling pathway downstream to dectin-1 activation 

has not yet been fully under stood, but several signaling molecules have been reported to be 

involved. They are NF-κB (through Syk-mediate pathway), signaling adaptor protein 

CARD9, and the nuclear factor of activated T cells (NFAT). And these molecules can lead to 

the release of cytokines including interleukin (IL)-12, IL-6, tumour necrosis factor (TNF)-α, 

and IL-10. The dendritic cell-specific, ICAM-3-grabbing, non-integrin homolog -SIGN-

related 1 (SIGNR1), is another important mannose receptor which are present on 

macrophages that can cooperates with Dectin-1 in the non-opsonic recognition of β-glucans 

for phagocytosis. 
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 2.2 Review of Literature 

2.2.1 Neutrophil dysfunctions in Type 2 Diabetes mellitus 

 The incidence, severity and recurrence of infectious diseases are more in diabetes 

mellitus patients (Deresinski; 1995).  They also show increased morbidity and mortality due 

to immune cell dysfunctions and increased pathogen load – both facilitated by hyperglycemic 

environment (Stitt et al., 2005, Min et al., 2012). As neutrophil are the first cells recruited to 

the infection site, any reduction in their functional activity can result in altered immune 

response leading to high susceptibility and severity of infection in these patients (Alba-

Loureiro et al., 2007). 

 Most of the neutrophil functions like chemotaxis, phagocytosis and bactericidal 

killing are altered in hyperglycemic conditions (Bagdade et al., 1974, Geisler et al., 1982; Gin 

et al., 1984, Tan et al., 1975; Kaneshige et al., 1982). Reduced chemotaxis by neutrophils 

from diabetic patients was first suggested by Mowat and his co-workers (1971).  The defect 

can be corrected by incubating leukocytes with insulin (Mowat and Baum, 1971). Likewise, 

another study reported improved PMN chemotaxis in the presence of hyperinsulinaemia + 

euglycaemia (Walrand et al., 2004). The defect in chemotaxis can also be correlated with 

serum factors. These chemotaxis inhibitory factors can interact with neutrophil receptors for 

complement - derived chemoattractants to induce blockage of cell- oriented locomotion either 

in vitro or in vivo in diabetes mellitus (Sannomiya et al., 1990). The accumulation of 

advanced glycation end products (AGEs) in the tissue and serum of diabetic subjects with 

diabetes has also been linked to impaired neutrophil migration. However, sustained 

stimulation of neutrophils with advanced glycation end products (AGEs) might reduce their 

ability to respond to physiological chemotactic stimuli (Collison et al., 2002).  

 Studies of neutrophil phagocytic function in diabetic subjects are also confounded. 

The data on in vitro phagocytic capacity of neutrophils from diabetic patients showed normal 

(Dziatkowiak et al., 1982; Tater et al., 1987; Wilson and Reeves, 1986), increased (Karima et 

al., 2005) or decreased phagocytic activity (Bagdade et al., 1974; Marhoffer et al., 1994; Van 

Oss, 1971). However, Pickering et al, (1982) reported that the phagocytosis of C3bi 

opsonized Staphylococcus aureus was unaffected by elevated glucose concentrations. These 

findings suggest that fcγ receptor mediated phagocytosis may be more sensitive to elevated 

glucose concentrations than CR3 mediated phagocytosis. However, in another investigation, 

the neutrophil phagocytosis has been shown to improve in the presence of hyperinsulinaemic 
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euglycaemia (Walrand et al., 2004), which imply that the insulin has an important role in 

PMN function. 

 Conflicting data have been reported about superoxide production in diabetic subjects. 

Some studies reported that the hyperglycemia- stressed neutrophil showed reduced 

superoxide production (Repine et al., 1980; Rayfield et al., 1982; Mazade et al., 2001) which 

is  reasoned with an increased polyol pathway that leads to reduced superoxide generation 

(Mazade et al., 2001). But, increased extracellular superoxide generation was also reported in 

DM (Wieruz-Wysocka et al., 1987; Hand et al., 2007; Gupta et al., 2007; Omori et al., 2008; 

Karima et al., 2005). An increased superoxide production reflect increase in protein kinase C 

(PKC) and NADPH oxidase activity (Karima et al., 2005; Gyurko et al., 2006; Ding et al., 

2007). The neutrophil NADPH oxidase is comprised of two subunits including plasma 

membrane bound subunits (gp91phox, and p22phox) comprising flavo-Cytochrome b558 and 

cytosolic subunits (p47phox, p67phox, p40phox, and Rac2). Hyperglycemia can results in 

increased phosphorylation of p47phox leading to increased generation of superoxide anion 

(O2-) (Karima et al., 2005; Gyurko et al., 2006; Ding et al., 2007). p47phox is a key protein 

in the assembly of NADPH oxidase. In diabetic patients, this p47phox prematurely 

translocate to the membrane and associates with p22phox in neutrophil (Omori et al., 2008). 

During hyperglycemic condition, this premature translocation of p47phox in neutrophil 

results in an increased superoxide generation.  

 Several convincing reports are available regarding the killing efficiency of neutrophil 

cells from diabetic subjects. Nolan and co- workers (1978) reported decreased killing 

efficiency of neutrophil cells in diabetic subjects and this impairment was corrected by 

improvement in diabetic control. Further, Repine et al, (1980), Rayfield et al, (1982), Gin et 

al (1984), and Tater et al, (1987) also reported reduced killing activity of neutrophil cells in 

diabetic groups.  

 Neutrophil extracellular trap formation (NETosis) by neutrophils was first reported by 

Brinkman and Zychlinsky in 2004 (Brinkman et al., 2004). This is a defense approach of 

neutrophils wherein they expel their DNA studded with their own powerful antimicrobials to 

the external environment to trap and kill pathogens. Several studies had proved that diabetes 

condition primes neutrophil to undergo NETosis, and this in turn results in delayed wound 

healing (Brinkman et al., 2004). And it is also reported that hyperglucose condition favors 

NET release which leads to inflammation and tissue damage (Meneqazzo et al., 2015).  
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 Though not an ardent producer of cytokines, neutrophils do produce some of the most 

prominent proinflammatory as well as anti-inflammatory cytokines. Their levels are also 

altered in DM, suggesting their further involvement in recruitment and activation of 

neutrophil and monocyte cells. Therefore, it seems that through the production of cytokines 

like TNF-α, IL-1β, IL-8 and TGF-β1 (Loyd et al., 1992; Bazzoni et al., 1991; Haziot et al., 

1993; Loyd et al., 1992; Palma et al., 1992; Cassatella et al., 1992; Strieter et al., 1992; 

Takahashi et al., 1993; Fujishima et al., 1993; Grotendorst et al., 1989; Fava et al., 1993), 

they may play a key role in regulating the  leukocyte infiltration.   

2.2.2 Immune modulation by cereal beta- glucans 
 

 Water soluble beta- glucan from cereals such as oats and barley has a linear structure 

with both of β-1, 3 and β-1, 4 linkages. They are reported to have immune modulation 

potential (Malkki 2001; Yang 2008). However, differences in linkages, length, degree of 

branching, molecular weight as well as solubility play a major role in predicting the beta- 

glucan related biological activity (Soltanian et al., 2009).  

 High molecular weight rye beta- glucan has the ability to increase TNF- α secretion 

from human monocyte cells (Roubroeks et al., 2000). Oats beta- glucan was shown to 

increase the phagocytic efficiency of murine peritoneal macrophages (Estrada et al., 1997). In 

vitro study on macrophage isolated from mice and murine macrophage cell line revealed an 

increase in secretion of IL-1 and a moderately increased TNF-α secretion upon cereal beta- 

glucan treatment (Estrada et al., 1997).  

 Barley beta- glucan exhibited the ability to stimulate the dendritic cells and 

significantly increase the INF- ɣ production by T- cells in allogenic Dendritic Cell -T- cell 

co- cultures, but they did not showed any effect on T- cell proliferation or the expression of 

T- cell activation markers (Chan et al., 2007). Barley beta- glucan also increased the IL-6 

secretion by murine peritoneal macrophages, and this effect was achieved by the binding of 

beta- glucan to dectin- 1 receptor (Tada et al., 2008).  
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Chapter 3 

 Objectives and Hypothesis  

 Diabetes exert remarkable alterations in neutrophil functions and as neutrophils are 

the first cells that reaches the infection site, this in turn affect the recruitment and functioning 

of other cells of innate immune system. So the work is planned to understand the extent of 

alterations caused by the independent effects of two prominent features of type II diabetes 

viz. hyperglucose and hyperinsulin, in altering neutrophil functions. The effect on neutrophil 

secretions and the subsequent neutrophils/monocyte priming in vitro is also investigated. As 

beta-glucan is considered a promising immunomodulatory polysaccharide, the study also 

investigates whether the polysaccharide is beneficial in alleviating the changes caused by 

hyperglycemia or hyperinsulinemia. For two reasons, beta glucan from rice bran is studied- 

first, this could be a major source of beta glucan in countries like India where rice is the 

staple food and second, much data is not available on rice bran beta glucan. The result is 

compared with beta-glucan from oats. In a nut shell, the hypothesis is that the immune 

modulatory beta-glucan present in rice bran/oats may provide protection from 

hyperglucose/hyperinsulin- mediated damages on neutrophils. 

The specific objectives of the work are therefore  

 To study the extent of alteration in neutrophil functions by hyperglucose and / or 

hyperinsulin both direct and indirect through its secretions in Type 2 Diabetes 

mellitus. 

and 

 To analyse the potential of betaglucan isolated from oats/rice and assessing its 

immunomodulating efficiency for reverting the functions of these immune-suppressed 

neutrophils. 
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Chapter 4 

 Methodological Considerations  

 

To address the first objective, the effect of high glucose and high insulin levels on neutrophil 

functions were analyzed.  The neutrophil secretions produced at high glucose and high insulin 

levels were collected and its effect on naïve neutrophil/ monocyte functions was also 

assessed. Functional analyses of neutrophils isolated from diabetes patients were also 

attempted. Then, the influence of high glucose and high insulin levels on neutrophil 

extracellular generation and cytokine synthesis was analyzed. Electrophoretic analysis of 

neutrophil secretion was done to demonstrate changes in secretory products.  

