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Abbreviations: 

AEC – Airway Epithelial Cell 

AHR – Airway Hyperresponsiveness 

ATP – Adenosine Triphosphate 

BSA – Bovine Serum Albumin 

cDNA – Complementary Deoxyribonucleic Acid 

Ct – Cross Threshold 

DAMPs – Damage Associated Molecular Patterns 

DC – Dendritic Cells 

dsRNA – Double Stranded RNA 

ELISA – Enzyme Linked Immunosorbent Assay 

ERK – Extra Cellular Signal Regulated Kinase 

FBS – Foetal Bovine Serum 

GAPDH – Glyceraldehyde 3-phosphate Dehydrogenase 

HBEC – Human Bronchial Epithelial Cell 

HDM – House Dust Mite 

IAV – Influenza A Virus Th – T Helper 

IFNβ – Interferon-beta 

Ig – Immunoglobulin 

IL – Interleukin 

ILCs –Innate Lymphoid Cells 

ILC2 –Innate Lymphoid Cell 2 

IRFs – Interferon Regulatory Factors 

mTOR – The Mammalian Target of Rapamycin 
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MAPK – Microtubule Associated Protein Kinase 

MOI – Multiplicity of infection 

MDA5 – Melanoma Differentiation-Associated Protein 5 

NKT – Natural Killer Th Cells 

NF-κB – Nuclear Factor Kappa-light-chain-enhancer of activated B cells 

Poly(I:C) – Polyinosinic: Polycytidylic acid 

PAR-2 – Proteinase-Activated Receptor 

PAMPs – Pathogen Associated Molecular Patterns 

PRRs – Pattern Recognition Receptors 

PBS – Phosphate Buffer Solution 

PI3K/Akt (PKB) – Phosphoinositide 3-kinases/protein Kinase B(PKB) 

RT-qPCR – Real Time Quantitative Polymerase Chain Reaction 

RT – Room Temperature 

RIG-I – Retinoic Acid-Inducible Gene 1 

RV – Rhinovirus 

RPMI – Roswell Park Memorial Institute Medium 

SEM – Standard Error of the Mean 

TLR3 – Toll-like Receptor 3 

Th – T Helper Cells 

TSLP – Thymic Stromal Lymphopoietin 

TNF-α – Tumour Necrosis Factor-alpha 

UBC – Ubiquitin CPEST – Penicillin and Streptomycin 
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Abstract: 

Asthma exacerbation is among the leading causes of mortality and morbidity. Bronchial 

epithelial cells (BECs) are of interest because they represent not only a physical barrier against 

infections, but also a biological barrier between the inhaled agents, such as allergens, and the 

immune system. As known, systemic inflammation of the lungs, or dietary factors could have 

effects on lung disease worsening. Metabolic syndrome is another crucial medical condition 

that exhibits high levels of glucose (hyperglycaemia), systemic inflammation, obesity, as well 

as insulin resistance which is a risk factor for asthma development. Insulin resistance also links 

asthma with metabolic syndrome and obesity. Deficient production of anti-viral interferons 

(IFNs) may be involved in causing viral-induced asthma exacerbations. Allergens also a risk 

factor for viral-induced asthma exacerbation. Hence, drugs inducing lung IFN production 

would be warranted. In the current project, the effects of elevated levels of glucose and insulin 

on viral-induced IFNβ in BECs and in-vitro asthma exacerbation model have been investigated. 

Although our results are preliminary, we have showed that glucose and insulin might increase 

viral-induced IFNβ production in BECs and restored house dust mite (HDM)-impaired IFNβ 

expression in an in-vitro asthma exacerbation model. We assume that insulin effects are 

abrogated in the presence of insulin resistance conditions, which could be a risk factor for 

asthma exacerbation development in obese and diabetes asthmatics. We have shown that PRRs, 

including TLR-3, RIG-I, and MDA5, are not involved in the process of the enhancement of 

IFNβ by insulin and glucose actions. 