For addressing the second objective, the ability of beta-glucan to ameliorate the 

abovementioned effects was assessed. For that, water soluble beta-glucan fraction was 

prepared from both rice bran and oats. The presence of beta-glucan in the extract was 

confirmed by FTIR analysis and fluorescence dye-binding microassay. In vitro and in vivo 

effects of beta-glucan in ameliorating neutrophil dysfunctions were then analyzed. 

4.1  In vitro neutrophil and monocyte function analyses during 

hyperglucose and/ or hyperinsulin conditions  

4.1.1  Study design 

 The study was conducted in healthy neutrophils and monocytes isolated from healthy 

human volunteers with no immediate history of infections or immune suppression. The age of 

these individuals ranged between 21-35 yrs. Informed consent was collected from each 

individual before collecting the blood. The study was conducted with prior approval from 

Institutional Human Ethics Committee (No: 3/ IHEC 15102012) and performed in 

accordance with the Declaration of Helsinki. 

 For studying the direct effect of hyperglucose and/or hyperinsulin, neutrophils were 

incubated with hyperglucose (HG, 12mM), hyperinsulin (HI, 400 pmol/L) or both 

hyperglucose and hyperinsulin (HGI) at 37°C with 5% CO2 according to the procedure for 

neutrophil function assessment.  One set of cells treated with normal glucose (5mM) and 

normal insulin (100pmol/L) levels was taken as control (NGI). The cells were then assessed 

for functions like chemotaxis, phagocytosis, respiratory burst and killing abilities.  For 
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studying the indirect effect of hyperglucose and/or hyperinsulin via neutrophil secretions, 

PMNs were treated either with hyperglucose and/or hyperinsulin or both for 3 hours at 37 ºC 

and centrifuged for 30 minutes at 1500 rpm and the supernatants were collected and stored at 

-20ºC until used. They were named as NGI-S, HG-S, HI-S and HGI-S respectively.Then, 

freshly isolated neutrophils/monocytes were incubated with these supernatants and PMN 

functions were assessed. All the experiments were performed at least in triplicates. 

4.1.2 Isolation of PMNs and monocytes 

  Neutrophils were isolated by the method described by McManus et al. (McManus et 

al., 2001) and monocytes were isolated from PBMCs by the method of Zhou et al. (Zhou et 

al., 2012). Cell viability and purity were routinely determined by Giemsa staining and trypan 

blue dye exclusion method respectively and those preparations with ~95% purity and ≥95% 

viability were taken for experiments. 

4.1.3 Chemotaxis: 

 PMNs/monocytes (5 x 105 cells) were added to the upper chamber of multi-welled 

modified Boyden’s Chamber with 3-μm pore size membrane filters for neutrophils and 5-μm 

pore size membrane filters was used for monocytes (Millipore, Ireland). fMLP in RPMI 1640 

medium (Sigma, USA) was added to the lower chamber. PMNs/monocytes was then 

incubated and allowed to migrate through the membrane at 37°C with 5% CO2 either in the 

presence of NGI, HG, HI  or HGI or else, in the presence of respective supernatants. After one 

hour of migration, filters were carefully removed, wiped and immediately fixed in 100% 

ethanol. Filters were dipped in distilled water, stained with hematoxylin, cleared with xylene 

and observed under microscope (400X). The migrating cells in three different microscopic 

fields were counted and the average number of cells per field was calculated. 

4.1.4 Phagocytic assay:  

 Neutrophil/ Monocyte phagocytic assay was done as described by Junqueira et al. 

(2003) with slight modification. Briefly, 2x106 cells were adhered on a clean glass slide and 

exposed to experimental conditions. After washing with sterile HBSS, the slides were flooded 

with heat killed suspension of yeast cells and incubated for 30minutes. The slides were then 

fixed and stained with Geimsa stain. Total number of yeasts phagocytosed by 100 cells was 

calculated according to the method of Wadekar et al. (2008). 

% of phagocytosis= [PI (test)-PI (control)]/PI (control) X 100 

PI = number of yeast phagocyted by 100 PMN 
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4.1.5 Nitro Blue Tetrazolium (NBT) assay: 

 For the assay, 1 ×104 cells/ ml from all the study groups were incubated with 0.1% 

NBT   for 30 minutes at 37°C with 5% CO2. Crude filtrate of E.coli broth culture was used as 

stimulant for ROS production. After incubation, a drop from each sample was carefully 

transferred onto a grease free glass slide and a cover slip smear was made.  The smear was 

allowed to dry and fixed with ethanol for 3 minutes. Then, the slides were stained with 

safranin for 3 minutes; air dried and observed under 40X objective. Percentage of neutrophils 

containing NBT reduction product formazan was calculated. 

4.1.6 Killing assay: 

 PMNs/monocytes (1x105cells/200μl) were incubated with yeast cells (1:3) at 37oC 

and 5% CO2 for 90 minutes. Cells were lysed by pH 11 water and it was vortexed vigorously 

for 5 seconds. Then, it was centrifuged (10,000 rpm for 10minutes) and the pellet was re-

suspended in 10µl HBSS. 10µl trypan blue was added to this, mounted and the number of 

dead yeast cells were counted in 400X magnification. 

4.1.7 Neutrophil secretion analysis during hyperglucose/ hyperinsulin conditions 

SDS- PAGE analysis of the neutrophil secretions was performed according to the method of 

Laemmli (1970). 

4.2  Neutrophil/Monocyte NET release during hyperglucose/ hyperinsulin 

conditions 

4.2.1  Microscopic observation of Neutrophil NETosis 

 PMNs (2×105 cells/ ml) were allowed to attach on gelatine coated cover slips (30 

minutes at room temperature). After repeated washing with phosphate buffered saline (PBS), 

cells were treated with hyperglucose (12mM), hyperinsulin (400 pmol/l) or hyperglucose + 

hyperinsulin conditions for 30 minutes. Cells treated with normal glucose and normal insulin 

levels were taken as positive control and it was treated with S.aureus culture supernatant for 

30 minutes to induce NETosis and un-stimulated PMNs were taken as negative control. The 

slides were again washed with PBS, fixed using formaldehyde and stained with Hoechst stain 

(H33258)/propidium iodide in dark and viewed under fluorescent microscope by using 346 

nm excitation and 460 nm emission. For light light microscopy, the cells were stained with 

Hoechst stain (H33258) and stain.  
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 SEM analysis of NET was done according to the method of Brinkmann et al (2010). 

Neutrophil cells were first fixed on cover slips with 2.5 % glutaraldehyde and were treated 

with 0.5% OsO4 (30min) and 1% tannic acid (30min). Then, they were dehydrated with 

different percentages of ethanol, coated with platinum and were viewed under SEM. 

4. 2.2 NET- DNA Quantification: 

 In parallel with microscopic observation, extracellular NET-DNA was quantified. 

Neutrophil cells (1x105cells/ml) were treated with NGI, HG, HI or HGI. S. aureus (6 hrs 

culture) culture supernatant was used as the stimulant for NETosis. Unstimulated neutrophils 

were taken as negative control. Hoechst H33258 stain was added at a final concentration of 

5µM to the NET supernatant to detect extracellular DNA and it was kept at room temperature 

in dark. After 1 hour, the cells were vigorously agitated and the DNA concentration was 

measured using multiplate reader at excitation 346/ emission 460nm. 

4. 2.3 Elastase Activity 

 Neutrophil cells (1x104 cells/ml) were treated with NGI, HG, HI and HGI and 

stimulated with culture supernatant of S. aureus. NET supernatants were collected after 

digesting with DNase and centrifuging at 3000 rpm for 5 min. Neutrophil elastase activity in 

the supernatant was quantified with 100 μM of the peptide substrate N-(Methoxysuccinyl)-

Ala-Ala-Pro-Val 4-nitroanilide for 15 min at room temperature and the optical density was 

measured at 405 nm. 

4. 2.4 MPO Activity  

 Neutrophil cells (1x104cells/ml) were treated with hyperglucose, hyperinsulin, or both 

and stimulated with S. aureus culture filtrate. After 90 minutes, it was vigorously vortexed to 

detach NET and total MPO activity was determined in the supernatant. Assay mixture 

contained 40 mmol/m1 guaiacol, and 0.02 mol/m1 cetyltrimethylammonium bromide in 0.2 

mmol/ml sodium phosphate buffer (pH 7.0) in a total volume of 1ml. After the addition of 0.5 

mmol/m1 H2O2 the absorbance was determined at 470 nm for 3 minutes at 1 minute interval. 

Intracellular MPO activity was expressed as the ability of tetraguaiacol production from 

guaiacol by MPO. 
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4.2.5 Antimicrobial activity of NET: 

  Neutrophils (1x106) were treated with NGI, HG, HI or HGI and NETosis was 

triggered by treating the cells with bacterial supernatant for 3 hours. And the antimicrobial 

activity of NET was detected according to the method of Joshi et al., (2013) and Fuchs et al., 

(2007).  

4.3  Analysis of neutrophil functions in Diabetes patients. 

4.3.1  Study population 

 The study was conducted in healthy groups (n = 18) and diabetic patients (n = 18). 

The neutrophils isolated from healthy volunteers were treated as ‘control’ group and those 

from diabetes patients were treated as ‘experimental’ group. The age of these individuals 

ranged from 20 – 70 years in the control group and 30 – 75 years in the experimental group.  

The fasting blood sugar level and HbA1C level were measured in control as well as diabetes 

group. Fasting blood sugar level below 120 (HbA1C below 6.3) were included in the control 

group and above 126 (HbA1C above 6.3) were considered as diabetes group. The study was 

approved by Institutional Human Ethics Committee and informed consent was collected from 

them before aseptically drawing 10 ml of blood for the isolation of cells. Determination of 

fasting blood sugar and HbA1C was done at the S.H. Laboratory, Medical College, 

Kottayam. Directed enzymatic assay method was used to assess HbA1C level and the results 

were represented as % HbA1C values. Glucose oxidase method was used to assess fasting 

blood sugar. 

4.3.2  Neutrophil cell function assessment 

 To find out the functional status of neutrophils, phagocytosis, chemotaxis, killing, 

ROS generation and extracellular trap formation were assessed in both groups by already 

stated methods. 