 

Keywords: Asthma exacerbation, Allergic Asthma, Rhinovirus, Insulin, Glucose. 
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1 | Introduction: 

Asthma is a chronic inflammatory disorder of the airways, characterized by shortness of 

breath, airway inflammation, chest tightness and wheezing [1]. It affects approximately 334 

million people worldwide with an expected increase to around 400 million [2], with a 

substantial impact on healthcare costs by 2025 [1, 2]. Different risk factors are implicated in 

asthma development, including host factors and environmental factors [2, 3]. Asthma is a 

heterogeneous disease composed of many phenotypes and endotypes. Asthma phenotypes 

exhibit various visible characteristics (e.g., allergic vs. non-allergic asthma), while endotypes 

are represented by different molecular mechanisms involved in asthma pathogenesis (e.g., T2-

high vs. T2-low asthma) [4]. Although there are some biological markers for asthma, the 

heterogeneity and complexity of asthma pathogenesis make it  problematic [2]. Notably, asthma 

is associated with the activation of both the innate and adaptive immune systems that are 

mediated by numerical biological and immunological processes [4]. Various immune cells 

mediate asthma pathogenesis, such as T helper cells (Th), innate lymphoid cells (ILCs), 

dendritic cells (DC), natural killer T cells (NKT), macrophages, basophils, eosinophils, mast 

cells and IgE-producing B cells, in addition to cytokines and chemokines produced by 

participating cells [2, 4]. 

Allergic asthma is the most common phenotype with increased morbidity and mortality. 

Allergic asthma is characterized by the airway hyperresponsiveness (AHR), extreme airway 

mucus production and airway narrowing [4, 5]. It is usually induced by frequent and subsequent 

exposures to various environmental allergens, such as pollens, fungal spores, pet's dander and 

house dust mites (HDM) [4]. Remarkably, allergens influence individuals differently. However, 

all allergens trigger the inflammation through Th2 activation [4, 6]. Previous studies have 

indicated that neutrophils are the first recruited cells in allergic immune response [7, 8], which 

further regulates the immune response by triggering IL-8 (also called CXCL8) and TNF-α 

release in the airway epithelial cells (AECs), as well as recruiting eosinophils [9, 10]. Also, 

major cytokines including IL-4, IL-5, IL-13, or IL-9, play essential roles in allergic asthma [4, 

10].  

Bronchial Epithelial Cells (BECs) constitute the first line of defence in the airways and 

form both a physical and innate immune barrier to exogenous and endogenous triggers of 



5 
 

inflammation. They are target cells to the inhaled allergens and respiratory pathogens such as 

rhinovirus (RV) that causes the common cold [2, 11, 12]. Following allergen exposure or RV 

infection, bronchial epithelial cells start to release cytokines that act as alarmins (IL-25, IL-33 

and TSLP) [13], leading to dendritic cell maturation and Innate Lymphoid Cell 2 (ILC2) 

activation, which in turn produce IL-4 and IL-13. The latter cytokines shown to impair BECs 

barrier in the human airway [4, 10]. In addition, allergens contributing to asthma pathogenesis, 

including HDM, exhibit protease activity by which it causes epithelium damage [12, 14]. 

Damaged epithelium caused by HDM, viral infection, cell injury or stress induces the release 

of metabolite damage associated molecular patterns (DAMPs) such as ATP and uric acid (UA), 

and the pro-inflammatory cytokine IL-8 [6]. Released alarmins, ATP and UA, alert the immune 

system of early damage events [6]. Also, IL-8 and TNF-α are capable of alerting our immune 

system about cell damage or viral recognition, and especially IL-8, have chemotactic activity 

for various immune cells [15-17]. DAMPs and Pathogen Associated Molecular Patterns 

(PAMPs) stimulate the pattern recognition receptors (PRRs) in BECs [18]. PRRs activation 

leads to downstream of different intracellular signaling pathways, activation of transcriptional 
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factors and distinct immune response [11]. These innate mechanisms are particularly important 

in asthma exacerbation. 

Asthma exacerbation is a transient stage, even though it is considered as acute or subacute 

worsening of asthma symptoms and defect lung function [19, 20]. Various environmental 

triggers, such as allergens, pollen, air pollutants, and smoke, as well as genetic differences and 

viral infection, are risk factors of asthma exacerbation [2]. However, RV has emerged as the 

most prevalent cause of asthma exacerbation [12, 19, 20]. Upon viral infections, RV RNA is 

amplified, and the host immune response is triggered [12]. During viral replication, a formed 

double-stranded RNA (dsRNA) intermediate is recognized by toll-like receptor 3 (TLR3), the 

retinoic acid-inducible gene-I receptor (RIG-I), and melanoma-differentiation associated-gene 