4.4  Cytokine -quantification and expression analyses 

 Cytokines such as TNF-α, IL-1β, IL-6 and TGF-β1 in the neutrophil secretions was 

measured by ELISA Kit according to manufacturer’s instruction. 

 Total RNA was isolated using the total RNA isolation kit according to the 

manufacturer’s instruction.  Briefly, 1ml of trizol reagent was added to the cell sample and 

then, 200 µl of chloroform was added. IT was mixed vigorously for 15 seconds and incubated 

for 2-3minutes at room temperature, followed by centrifugation at 14000 rpm for 15 minutes 
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at 4ºC. The aqueous layer was collected and 500 µl of100% isopropanol was added. It was 

incubated for 10 minutes at room temperature and then centrifuged at 14000 rpm for 15 

minutes at 4◦C. Supernatant was discarded and pellet thus obtained was washed with 200 µl 

of 75% of ethanol. It was then centrifuged at 14000 rpm for 5 minutes at 4◦C and RNA pellet 

was dried and suspended in TE buffer. 

4.4.1  Reverse transcriptase PCR analysis   

  The cDNA synthesis of cytokine was performed using cDNA Synthesis kit.  About 

4µl of 5X cDNA synthesis buffer, 2µl  of  dNTP mix, 1µl  of anchored oligo dT, 1µl  of RT 

Enhancer, 1µl  of Verso Enzyme Mix and 5 μl  of RNA template (1ng of total RNA) were 

added to an RNAse free tube. Then, total reaction volume was made up to 20 μl with the 

addition of sterile distilled water. The solution was mixed and cDNA synthesis was 

performed in the Eppendorf Master Cycler. The amplification was done using 

Thermoscientific amplification kit. The following components were added to a new PCR vial 

in a PCR work station. For each 50 µL reaction: 25 µL of PCR Master Mix (2X), 2 µL of 

forward primer (0.1-1.0 µM), 2µL of reverse primer (0.1-1.0 µM), 5 µL of template DNA (10 

pg - 1 µg). The components were made up to 50 µL with sterile distilled Water (nuclease-

free). Initial denaturation  at 95°C for 3 minutes, followed by denaturation at 95°C for 30s ,  

annealing at 64oC  for 30 s and extension at 72°C for 1 minute. And these conditions were 

repeated for 35 cycles and the final extension was performed at 72°C for 5 minutes. After the 

amplification, the PCR product were visualized on agarose gel. 

 The cytokine Il-1β was not considered for expression analysis, as it did not show any 

change it its activity. 

Cytokines Primers 

IL-6 GGTACATCCTCGACGGCATCT(F) 

GTGCCTCTTTGCTGCTTTCAC(R) 

TGF-β1 ATACGCCTGAGTGGCTGTCT(F), 

TGGGACTGATCCCATTGATT(R); 

TNF-α CTTCTCCTTCCTGATCGTGG(F), 

GCTGGTTATCTCTCAGCTCCA (R) 

Table1: Cytokine primers for RT-PCR 
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4.5    Immunomodulatory effect of Oats and rice beta- glucan 

4.5.1   Isolation of beta- glucan  

 The isolation of beta-glucan from rice bran and oats was carried out according to the 

procedure of Jiang et al. (2000) with slight modification.  20g of rice bran/ oats was mixed 

with 200 ml of distilled water with constant stirring at 37oC for 20 hours and centrifuged at 

7000 rpm for 15 minutes. The residue was re-extracted and the pooled supernatants were 

treated with α- amylase and 175 mg of CaCl2 at 40oC for 16h and heated in a boiling water 

bath for 5min for removing starch. It was filtered and made to 60 % using absolute ethanol 

before centrifuging again at 7000rpm for 5 min. The resultant precipitate was washed and re- 

suspended in distilled water and lyophilized.  

4.5.2 Quantification of β- glucan. 

Estimation of beta-glucan was carried out using fluorescent dye Aniline blue by fluorescence 

dye-binding microassay that estimate 1, 3 β-glucans (Shedletzky et al. 1997; Ko and Lin 

2004). The standard used was the 1, 3 β-glucan laminarin (0-10µg/ml). The fluorescence of 

the β-glucan-aniline blue complex was measured at an emission wavelength of 460 nm with 

an excitation wavelength of 400 nm. 

4.5.3 Infrared transmission spectroscopy 

FTIR analysis was conducted on Shimadzu IR 21 prestige FTIR spectrometer. The spectra 

were scanned in the range of 4000-640 cm-1and the diffuse reflectance mode at a resolution 

of 4cm-1. 

4.5.4 Absorption spectra  

This procedure was performed according to procedures of Smiderle et al. (2014) and 

Ishikawa et al, (1998). For this analysis, dextran was used as a random coil control and the 

absorbance was recorded from 400 to 640nm. 

4.6 In vitro immunomodulatory activity of oats and rice beta- glucan. 

4.6.1 Cytotoxicity assay  

HL60 (Human promyelocytic leukemia) cells was initially procured from National Centre for 

Cell Sciences (NCCS), Pune, India and maintained Dulbecos modified Eagles medium ( 

Gibco, Invitrogen). The cell line was cultured in 25 cm2 tissue culture flask with DMEM 

supplemented with 10% FBS, L-glutamine, sodium bicarbonate and antibiotic solution 

containing: Penicillin (100U/ml), Streptomycin (100µg/ml), and Amphoteracin B (2.5µg/ml). 
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Cultured cell lines were kept at 37ºC in a humidified 5% CO2 incubator (NBS Eppendorf, 

Germany). The viability of cells were evaluated by direct observation of cells by Inverted 

phase contrast microscope and followed by MTT assay.  

  Two days old confluent monolayer of cells were trypsinized and the cells were 

suspended in 10% growth medium, 100µl cell suspension (5x104 cells/well) was seeded in 96 

well tissue culture plate and incubated at 37ºC in a humidified 5% CO2 incubator. After 24 

hours, the growth medium was removed, beta-glucan at different concentrations (10µg, 25µg, 

50µg, 100µg, 500µg in 100µl of 5% MEM) was added and then, incubated at 37ºC in a 

humidified 5% CO2 incubator.  

 Entire plate was observed after 24 hours of incubation using an inverted phase 

contrast microscope (Olympus CKX41). Any detectable change in the morphology of the 

cells was recorded as image.  After 24  hours of incubation, MTT solution was added to all 

test and control wells, the plates were gently shaken and incubated at 37ºC in a humidified 

5% CO2 incubator for 4 hours. After the incubation period, the supernatant was removed and 

100µl of MTT solubilization solution (DMSO was added and the wells were mixed gently by 

pipetting up and down in order to solubilize the formazan crystals. The absorbance was 

measured by using microplate reader at a wavelength of 540 nm (Laura B. Talarico et al., 

2004). The percentage of viability and ED90 was calculated with the help of ED50 PLUS 

V1.0 software. 

The percentage of viability was calculated using the formula: 

         Mean OD Samples X 100 

   Mean OD of control group    

4.6.2 Standardization of beta-glucan dose and treatment duration for in vitro analysis 

 For dose dependent analysis, 5x104 cells/well HL 60 cell suspension was seeded in 96 

well tissue culture plate and incubated at 37ºC in a humidified 5% CO2 incubator. After 24 

hrs, growth medium was removed and different concentration (5 µg, 10 µg, 25 µg, 100 µg, 

500µg) of oats/rice beta- glucan was added. Phagocytosis potential and NBT reduction of 

these cells were then analyzed. With the standardized dose that showed optimum 

phagocytosis and NBT reduction, duration of time (30min, 2hr, 6hr, 12hr, 24hr, 48hr) was 

standardized in another set of experiments.  Here also, the tests performed were phagocytosis 

assays. 
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4.6.3  In vitro immunomodulation by beta-glucan  

 HL60 cells were treated with either 5 µg of rice bran beta-glucan or 23.5 µg of oats 

beta-glucan (based on effective dose determination) for 6hrs in the presence of 

hyperglucose (HG, 12mM), hyperinsulin (HI, 400 pmol/L) or both hyperglucose and 

hyperinsulin (HGI) at 37°C with 5% CO2 according to the procedure for neutrophil function 

assessment.  One set of cells treated with normal glucose (5mM) and normal insulin 

(100pmol/L) levels was taken as control (NGI). And the cells functions like chemotaxis, 

phagocytosis, NBT reduction potential and killing ability was assessed according to the 

method described in the section 4.1. 

4.7  In vivo immunomodulation by beta- glucan 

 This work was conducted in male/female Wistar rats of 6 to 7 weeks old with prior 

approval from Institutional Animal Ethics Committee School of Biosciences, Mahatma 

Gandhi University, Kottayam (Approval No: B2032014-12). Rats were purchased from Small 

Animal Breeding Station under Govt. Veterinary College, Mannuthy, Thrissur, Kerala. A 

total of 24 healthy male/female adult rats (Rattus norvegicus albinus, Wistar) weighing 200 ± 

21 g (approximately seven weeks old) were used in the present study. After acclimatization 

for a week, the animals were placed in individual metabolic cages and the room was adjusted 

to a 22 ± 2°C temperature, with 12/12 hour light/dark cycles. Commercial animal food and 

pure water were supplied ad libitum during the experimental period.  

4.7.1 Study group 

For in vivo experiments, rats were divided into 5 groups 

Group I:  Control groups (no treatment+ normal diet) 

Group II:  Diabetes control (induction of diabetes by streptozotocin + normal diet) 

Group III:  Beta-glucan treatment (Diabetes induction+ 30 mg/kg bodyweight of beta-
glucan) 

Group IV:  Beta-glucan treatment (Diabetes induction+60 mg/kg bodyweight of beta-
glucan) 

Group V:  Beta-glucan treatment (Diabetes induction+100 mg/kg bodyweight of beta-
glucan) 

*Groups III, IV and V were subdivided into two groups each– A- receiving rice beta-glucan 

and B- receiving oats beta-glucan 
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  To induce experimental diabetes mellitus, the animals were given single doses of 

30mg/kg of streptozotocin (in citrate buffer) intraperitoneally before 48 hours of beta-glucan 

administration in place of citrate buffer in control groups. Before starting the beta-glucan 

administration, the animals were submitted to eight hours of fasting and blood glucose was 

measured using a glucometer. Animals with a glucose serum level above 200 mg/dL after 

fasting were considered ‘diabetic’.  