5 (MDA5) [21]. Viral-stimulation of the PRRs results in early innate immune responses, 

including rapid interferon-β (IFNβ) production by the epithelial cells. IFNβ release is regulated 

through the transcription factors NF-κB and IFN-regulatory factors (IRFs) including IRF3 and 

IRF7 [22-24]. Interferons (IFNs) are anti-viral proteins that play a fundamental role in limiting 

viral replication in infected cells and preventing spread to non-infected cells [24]. It is therefore 

interesting that HDM can directly interfere with IFN production, impaired viral-induced IFNβ 

Figure 1  Major mechanism of asthma exacerbation. Major cell types and cytokines involved in asthma exacerbations are 
depicted. Modified from the original graphic (Addressing Unmet Needs in Understanding Asthma Mechanisms, by Michael 
R. Edwards1 and Sejal Saglani1, European Respiratory journal, 2017) 
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and increase the risk of asthma exacerbation [12, 13]. Notably, synthetic dsRNA has been 

demonstrated to mimic RV infection in BECs not only by inducing cytokines and interferon 

production, but also reveal pathogenic actions that result from dying cells [25]. 

Asthma has been epidemiologically and mechanistically linked to obesity and metabolic 

syndromes, by insulin resistance [26]. Insulin is a pleiotropic hormone, that plays a fundamental 

role in regulating cell growth and differentiation in the lung [26]. Furthermore, it is implicated 

in regulating many essential metabolic biological processes, including stimulation of glucose 

uptake and homeostasis [26]. Additionally, previous studies have indicated that insulin 

imbalance contributes to inflammatory diseases and play a role in acute and chronic airway 

inflammation, as it affects various cytokines and inflammatory factors such as IL-8 and TNF-α 

[27, 28]. Also, insulin stimulates the mammalian target of rapamycin complex 1 (mTORC1), 

which is essential for IFNβ production [24, 29]. Moreover, it is demonstrated that insulin 

directly affects TLR3-mediated dsRNA-induced cell apoptosis [30] and mucin production in 

the respiratory tract through PI3K/Akt and MAPK/ERK pathways [27]. Remarkably, while 

metabolic syndrome is shown to be associated with asthma independently of obesity, only 

insulin resistance, which is per se a risk factor of asthma development, is shown to play an 

important role in the association between asthma and obesity [31]. Altogether, indicate the 

importance of insulin and glucose in the airway inflammation. 

The inflammatory responses must be supported by specific metabolic processes for their 

energetic requirements [32, 33]. Intriguingly, elevated levels of glucose are associated with the 

increase of influenza A virus (IAV) as well as the pro-inflammatory and anti-viral cytokines in 

lung epithelial cell [33]. Moreover, glucose leakage into the airway epithelium has been shown 

to increase in viral-induced airway inflammation, making patients more susceptible to 

additional infections [33, 34]. Understanding of the mechanism involved in IFNβ production in 

BECs and its pharmacological control is an increasingly important field. This is important for 

discovering novel biological therapies that could limit asthma burden and materialize new 

treatment strategies that correspond to individual cases that are not responding to conventional 

therapies. In the current study, we aim to investigate the direct effects of high levels of glucose 

and insulin on BECs, and to study the effect of glucose and insulin on BECs in asthma 

exacerbation and severity.  

In this research, involving RV16 and poly(I:C)-exposed BEC cell line, that is also 

challenged with HDM, the direct effects of glucose and insulin on BECs were examined by the 
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tracking of the gene expression changes of involved chemokines and cytokines both in 

transcriptional and translational levels. The effects of glucose and insulin on the two central 

cytokines in asthma exacerbation, TNF-α and IL-8 [25], were examined. In addition to that, 

ATP release, that mediates the lung inflammation [21] has also been measured. A further 

comparison was made with high levels of glucose and insulin effects on the anti-viral response, 

and the participation of endosomal (TLR-3) and cytosolic PRRs (RIG-I & MDA5) in the present 

of viral-induced cytokine production. 

2 | Material and Methods: 

Bronchial Epithelial Cell Culturing and Treatment: 

Human Bronchial epithelial cell line, BEAS-2B, was cultured in growth medium RPMI-

1640 medium (Life Technologies; Stockholm, Sweden) supplement with 10% fetal bovine 

serum (FBS) and 1% penicillin and streptomycin (PEST) in a 5% CO2 atmosphere at 37°C. 