4.7.2 Collection of blood and tissue samples for analysis 

 Except for control groups that received only distilled water, all other groups were 

administered daily oral doses (30, 60, 100mg/kg) of beta-glucan dissolved in distilled water for 

14 days.  After that, blood was collected from the tail vein and blood sugar was measured 

using a glucometer. After completing the experimentation, the rats were humanely killed and 

more blood was collected (in EDTA-containing tubers) through cardiac puncture. Liver and 

kidney from the animals were removed and fixed in 10% formaldehyde.  

4.7.3 Analysis of leukocyte functions 

 The blood samples were immediately layered on Histopaque solution and centrifuged 

at 2300 rpm for 30min at 23oC. The upper leukocytes layer was collected and centrifuged at 

2000 rpm for 10 min. The resultant pellet was collected and RBC contamination was 

removed by hypotonic lysis.  The isolated leukocytes were then washed twice with PBS and 

collected by centrifugation at 1500 rpm for 10 minutes. The cell pellet was re-suspended in 1 

ml PBS and checked for viability. Cells functions like, phagocytosis, chemotaxis, ROS 

generation and were assessed in all groups by already-mentioned methods. 

4.7.4 Histopathological evaluation of Liver and Kidney. 

 Finally, animals were euthanized; liver and kidney were removed and fixed in 40% 

formalin for histopathological studies. The fixed organs were processed and five micrometer 

sections were stained with hematoxylin and eosin. The tissue sections were evaluated in a 

phase contrast microscope for evidence of morphological changes with the help from a 

pathologist.  

4.7.5 Statistical analyses: 

 All data were expressed as mean ± standard error of the mean. For comparison 

between two groups, one way ANOVA (Using SPSS software) was used. The minimal value 

of significance was set at P value of <0.05. 
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Chapter 5 

Results and Discussion 

 

5.1  In vitro neutrophil and monocyte function analyses during 

hyperglucose and/ hyperinsulin conditions 

 

5.1.1 Chemotaxis  

When neutrophils were treated with HG, HI and HGI conditions, chemotaxis was increased 

in HG (p<0.05) and HGI (p<0.0005) treatments. But, there was no significant difference in 

the chemotaxis of neutrophils exposed to HI conditions. In the case of neutrophil secretions, 

HG-S and HGI- S did not influence neutrophil chemotaxis significantly but HI-S treatment 

increased neutrophil chemotaxis (p˂0.05)(fig. 1.1 A). However, in monocytes, we did not 

observe any effect on chemotaxis by HG, HI and HGI conditions. Nonetheless, neutrophil 

secretions except HGI- S suppressed the chemotactic activity of monocytes but no difference 

was observed within the experimental groups (fig. 1.1 B).  

 

Fig. 1.1 (A) Chemotaxis of neutrophils (B) Chemotaxis of monocytes. “Direct” means treatment of 

neutrophils/monocytes with glucose and/or insulin. “Neutrophil secretions” means treatment of 

neutrophils/monocytes with neutrophil secretions obtained after treating the cells with glucose and/or 

insulin. Data are represented as mean ± SEM. *, # p<0.05, **, ## p<0.005 and ***, ### p<0.0005. 

Significant changes from respective control was indicated using * and the significant changes between 

direct influence of glucose/insulin to that of the corresponding neutrophil secretions were represented 

using #. 



 

21 
 

5.1.2 Phagocytosis 

The phagocytic ability of neutrophils was significantly greater than that of monocytes. HG, 

HI and HGI did not affect phagocytic ability of neutrophil. In the presence of NGI-S, the 

phagocytic capacity of neutrophils increased drastically (p<0.05), but HG-S, HI-S and HGI-S 

treatments did not evoke such a hike in phagocytic activity of neutrophils (fig. 1.2 A). In the 

case of monocytes, HG and HGI treatments increased phagocytosis of monocytes significantly 

(p<0.0005, p <0.05) when compared to NGI. Neutrophil secretions inhibited the phagocytic 

activity of monocytes in all experimental groups (fig. 1.2 B). But, no difference in phagocytic 

ability was observed within the experimental groups.  

 

Fig. 1.2 (A) Phagocytosis of neutrophils (B) Phagocytosis of monocytes. “Direct” means treatment of 

neutrophils/monocytes with glucose and/or insulin. “Neutrophil secretions” means treatment of 

neutrophils/monocytes with neutrophil secretions obtained after treating the cells with glucose and/or 

insulin. Data are represented as mean ± SEM. *, # p<0.05, **, ## p<0.005 and ***, ### p<0.0005. 

Significant changes from respective control was indicated using * and the significant changes between 

direct influence of glucose/insulin to that of the corresponding neutrophil secretions were represented 

using #.  

5.1.3 NBT reduction 

HG increased neutrophil NBT reduction (p<0.05), however neutrophil exposed to HI, HGI, 

HG-S, HI-S and HGI-S did not show significant effect on neutrophil NBT reduction (fig. 1.3 

A). In the case of monocytes, HG, HI and HGI did not stimulate NBT reduction significantly. 

Similar to neutrophils, NBT reduction by monocytes were also not much influenced by 

neutrophil secretions (fig. 1.3 B). 
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Fig. 1.3 (A) Neutrophils NBT reduction (B) Monocytes NBT reduction. “Direct” means treatment of 

neutrophils/monocytes with glucose and/or insulin. “Neutrophil secretions” means treatment of 

neutrophils/monocytes with neutrophil secretions obtained after treating the cells with glucose and/or 

insulin. Data are represented as mean ± SEM. *, # p<0.05, **, ## p<0.005 and ***, ### p<0.0005. 

Significant changes from respective control was indicated using * and the significant changes between 

direct influence of glucose/insulin to that of the corresponding neutrophil secretions were represented 

using #.  

 

5.1.4 Killing ability 

Neutrophils exhibited increased yeast killing ability in NG and HI conditions. But HG conditions 

independently and in the presence of HI, substantially reduced yeast killing ability of neutrophils 

(p˂0.01) (fig. 1.4 A). In the presence of neutrophil supernatants, neutrophils did not show any 

significant variation in killing ability within the experiment groups. However, the killing ability 

of neutrophil in the presence of HG- S was found to be considerably increased when compared to 

HG treatment. In the case of monocytes, HI considerably enhanced killing ability of monocytes 

but in the presence of HGI, killing ability was found to be reduced. Monocytes exposed to NGI-S 

and HI-S supernatant treatment exhibited reduced killing ability when compared to their 

respective ‘direct’ exposures. (fig. 1.4B).  
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Fig. 1.4 (A) Neutrophils killing ability (B) Monocytes killing ability. “Direct” means treatment of 

neutrophils/monocytes with glucose and/or insulin. “Neutrophil secretions” means treatment of 

neutrophils/monocytes with neutrophil secretions obtained after treating the cells with glucose and/or insulin. 

Data are represented as mean ± SEM. *, # p<0.05, **, ## p<0.005 and ***, ### p<0.0005. Significant 

changes from respective control was indicated using * and the significant changes between direct influence of 

glucose/insulin to that of the corresponding neutrophil secretions were represented using #. 

5.1.5 Analysis of neutrophil secretion  

5.1.5.1 SDS- PAGE of neutrophil secretion 

  

    

Fig. 1.5 (A) SDS- PAGE of neutrophil secretions. Lane 1: Neutrophil supernatants during 

NGI; Lane 2: Neutrophil supernatants during HG. Lane 3: Neutrophil supernatants during HI; 

Lane 4: Neutrophil supernatants during HGI.  

SDS- PAGE analyses showed difference in the protein pattern. lane 1 (NGI-S) contained 250, 

174, 144 and 14kDa protein, in lane 2 HG treated neutrophil secretion, contained 250, 235, 

Lane 1Lane 2 Lane 3 Lane 4 

B 

20kDa

25kDa
37kDa

50kDa
75kDa

100kDa

150kDa 

250kDa 

A 
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180, 142 and 68 kDa protein; in lane 3, HI treated neutrophil secretion, contained more 

protein of various molecular weight 250, 253, 261,228,185 and 68kDa.Whereas lane 4, (HGI 

treated group), contained 250, 211, 197 and 69 kDa protein. 
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Experimen
tal 

conditions 

Detected  
Proteins 

(kDa) 
Possible Proteins Impact on 

neutrophils/monocytes References 

NGI 
 

250 

NADPH oxidase activating 
factor 

Regulation of the 
respiratory burst Curnutte et al.1987 

IP3R Ca2+ release Askar M. Akimzhanov and 
Darren Boehn, 2012. 

144 LTB4 Receptor- G –protein 
complex 

chemoattractant for 
granulocytes 

Kazuko Saeki and Takehiko 
Yokomizo, 2017 

174 
GT 1 (UDP-glucose: 
glycoprotein 
glucosyltransferase) 

- Pearse and Hebert, 2010 

14 Human lysozyme 
Reduced chemotaxis of 
naive neutrophil 
Reduced ROS production

Tal et al., 1998 

HG 

250 NADPH oxidase activating 
factor 

Regulation of the 
respiratory burst Curnutte et al.1987 

 IP3R Ca2+ release Akimzhanov and Boehn, 2012.

235 Talin 1(integrin regulators) Neutrophil Chemotaxis, 
phagocytosis Langereis, 2013 

180 CD45 - Pulido and Madrid, 1989 

142 
Predicted intracellular and 
membrane proteins (coded by 
the gene DENND5A) 

vesicular transport 
Predicted intracellular proteins 
Protein evidence (Ezkurdia et 
al 2014 

68 p21 

Chemotaxis, ROS, 
Cytoskeletal re 
organization and directed 
migration of neutrophils 

Itakura, 2013 

HI 

250 
NADPH oxidase activating 
factor 

Regulation of the 
respiratory burst Curnutte et al.1987 

IP3R Ca2+ release Akimzhanov and Boehn, 2012.
253 - - - 

261 trans-Golgi p230 phagophore formation. Erlich et al.,1996; Sohda et al., 
2013 

228 
PCM-1, the human 
pericentriolar material-1 
protein 

centrosomal proteins Chakravarthy et al., 2013 

 185 P-Rex1 chemotaxis Dong et al., 2005 

HGI 

250 

NADPH oxidase activating 
factor 

Regulation of the 
respiratory burst 

Curnutte et al.1987 
 

IP3R Ca2+ release Askar M. Akimzhanov and 
Darren Boehn, 2012. 