BEAS-2B cells were cultured in T75 flasks, and when confluent, they have been passaged and 

seeded into 12-well plates (Nunc, Life Technologies, Carlsbad, CA, USA). Passage 34 has been 

used in all experiments. Upon reaching 70-80% confluency, cells were challenged with or 

without 20 μg/mL of HDM extract (GREER Laboratories, Lenoir, NC, USA) for 24 h. They 

were then stimulated with 10 μg/mL of viral mimic Poly(I:C) (InvivoGen, San Diego, CA, 

USA), or infected with the major rhinovirus 0.1 MOI RV16 (Multiplicity of infection (MOI)). 

Simultaneously, BEAS-2B cells were treated with 30 mM of glucose (Sigma-Aldrich, 

Stockholm, Sweden) or 30 μg/ml of long-acting insulin (Sigma-Aldrich, Stockholm, Sweden) 

for 24h. All stimulations were performed in starvation medium (RPMI-1640 medium 

containing FBS (1%) and 1% penicillin and streptomycin). MOI and concentrations have been 

used depends on seminal work [6, 11]. 

Rhinovirus infection was carried out in 350 μL of the starvation medium at room 

temperature under gentle agitation for 1h. After 1h the cells were washed with the phosphate 

buffered saline (PBS), and replaced with fresh starvation medium. Cell lysate and supernatant 

were collected 24 h post RV16 infection. 
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ATP Measurement: 

Released ATP was measured in cell-free supernatant following ATP Kit SL (Biothermal 

luminescent assay, Handen, Sweden) 1 h post stimulating the cells with glucose or insulin. 

Briefly, samples were added with Tris-EDTA buffer (0.1 mol/L Tris (hydroxymethyl) 

aminomethane, 2 mmol/L EDTA, adjusted to 7.75 with acetic acid; Biothermal, Handen, 

Sweden) in a microplate luminometer, to give a total volume of 160 ul in each well. Then, 40 

ul of ATP reagent SL (zlyophilized reagent holding D-luciferin, luciferase, and stabilizers) were 

added to the wells, and the light emission corresponding to sample Ismp was instantly measured 

using Clario Star machine. Thereafter, 10 ul of ATP standard diluted 1:5 in Tris-EDTA Buffer 

were added and followed by Light emission measurement corresponding to sample plus 

standard ATP Ismp+std. This was followed by the calculation of the sample's ATP 

concentration by the equation: ATPsmp=10-7x Ismp / (Ismp+std - Ismp). The factor 10-7 is the 

concentration (mol/L) of ATP standard per well. 

RNA Extraction and Quantification of Gene Expression by Real-Time qPCR: 

Total RNA was extracted from BEAS-2B cells using an RNA extraction kit (Nucleospin, 

RNA I, Macherey-Nagel, Duren, Germany) according to the manufacturer's instructions. 1 μg 

of total RNA was reverse transcribed to cDNA (Precision Nanoscript Reverse Transcription 

Kit, Pri- merDesign, Southampton, UK) and real-time quantitative PCR was performed using a 

Mx3005P qPCR system (Stratagene, La Jolla, CA, USA) with standard cycling parameters to 

perform thermocycling and real-time detection of PCR products. Primers were obtained from 

Primer Design (Primer Design, Southampton, UK), and the following sequences were used: 
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Table 1. Primers obtained from Primer Design. 

N Cytokines F/R Sequences 

1 IFN-β 
Forward TTACTTCATTAACAGACTTACAGGT 

Reverse TACATAGCCATCGTCACTTAAAC 

2 TLR-3 
Forward GTGTGAAAGTATTGCCTGGTTTGT 

Reverse ATGATAGTGAGGTGGAGTGTTGC 

3 MDA5 
Forward CCGTGATTCCACTTTCCTGAA 

Reverse TTATACATCATCTTCTCTCGGAAATC 

4 RIG-I 
Forward TTCTCTTGATGCGTCAGTGATA 

Reverse CCGTGATTCCACTTTCCTGAA 

5 TNFα 
Forward AGGTTCTCTTCCTCTCACATAC 

Reverse ATCATGCTTTCAGTGCTCATG 

6 CXCL8 
Forward CAGAGACAGCAGAGCACAC 

Reverse AGCTTGGAAGTCATGTTTACAC 

Genes of interest were normalized to the geometric means of two reference genes, ubiquitin c 

(UBC) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), using the ΔCt method. 

Within-group comparisons were normalized to an untreated control sample using the ΔΔCt 

method [35]. 