211 200-220 kDa-CD35 Phagocytosis Fallman et a., 1993; ward et al., 
2000 

197 - - - 

69 p21activated protein kinase 

Chemotaxis, ROS, 
Cytoskeletal re 
organization and directed 
migration of neutrophils 

Itakura, 2013 

Table 2: List of possible proteins according to their molecular weight on SDS-PAGE analysis  
and their presence in neutrophils.  



 

26 
 

5.1.6 Discussion 

 Metabolic disorders exert tremendous alterations in the physiology and functioning of 

cells like neutrophils and monocytes. In the study, the influence of hyperglucose and 

hyperinsulin varied with the cell type (monocyte or neutrophils) and both glucose and insulin 

showed independent effects on the functions. Neutrophils can take in glucose for releasing 

extra energy with the help of insulin and this resulted in enhanced chemotaxis by neutrophils 

in HGI condition in this study. Though insulin was earlier shown to help in the migration of 

monocytes in vivo by increasing serum levels of matrix metalloproteinase-9 (Kappert et al., 

2007), we did not observe any effect on monocyte chemotaxis by HG, HI or HGI conditions.  

 The defective phagocytosis in diabetes patients is attributed to the defects in the 

expression of adhesion molecules [Martin et al., 1991], phagocytic receptors (Takeda et al., 2011) 

and advanced glycation end product production (Liu et al., 1999). These observations are more 

important in in vivo conditions and in vitro treatment of glucose or insulin reduced phagocytosis 

neither in neutrophils nor in monocytes. Upon phagocytosis, ROS and RNS are produced by 

phagocytes as a tool for killing the pathogens. But in pathological conditions like DM, this leads 

to oxidative stress as it is not contained and is prolonged (Ding et al., 2007). Because of the ease 

in visualizing insoluble formazan granules, NBT reduction is routinely used for assessing oxygen 

dependent increased metabolic activity of stimulated phagocytes though it possess limited 

potential in differentiating electron donors associated with different oxidoreductases. It is 

considered as an indirect measure of oxygen dependent bactericidal activity of phagocytes. NBT 

reduction capacity of neutrophil was increased in HG treatment. Monocytes did not show any 

influence on NBT reduction. Similar to this study, independent stimulating effect of insulin on 

macrophage phagocytosis and killing has been previously reported (Lima et al., 1979). In the 

presence of glucose (HGI), however, insulin appears to be more involved in regulating glucose 

metabolism and the stimulating effect of insulin is not observed. This was also observed by other 

research groups (Kitahara et al., 1980, Nielson et al., 1989). However, whether these results could 

be reproduced in diabetic patients is debatable because serum factors like cytokines (IL-8) and 

neutrophil granule proteins may also influence these functions in them (Sannomiya et al., 1990; 

Baggiolini et al., 1989). 

 In this study, neutrophil secretions in response to hyperglucose and hyperinsulin 

exerted different effects in neutrophils and monocytes. Analysis of the cell functions during 

HG, HI, or HGI conditions and comparison with respective secretions ruled out the effect of 

left over glucose or insulin in the secretions. Neutrophil secretions did not influence 
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neutrophil functions considerably while it caused suppression of all monocyte functions 

except NBT reduction. However, the influence by HG-S, HI-S and HGI-S were comparable 

to that of NGI-S and can be interpreted as the influence of neutrophil secretions rather than 

the influence of glucose/insulin mediated neutrophil secretion. Among glucose or insulin 

mediated secretion, HI-S and HGI-S showed significant change in phagocytic potential of 

neutrophils. HG-S, HI-S and HGI-S showed only meager changes in other functions of 

neutrophils and monocytes.  

 In this study, neutrophil secretions invariably suppressed major monocyte functions 

suggesting neutrophil-secretion-mediated cross talk between the cells. Thus, neutrophil tries 

to play a central role in tackling glucose or insulin mediated changes while it communicates 

the monocytes via secretions not to respond immediately. They may modulate the synthesis 

of cytokines and granule proteins so as to facilitate this communication. 

 Neutrophil secretion contains cytokines and other secretory products that can affect 

functioning of other cells. The major components of neutrophil secretion are cytokines and 

granule proteins. So, changes in the levels in any of these cytokines cause severe changes in cell 

functions. Granule proteins in the neutrophils are also shown to modulate monocyte functions. 

Increased cytokine production and secretory products like elastase from neutrophils had been 

earlier reported in diabetic conditions also (Bizbiz et al., 1996; Hotamisligil. 2006). Therefore, to 

an extent, these secretions can be responsible for the deficiencies ascribed to 

neutrophils/monocyte functions as well as accelerated inflammatory response in DM. 

 On SDS- PAGE analysis, neutrophil protein which are involved in ROS generation, 

chemotaxis and phagocytosis were mainly detected in HG-S and HGI-S. This could be the 

reason for increased chemotaxis and ROS production of neutrophils treated with HG-S and 

HGI-S conditions. Granular neutrophil protein lysozyme with molecular weight 14kDa was 

detected only in NGI condition. This protein is mainly involved in the suppression of ROS 

generation and chemotaxis in naïve neutrophils. The absence of 14kDa band in the 

experimental condition give additional evidence for the stimulation of neutrophils in the 

presence of HG, HI or HGI. Cytokine, which are small molecular weight proteins (8kDa- 

30kDa) were not detected on SDS- PAGE.  
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5.2     Neutrophil extracellular trap formation (NETosis) during 

hyperglucose/ hyperinsulin conditions 

5.2.1 Extracellular trap formation by neutrophils 

 In light microscopy, NET was observed as long densely-stained strands with beaded 

structure (fig. 1.6 A & E) emanating from inside the cell to the surrounding. On stimulation, 

neutrophils started ejecting out DNA after 30 minutes; which was intensified as time 

increased and NETosis was observed even at 90 minutes after stimulation.  

 Extracellular DNA of NET was observed as blue strands upon Hoechst (33258) 

staining and as orange strands after propidium iodide staining (fig. 1.6 B, C, D, E & F). Field 

Emission Scanning Electron Microscope (FESEM) analysis also showed strands of NET (fig. 

1.6 H and I).  In Fig. 1.6 D2 & D4, blue colour was intense due to increased NETosis in HG 

and HGI but, no significant increase was observed in HI condition (Fig. 1.6D3). 
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Fig. 1.6: Neutrophil NET generation:  (A1) Control (200X) (A2) After 30 minutes (200X) (A3) 

After 90 minutes (400X) (Light microscopy); (B1)NET release from control cells (B2) after 30 

minutes (B3) after 90 minutes (Hoechst 33258 staining, 400X); (C1) NET release from control (C2) 

after 30 minutes (C3) after 90min (Propidium iodide staining, 400X); (D1) NETosis of neutrophils 

treated with NGI (D2) Neutrophils treated with HG (D3) Neutrophils treated with HI (D4); 

Neutrophils treated with HGI. (E1) Neutrophils treated with NGI-S (E2) Neutrophils treated with HG-
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S (E3) Neutrophils treated with HI-S (E4) Neutrophils treated with HGI-S;  (F1) Field emission 

Scanning Electron Microscopy image of non-NETig neutrophils and (F2) NETing neutrophils.   

 Extracellular DNA estimation in the l NET supernatant also yielded similar results. 

Among neutrophils treated with HG, HI and HGI conditions, increased NETosis was 

observed in HG and HGI conditions (p<0.05), but no significant increase was observed in HI 

condition (fig. 1.7). However, in the presence of neutrophil supernatants, neutrophil showed 

increased extracellular trap formation compared to respective ‘direct’ exposures (fig. 1.7) 

     

Fig. 1.7) NET-DNA determination: Effect of HG, HI and HGI as well as neutrophil supernatant on 

NET generation 

5.2.2 MPO and Elastase quantification 

Mean MPO activity was found to be increased in HG and HI conditions; though it is not 

statistically significant (fig 1.8 A). Elastase activity was found to be increased significantly in 

HGI (p<0.005) condition (fig 1.8 B).  

Fig. 1.8) (A&B) The effect of HG, HI and HGI on MPO and Elastase activity measured in the NET 

supernatant. 

5.2.3 Antimicrobial activity of NET 

 Though the total NET-DNA showed an upward trend in all conditions,  HG, HI  and  

HGI treated cells showed marked decrease in antibacterial activity (P<0.0001) (fig. 1.9). 

A 



 

31 
 

 

Fig. 1.9) Effect of HG, HI and HGI on antimicrobial activity of NET. Data are represented as 

mean ± SEM. * p<0.05, ** p<0.005 and *** p<0.0005. 

 

5.2.4 Discussion 

 Extracellular trap formation (ET) is an important defense mechanism which was 

discovered in 2004. During ET formation, cells release decondensed chromatin fibers 

embedded with antimicrobials to the extracellular space in order to trap and kill pathogens. 

Glucose is very essential for ET generation (Espinosa et al., 2014). Both defective and 

increased ET releases were reported in high glucose conditions. Defective ET release by 

diabetic neutrophils was reported by Joshi et al., (2013). However, another study suggests the 

susceptibility of diabetic neutrophils for increased ET release leading to delayed wound 

healing in diabetic patients (Wong et al., 2015). So, we checked the neutrophil ETosis during 

hyperglucose/hyperinsulin conditions and also in the presence of neutrophil secretions. 

Increased NET release was observed during HG and HGI and neutrophil secretions triggered 

more ET release in naïve neutrophils. High glucose promotes the release of pro-inflammatory 

cytokines like IL-1β and TNF-α, which are considered strong NET inducers.  For the cells 

treated with neutrophil secretions, these cytokines present in neutrophil secretion may 

provide a strong stimulus for NET induction (Skerrett et al., 2004; Mitroulis et al., 2011).  

 MPO and Elastase are two enzymes implicated in NET generation and an increase in 

mean MPO activity and significant increase in Elastase activity have been reported to be 

associated with the presence of high glucose (Metzler et al., 2014). Positive results on these 

enzyme activities provide additional evidence for increased NET release in the 

abovementioned conditions. 
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 Since NET is ejected to trap or kill pathogens, increased NET release is expected to 

have effective antimicrobial capacity. However, the bactericidal effect of NET depends on 

the quantity and quality of antimicrobial peptides/proteins embedded in them. Since HG 

affects the expression of proteins (as seen in PAGE analysis) in neutrophil, this may induce 

changes in protein production. These changes may culminate in the reduction of 

antimicrobial capacity to the NET. This can also influence the outcome of infections in 

patients drastically. Menegazi et al. (2012) also showed that NET is more associated with 

trapping in rather than killing pathogens. Since increased NETosis indicate switch from a 

helpful host defense approach to a major cause of tissue damage, increased NET associated 

with high glucose can result in tissue damage and organ failure in DM patients.  

5.3 In vitro study on neutrophil cells functions in Type 2 diabetes mellitus 

patients. 

5.3.1 Neutrophil chemotaxis  

  Chemotactic potential of diabetic neutrophils were shown to be reduced than that of 

normal control neutrophils (p<0.0001) (table 1). In the diabetes group, there was no age or 

gender based difference in chemotactic potential. No correlation was observed between 

fasting blood sugar/HbA1C levels and neutrophil chemotaxis in diabetes group.   

5.3.2 Neutrophil phagocytosis 

 In diabetes patients, the percentage of neutrophils involved in phagocytosis decreased 

and the number of yeast cells engulfed by each neutrophil was also found to be reduced in 

them. This reduction in phagocytosis was directly related to fasting blood sugar and HbA1C 

levels of these patients. Among diabetes patients, as age increased, neutrophil phagocytosis 

was found to be impaired and the phagocytic index was reduced. In those diabetes patients 

with similar ages, neutrophils from patients with high HbA1c showed low phagocytosis 

potential and in those having similar HbA1C levels, as age increased phagocytic index 

decreased. Thus, age and blood sugar level independently affected the phagocytic potential of 

neutrophils. Gender did not affect the phagocytosis of neutrophils.  

5.3.3  Neutrophil NBT reduction 

 Neutrophil from diabetes patients produced more ROS than neutrophils from control 

group (p<0.0001). But, ROS production was not found to be related to fasting blood sugar 

level, HbA1C level, gender or sex of the patients. To analyze the ROS generation by 

neutrophils in the resting state, NBT assay was performed in neutrophils from two individual 
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each from control and diabetes group, without stimulating with culture-filtrate of S. aureus. 

In the resting state, ROS production was less in both control and diabetic neutrophils, but 

even then diabetes neutrophils showed relatively increased (resting) ROS generation. On 

stimulation, increase in further ROS generation was observed in both groups but it was 

comparatively less in diabetes group.  

5.3.4  Neutrophil killing ability 

 Diabetic neutrophils showed marked reduction in yeast killing ability when compared to 

the control group. However, there was no much difference in those groups having their fasting 

blood sugar level above and below 180 mg/dl. But, HbA1C level above 7.5 showed a reduced 

killing ability; nonetheless age and gender did not affect the killing ability of neutrophils. 

5.3.5 Neutrophil NETosis 

 Neutrophils from diabetic groups showed reduced NETosis when compared with the 

control group (p<0.0001). The result is given in table 3. No difference of NETosis was 

observed based on the age or gender in the diabetes group. Though we expected a correlation 

between the fasting blood sugar and HbA1C levels but, no correlation was observed. 
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Experimental   

Groups 

Chemotactic 

index 

Phagocytic index 

 

%of neutrophil 

reducing NBT 

No: of dead 

yeast by 

neutrophil 

Amount of NET 

DNA 

Diabetes 

status 

Control 219.02± 20.91 1044.83 ± 205.51 51.44 ± 5.91 60.89 ± 5.93 5.10 ±0.65 

Diabetic 113.81± 15.25*** 328.06± 73.04*** 71.22 ± 5.72*** 23.22 ± 9.77*** 3.00 ±0.36*** 

Fasting 

blood 

sugar (in 

diabetes 

group 

only) 

Fasting<125 150.96 ± 44.38 365.91 ± 68.31 70.64 ± 6.19 25.27 ± 11.39 3.04 ±0.39 

Fasting>125 107.25 ± 29.24¤ 268.57 ± 24.19* 72.14 ± 5.24¤ 20.00 ± 5.83¤ 3.02 ±0.44¤ 

HbA1C 

(in 

diabetes 

group 

only) 

HbA1C<7.5 

Mean HbA1C 

(6.87 ± 0.27) 

116.25 ± 19.59 360.73 ± 74.22 70.00 ± 5.93 27.55 ± 10.27 3.07 ±0.15 

HbA1C>7.5 

Mean HbA1C 

(8.92 ± 1.27) 

111.38 ± 9.86¤ 281 ± 27.69* 73.71 ± 4.31¤ 16.43 ± 2.51* 2.93 ±0.502¤ 

Gender 

(in 

diabetes 

group 

only) 

Male 110.42 ± 9.80 320.88 ± 39.33 71.56 ± 2.83 21.44 ± 6.11 2.93 ±0.28 

Female 115.97 ± 18.02¤ 335.22 ± 98.36¤ 70.89 ± 7.83¤ 25.00 ± 12.58¤ 3.04 ±0.41¤ 

Age (in 

diabetes 

group 

only) 

Age<50 118.25 ± 19.07 382.80 ± 88.72 68.00 ± 7.85 25.83 ± 9.89 3.01 ±0.20 

Age>50 109.38 ± 9.31¤ 307.55±44.27* 72.83 ± 3.76¤ 21.92 ± 9.87¤ 2.99 ± 0.50¤ 

Table-3: Neutrophils were isolated from diabetic and control groups. Chemotaxis, 

phagocytosis, NBT reduction and NETosis was assessed. Fasting blood sugar level below 125 

(<125, HbA1C<7.5) was taken as control non-diabetic group and above 125 (>125, HbA1C>7.5) 

were taken as diabetic group.  Data are represented as mean ± SD. * p<0.05, ** p<0.005 and 

***p<0.0005. ‘¤’ is representing ‘not significant’ (p>0.05). 
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5.3.6 Discussion 

 DM patients cannot use glucose effectively due to defective insulin action. Also, the 

physiological system of diabetic patients is very complex and lot of factors such as excessive 

ketone body production, accumulation of advanced glycated end-product (AGE), sorbitol 

accumulation etc.come into play in them, which can negatively affect the functioning of 

neutrophils. For instance, ketone bodies were shown to reduce chemotactic potential of 

leukocytes (Suriyasathaporn et al., 1999) and neutrophils (Sartorelli et al., 1999).  One of the 

important factors for increased infection episodes in DM is the decreased phagocytic 

efficiency of neutrophils as observed in this study. Phagocytosis potential was directly related 

to fasting blood sugar and HbA1C levels. Actin polymerization is an energy requiring process 

and consistent hyperglycemia make a cell insensitive to insulin (Aubertin et al., 1984). 

Therefore, this high amount of glucose becomes unavailable to the cell and this will result in 

defective actin polymerization which affects phagocytosis. In addition to that, phagocytic Fc 

receptor expression is diminished in the presence of consistent hyperglycemia (Greenberg et 

al., 1993). In this study, HbA1C level, which is an indirect evidence of increased glycated 

proteins, is also correlated with diminished phagocytic activity. 

  Neutrophil from diabetes patients showed an increased NBT reduction. This was 

reported previously (Gupta et al., 2007). Hyper glucose and increased AGE induce the 

translocation of p47phox to the cell membrane and preassembly with p22phox of NADPH 

Oxidase via RAGE-ERK1/2 pathway. Thus NADPH oxidase activity is increased leading to 

oxidative stress in DM patients (Omori et al, 2008). Also, in one study, NADPH oxidase was 

shown to be up regulated in the presence of serum AGE (advanced glycated end products) 

which  ultimately leads to enhanced ROS generation (Gupta et al,  2007). 

 Pathogen killing ability and NETosis was also affected by HbA1C levels. Similar to 

our observation, impaired NET release by diabetic neutrophils was reported by Joshi et al 

(2014). However, in our own experience and in the report of Menegazo et al (2015), in in 

vitro conditions, neutrophils showed increased capacity to release NETs. So, hyperglucose 

cannot be a direct suppressor of NET release. But, long-term hyperglucose can triggers other 

complications observed in diabetes like those suggested earlier which can affect major 

neutrophils functions like NETosis. 

  As neutrophil functions are altered in DM conditions, the immune response may not 

be efficient to suppress infections and this can result in increased morbidity and mortality in 
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DM. Consistent maintenance of normal blood glucose level that avoid the development of 

other complications like ketosis, AGE formation etc., is advisable to these patients.  

5.4 Cytokine analyses 

5.4.1 TNF α  

 No difference in TNF α production was observed within the experimental groups in 

unstimulated set of cells. Upon stimulation with cell free culture supernatant, neutrophils showed 

decreased TNF α production in HG (p˂0.005) HI (p˂0.005) and HGI (p˂0.05) conditions when 

compared to NGI. HG-S and HI-S showed reduced TNF α production when compared to their 

respective unstimulated group as well (p˂0.05 p˂0.0005) (fig. 1.10). However, no difference in 

TNF α- mRNA levels was obtained in any of the experimental condition. 

 

 

Fig. 1.10) (A) Effect of HG, HI and HGI on TNF α before and after stimulation: Data are 

represented as mean ± SEM. *, # p<0.05, **, ## p<0.005 and ***, ### p<0.0005. Significant 

changes from respective control was indicated using * and the significant changes between 

direct influence of glucose/insulin to that of the corresponding neutrophil secretions were 

represented using # (B) gene expression of TNF α before stimulation (C) after stimulation  

 

5.4.2 TGF β1  

 Neutrophil cells treated with HG, HI and HGI did not show any difference in TGF β1 

activity in the absence of any stimulation. But after stimulation, decreased TGF β1 (p˂ 0.05) 

activity was observed in HG condition.  However, HI caused increased TGF β1 (p˂ 0.05, p˂ 

0.0005) activity. TGF β1 activity was also higher in HI and HGI conditions when compared 

A B

C
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with their respective unstimulated controls (fig. 1.11 A). As there was changes during HG, HI 

and HGI condition in TGF β1 activity, an alteration in their expression was expected. But 

mRNA levels of TGF β1 was found unchanged (fig. 1.11 C). 

 

   

Fig. 1.11) Effect of HG, HI and HGI on activity of TGF β1 before and after stimulation. Data are 

represented as mean ± SEM. *, # p<0.05, **, ## p<0.005 and ***, ### p<0.0005. Significant changes 

from respective control was indicated using * and the significant changes between direct influence of 

glucose/insulin to that of the corresponding neutrophil secretions were represented using # (B) TGF 

β1 m-RNA levels after stimulation. 

5.4.3 IL- 1β  

 HG, HI and HGI did not show any significant variation in IL- 1β activity when 

compared to NGI. After stimulation, only HI condition showed a reduced IL- 1β (p<0.05) 

activity (fig. 1.12).  

 

Fig. 1.12) Effect of HG, HI and HGI on activity of IL- 1β before and after stimulation.  Data 

are represented as mean ± SEM. *, # p<0.05, **, ## p<0.005 and ***, ### p<0.0005. 

B

A 
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Significant changes from respective control was indicated using * and the significant changes 

between direct influence of glucose/insulin to that of the corresponding neutrophil secretions 

were represented using #. 

5.4.4 IL- 6  

 In the absence of stimulation, HG and HI did not show any variation in IL-6, but in 

HGI condition, decreased IL-6 activity was observed (p<0.05). After stimulation, HI showed 

an increased IL- 6 actiivity (fig. 1.13 A), however, when compared with respective 

unstimulated group, NGI, HG and HI showed reduced IL-6 (p<0.05, p<0.005, p<0.05) 

activities. Like in the case of other cytokines, mRNA levels were found to unchanged in this 

case also (fig. 1.13 B).  

 

  

Fig. 1.13 (A) Effect of HG, HI and HGI on activity of IL- 6 before and after stimulation.  

Data are represented as mean ± SEM. *, # p<0.05, **, ## p<0.005 and ***, ### p<0.0005. 

Significant changes from respective control was indicated using * and the significant changes 

between direct influence of glucose/insulin to that of the corresponding neutrophil secretions 

were represented using # (B) IL- 6 gene expression after stimulation. 

 

 

 

 

B 

A 
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5.4.5 Discussion 

 Cytokine or chemokines produced by neutrophils are mainly chemotactic for 

neutrophils, monocytes, dendritic cells etc. and has a potential role in augmenting neutrophil 

arrival and further orchestrate the sequential recruitment of other cells to the infection site 

(Scapini et al., 2000). Cytokine levels were found altered in HG, HI or HGI conditions and 

the change was more marked after stimulation with S. aureus culture supernatant.  

The most affected cytokine in our experiment was TNF α which is involved in potentiating 

the function of neutrophils and causing activation of microbicidal mechanisms (Ferrante, A. 

1989). Endogenous TNF α production is required for the normal immune response against 

invaders (Echtenacher et al., 1990; Kindle et al., 1989). Earlier studies in TNF α knockout 

mice showed impaired recruitment of neutrophils and impaired phagocytosis of C. albicans 

(Netea et al., 1999). However, chemotaxis in our experiments was not found correlated with 

TNF α levels. In experiments concerning with neutrophil functional analysis, other granule 

proteins and cytokines may also be secreted during the experiments and the collective effect 

of independent factors might have determined the final outcome. Upon bacterial stimulation 

TNF α levels were drastically reduced in HG and HI conditions and to a lesser extent in HGI 

also. Similar to this finding, Madsen et al., (2004) reported reduced TNF α production during 

hyperglycemia and hyperinsulinemia in response to low dose endotoxin, which implies that 

hyperglycemia and hyperinsulinemia can influence the TNF α production during 

inflammation.   

 TGF β1, a multifunctional cytokine however, was not much affected in our 

experiments. Mere presence of hyperglucose and hyperinsulin did not alter TGF β1 levels, 

but after stimulation, alterations were observed in HG and HI conditions. TGF β1 has an 

important role in regulation of cell proliferation and in extracellular matrix production but it 

is thought to suppress immune response. Excessive production of this cytokine can cause 

fibrosis of kidney, liver, skin and other organs (Border et al., 1994). In Type 2 DM patients, 

TGF β1 production is associated with nephropathy (Quio et al., 2017). In our experiments, in 

HG after stimulation, this cytokine was found reduced. As TGF β1 aids in wound healing, the 

reduction of its activity during HG after stimulation is therefore a matter of concern. IL- 1β 

was the cytokine which showed minimum change in our experiments. Three hours of 

hyperglucose/hyperinsulin treatment showed no significant effect on IL- 1β cytokine activity.  

Proinflammatory cytokine IL-6 is a regulator of monocyte recruitment to the infection site. 

When we analysed the IL-6 activity in the presence of HG, HI and HGI, without stimulation 
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HGI showed a reduced IL-6 production. Two different studies also reported modestly 

increased IL-6 production (Krogh-Madsen et al., 2004; Soop et al., 2002) in the presence of HI. 

Thus, cytokines also show changes in the presence of HG, HI and HGI conditions. 

 5.5  Immunomodulatory effect of Oats and rice beta- glucan. 

 An important strategy to revert undesirable alteration in neutrophil function induced 

by high glucose level is the use of immume modulators. Consumption of soluble dietary fiber 

like beta- glucan is highly advocated as it possesses many immunomodulatory functions and 

cholesterol lowering ability.  

5.5.1 Extraction and characterization of beta- glucan 

 By aniline blue method (emission 460/excitation 400), the soluble beta-glucan 

extracted from rice bran and oats showed a yield of 0.03-0.08 % for oats and rice.  

5.5.2 FTIR analysis of rice/ oats beta- glucan 

 FTIR analysis showed absorption at 3593 cm-1, 3510 cm-1, 3383 cm-1, 3122 cm-1 for 

oats and 3603 cm-1, 3701 cm-1,3522 cm-1, 3116 cm-1 and 3855 cm-1 for rice in the region of 

4000-3000 cm-1 spectra pointing out the normal vibrational modes of asymmetric and 

symmetric stretching of OH groups of polysaccharides. The vibrational modes of asymmetric 

and symmetric stretches of CH groups was observed at 2941 cm-1 for oats and 2818 cm-1 and 

2883 cm-1 for rice in the region of 3000- 2840 cm-1(Figure-1.14, Figure-1.16). It is also 

important to note that the spectra showed absorption peaks at 891 cm−1 for oats and 894 cm-1 

for rice showing the presence of presence of glycosidic bonds (Figure-1.15 and Figure-1.17) 

(Mikkelsen et al., 2010). The extract also contain protein in the crude sample and was 

detected as a strong absorption peak at 1531 cm-1 for rice and 1536 cm-1 for oats.  This 

indicates the bend of NH groups of protein showing. Carbohydrates can be recognized by 

peaks at wave numbers of 1045 cm−1 for rice and 1093 cm−1 for oats (CO bond of the alcohol 

group (Wang et al. 2008) (Fig. 1.18 A & C). 

  The absorption spectra of beta- glucans were recorded using Congo red dye. The dye 

concentration was optimized, and 50 mM selected for the further analysis. Dextran was used 

as a random coil control. (Fig. 1.18 A). The incorporation of Congo red to the isolated oats 

beta- glucan showed a bathochromic shift in absorption maxima (Figure-1.18 B). But, in the 

case of rice beta- glucan we could not observe such bathochromic shift.  
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Fig. 1. 14) Infrared spectra of extracted (A) Oats beta- glucan 

 

 

 Fig. 1. 15) Infrared spectra of extracted (B) oats beta- glucan β-glycosidic bonds.  
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Fig. 1. 16) Infrared spectra of extracted (C) Rice beta- glucan 

 

 

 

Fig. 1. 17) Infrared spectra of extracted (D) rice beta- glucan β-glycosidic bonds. 

 



 

43 
 

 

Fig. 1. 18) Absorption spectra of (A) Congo red and dextran (B) Congo red and oats beta- glucan (C)  

Congo red and rice beta- glucan 

5.5.3 Cytotoxicity analysis on HL- 60 cell line 

Beta glucan was well tolerated by cells up to a concentration of 50 μg/mL. More than 90 % 

cells were viable at 5 µg/mL concentration in the case of rice beta-glucan and 10 µg/mL 

concentration in the case of oats beta-glucan.  

 

Fig. 1.19) HL- 60 cells treated with oats beta- glucan (A) 10 µg (B) 25 µg (C) 50 µg (D) 100 µg (E) 

500 µg of oats beta- glucan. 
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Fig. 1.20) HL- 60 cells treated with different concentrations of rice beta- glucan  (A) 5 µg (B)  

10µg (C) 25 µg (D) 50 µg (E) 100 µg (F) 500 µg beta- glucan (400X). 

Sample  Concentration (µg/mL) Average OD Percentage Viability 

Control 0.2467 100 

SAMPLE : RICE BETA-GLUCAN     

5 0.2204 90.31 

10 0.2020 81.88 

25 0.1853 75.11 

50 0.1772 71.83 

100 0.1686 68.34 

500 0.1532 62.10 

SAMPLE : OATS BETA- GLUCAN     

10 0.2264 91.77 

25 0.2021 81.92 

50 0.1882 76.29 

100 0.1769 71.71 

500 0.1575 63.84 

Table- 4: Percentage of cell viability at different concentrations for oats and rice bran beta- 

glucan 
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5.5.4 Optimization of dose of oats and rice bran beta- glucan  

 For in vitro studies, the concentrations of beta-glucan were optimized by analyzing 

NBT reduction potential and phagocytosis potentials of cells after beta-glucan treatment. For 

that, three different concentrations of beta-glucan were considered- 5, 10 and 25µg/ml for 

rice beta-glucan and 5, 10 and 25 µg/ml for oats beta-glucan. As 25 µg/ml concentration of 

rice bran beta-glucan exhibited more than 25 % reduction in cell- viability, that concentration 

was not taken for the study. 90% cell was viable after treating with rice beta-glucan at the 

concentration of 5µg/ml; and with oats beta-glucan at 23.5µg/ml   (calculated using ED50 

PLUS V1.0 software).  

 From the analyses of NBT reduction and phagocytic potential, optimum concentration 

for favorable immune modulation was determined as 5µg/ml concentration for rice beta 

glucan and 23.5µg/ml concentration for oats beta glucan (Fig. 1.21). 

 

Fig. 1.21) The effect of oats beta- glucan on phagocytosis and NBT reduction (A&B); rice beta- 

glucan effect on phagocytosis and NBT reduction (C&D). Data are represented as mean ± SEM. * 

p<0.05, ** p<0.005 and *** p<0.0005. 

5.5.5 Optimization of time for beta- glucan treatment 

When NBT reduction and phagocytosis was assessed at the abovementioned concentrations 

(5µg/ml for rice beta-glucan, 23.5µg/ml for oats beta-glucan), both rice and oats beta- glucan 

on NBT reduction and phagocytosis yielded favorable result at 6th hr and so the optimum 

time for further analysis was taken as 6 hr.  

B 
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Fig. 1.22) Time dependent effect of oats beta- glucan on phagocytosis and NBT reduction (A&B); 

Time dependent effect of rice beta- glucan effect on phagocytosis and NBT reduction (C&D). Data 

are represented as mean ± SEM. * p<0.05, ** p<0.005 and *** p<0.0005.  

5.5.6 Modulation of HG/HI-induced altered neutrophil functions by beta- glucans- In 

vitro study 

 After standardizing the dose and duration of beta glucan treatment, the effect of oats 

and rice beta- glucan on hyperglucose/ hyperinsulin induced changes in neutrophil functions 

were assessed. After oats/ rice beta- glucan treatment, After oats/ rice beta- glucan treatment, 

chemotaxis was normalized in HG, HI and HGI conditions.  In the case of NBT reduction, 

after oats and rice beta- glucan  treatment, in all  experimental groups (NGI, HG, HI and 

HGI) NBT reduction decreased (p<0.005)( Fig. 1.24 (A1&A2); (C1& C2)). However HG 

treated cells exhibited an increased phagocytosis and after treating with oats/ rice beta- 

glucan cells showed further increase in their phagocytic ability. In the case of HI treated cells 

exhibited a reduced phagocytosis but after treating with oats/ rice beta- glucan phagocytic 

efficiency increased. However, when killing efficiency analyzed, after treating with oats/ rice 

beta- glucan in all experimental groups killing efficiency increased (Fig. 1.24 (B1&B2); (D1& 

D2)).  

C 
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Killing ability 

 

   

Fig. 1.23) Effect of oats beta- glucan on hyperglucose/ hyperinsulin treated cells functions like 

Chemotaxis (A1), Phagocytosis (B1), NBT reduction (C1) and Killing ability (D1). Effect of rice 

beta- glucan on hyperglucose/ hyperinsulin treated cells functions like Chemotaxis (A2), Phagocytosis 

(B2), NBT reduction (C2)  and Killing ability (D2). ‘NGI’ normalglucose+ normal insulin; ‘Oats-con 

& Rice- con’ oats/rice treated with normal glucose+ normal insulin- exposed cells; ‘HG’ 

hyperglucose; ‘Oats+ HG & Rice+ HG’ oats/rice treated on hyperglucose exposed cells; ‘HI’ 

hyperinsulin; Oats+ HI oats/rice treated on hyperinsulin exposed cells; ‘HGI’ hyperglucose+ 

hyperinsulin; Oats+ HGI& Rice+ HGI oats/rice treated on hyperglucose+ hyperinsulin exposed cells. 

 

5.5.7 Immunomodulation by oats and rice beta- glucan- In vivo study 

 Our study tried to explore three doses of rice and oats beta-glucan administration on 

improving the neutrophil cells functions in diabetic rats. The results are summarized in fig 

1.24. After 14 days of oats beta-glucan administration, chemotaxis and NBT reduction were 

found to be normalized with a concentration of 60mg/kg wt. Phagocytosis was normalized at 

100 mg/kg wt but at 60mg/kg wt concentration also, a reasonable improvement in 

phagocytosis was observed. In the case of rice beta-glucan, normalization of chemotaxis, 

phagocytosis and NBT reduction was observed at 100 mg/kg body weight concentration. 

Thus, though both are effective immune modulators in vivo, oat beta-glucan exerted its effect 

at lower concentration. 

D1 D2
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Fig. 1.24) In vivo effect of rice beta- glucan on chemotaxis (D), phagocytosis (E) and NBT 

reduction (F). And the effect of oats beta- glucan on chemotaxis (A), phagocytosis (B). and 

NBT reduction (C).  

5.5.7.1 Histopathology of liver and kidney sections:  

 Histopathological examination did not reveal any undesired tissue damage in the liver 

and kidney sections. 

 Physical examination of the organs and histopathological analysis showed no 

significant pathological changes. Representative pictures of liver and kidney section in the 

experimental groups after oral administration are given in Fig. 1.25 and Fig. 1.26. The 100mg 

administered rats liver parenchyma showed focal area of minor grade necrotic changes. Rice 

beta- glucan administered rats liver section showed hepatic lobules with central veins, hepatic 

triads and hepatocytes as cords. The parenchyma was composed of polygonal cells with 

round nuclei. The kidney sections showed capsule, cortex and medulla. The glomeruli, 

tubules and the interstitium appeared normal. No significant pathological changes were seen. 

A B

C D 

E F
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Fig. 1.25) Histopathological examination of liver sections (100X) Control, Diabetic, Oats 
100mg and rice 100mg beta- glucan administered. 

  

 

   

 

Fig. 1.26) Histopathological examination of kidney sections (100X) Control, Diabetic, Oats 
100mg and rice 100mg beta- glucan administered. 

Control 
Diabetic 

Oats 100mg Rice 100mg 

Oats 100mg  Rice 100mg 

Control Diabetic
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5.5.8 Discussion  

Natural immunomodulators particularly dietary ingredients are gaining much interest as 

candidate to revert changes in immune system caused by various pathological conditions. For 

instance, cereal beta- glucans have been reported to modulate cell functions through cytokine 

secretion and enhance protection against infection and tumor development, and promote 

wound healing. In this work, we checked the immune modulating efficiency of rice bran beta- 

glucan and oats beta- glucan in modulating positively the compromised-neutrophils functions 

in diabetes. Both beta-glucans were found to be effective in in vitro studies. But, the 

efficiency of oats beta-glucan stands out in in in vivo studies. Though the mechanism of 

action of beta-glucan is not very clear, many studies approve their immunomodulatory 

function. For example, report suggested antioxidant activity of beta- glucans isolated from 

barley and oats (Kofuji et al., 2012). Intraperitoneal administration of beta-glucans in mice 

was shown to increase both the number and activity of peritoneal macrophages (Estrada et al., 

1997). Thus, cereal beta-glucans are potent inducers of humoral and cell-mediated immunity, 

and it is established that (1-->3)-beta--glucans can be recognized by macrophages and, 

possibly, by neutrophils and natural killer cells through (1-->3)-beta-glucan specific receptor 

(Chan et al., 2009). Following receptor binding, it enhances the immune cell functions like 

oxidative burst and chemokine production in in vitro (Williams, 1997). The enhancement of 

cells functions has enormous importance in DM conditions where the immune cells functions 

are altered leading to recurrent infections. So the beta- glucans can be used as immune 

modulators in this context and though oats beta- glucan is more active in vivo, rice beta- 

glucan with promising activity would also be beneficial to people who consume rice as their 

staple food.  
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Chapter 6 

Summary 

 Diabetes mellitus is a group of metabolic disorders that are associated with serious 

issues of infections. The patients are immunocompromised due to the presence of high 

glucose level and sometimes due to the simultaneous presence of high insulin level; both 

leading to altered immune responses. As neutrophils are first recruited to infection site and 

are involved in the fine tuning of immune response by influencing other immune cells, their 

functional alteration may invite unwarranted changes in the immune system leading to severe 

infections and other complications. 

 In this work, we presented the evidence of functional alterations of neutrophils- such as in 

chemotaxis, phagocytosis, ROS generation, Killing ability, extracellular trap formation and 

cytokine release- in the presence of hyperglucose and hyperinsulin conditions. The changes 

in neutrophil secretions during these conditions and its impact on monocyte functions were 

also demonstrated. Further, we analyzed and confirmed the efficacy of beta-glucans extracted 

from rice bran and oats in modulating these alterations in vitro and in diabetes rats. 

The work thus advocates maintaining normal blood glucose level in patients with diabetes as 

glucose level mediate many of the functional alterations shown by neutrophils and other cells. 

In diabetes patients, consumption of adequate quantities of beta-glucan is preferred for 

enhancing their immune response and reducing infection episodes. 
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Chapter 7 

Outcomes of the Project 

 Provided evidences for the functional alterations in neutrophils in the presence of high 

glucose and insulin levels in vitro and functional alteration in neutrophils of diabetes 

patients. 

 Established the influence of neutrophil secretions in modulating subsequently 

recruited naïve neutrophils and monocytes. These functions were further modulated 

by hyperglucose/hyperinsulin conditions. 

 Identified beta-glucan extracted from rice bran and oats as efficient 

immunomodulators that are capable of reverting the above-mentioned alterations. 

 As a project, it provided adequate platform to the Principal investigator for gaining 

skills needed to conduct research and for developing her research career. 
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Chapter 8 

Scope of future work 

 

Diabetes, being a multi-factorial disease, is very difficult to understand in terms of all the 

underlying changes occurred to different systems of our body. Recurrent and severe infection 

in diabetes patients is caused partly due to the defects in the various components of immune 

system. Therefore, understanding these defects independently would speed up the 

development of novel therapeutic strategies for alleviating infections and related 

complications of diabetics. Also, disease management via maintaining normal blood glucose 

level and dietary interventions including the consumption of immune modulators (or avoiding 

counteracting drugs/dietary components) would be a welcome approach. Identification of 

new effective immunomodulators also facilitates in helping these patients to cope up with 

infection- related complication and this would definitely improve the quality of their life. 
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