Quantification of Protein Expression by Western Blot: 

Total protein was extracted from cell lysates using a lysis buffer for western blot consisting 

of 1% TritonX-100, 10mM Tris-HCl, 50mM NaCl, 5mMEDTA, 30mMNa4P2O7, 50mMNaF, 

0.1mMNa3VO4, and 1% phosphatase and protease inhibitors (Sigma-Aldrich, Stockholm, 

Sweden). Protein concentration was measured using BCA protein assay reagent kit (PIERCE 

ThermoScientific, Waltham, MA, USA), and an equal amount of protein and Laemmli Buffer 

were boiled and then loaded and electrophoresed onto a 4-20% TGX stain-free gel (Bio-Rad 

Laboratories AB, Solna, Sweden). This was followed by blotting on a Trans-Blot Turbo 

Transfer System (Bio-Rad Laboratories AB, Solna, Sweden) and blocking of the membrane in 
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5% (w/v) milk in Tris-buffered saline Tween-20 and overnight incubation at 4◦C with primary 

mAB rabbit antibodies (anti-TLR3, anti-RIG-I, anti-MDA5, anti-PAKT, and anti-GAPDH; 

Cell Signalling Technology, Leiden, The Netherlands). After that, the membrane was washed 

and incubated for 1 h with secondary antibodies (anti-Rabbit IgG HRP-linked Ab; Cell 

Signalling Technology, Leiden, The Netherlands). Chemiluminescent detection was performed 

using Super Signal West Dura Extended Duration Substance (Bio-Rad Laboratories AB, Solna, 

Sweden) and immunoblots were visualized by LI-COR Odyssey Fc Imager (LI-COR 

Biosciences, Lincoln, NE, USA) and Image Studio (v3.1.4; LI-COR Biosciences, Lincoln, NE, 

USA). 

Quantification of IL-8 cytokine release by ELISA: 

Released CXCL8 were measured in cell-free supernatant 24 h post poly(I:C) stimulation 

using Luminex immunoassays according to the manufacturer's descriptions (R&D System, 

Abingdon, UK). The 96 wells plate were coated overnight at room temperature (RT) with 

100μl/well of the capture antibody (working concentration for IL-8 4 μg/ml) diluted in the 

phosphate buffered saline PBS. The next day, wells were washed with wash buffer (0.05% 

Tween-20/PBS; R&D Systems, Catalog #WA126) using the ELISA plate washer and blocked 

with 300μl/well Blocking Buffer (1%BSA in PBS; R&D Systems, Catalog #DY995) for 1 h at 

RT. The plates were washed with PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 

mM KH2PO4; R&D Systems, Catalog #DY006) before plating out the samples and standards. 

IL-8 detection limit of the assay is = 31.25 pg/mL. After washing the plate, 100 ul of diluted 

samples and standards in Reagent Diluent (0.1 % BSA, 0.05% Tween 20 in Tris-buffered Saline 

(20 mM Trizma base, 150 mM NaCl); R&D Systems) were added, and the plate was incubated 

in the dark and at RT for 2h. The standards were plated out in duplicates 100μl/well, starting 

with the maximum concentration and diluted by a factor of 1:2 for 7 serial dilutions to reach a 

final concentration of zero (working concentration 31.2-2000 pg/mL). After two hours 

incubation at room temperature, the plates were washed with PBS and incubated with 

100μl/well of the detection antibody (working concentration 20 ng/ml) diluted in Reagent 

Diluent for 2 hours. The wells were washed with PBS and incubated with 100μl/ml of 

Streptavidin-HRP (streptavidin enzyme conjugated to horseradish-peroxidase) diluted 1:40 in 

reagent Diluent for 20 minutes at room temperature. The plate was washed then, and 100μl/well 

of substrate solution (1:1 mixture of Color Reagent A(H2O2) and Color Reagent B 

(Tetramethylbenzidine); R&D Systems, Catalog #DY999) was added and incubated for 20 min, 

where the standard had fully developed observed from the colour change into an appropriate 
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blue colour. Following that, 50μl of stop solution (2 N H2SO4; R&D Systems Catalog #DY994) 

was added with gentle tapping of the plate. The optical density of each well was measure at a 

wavelength of 540nm or 570nm using an ELISA microplate reader. Data was acquired on a 

calibrated and validated Luminex MAGPIX instrument (R&D System, Abingdon, UK), and 

data were analyzed using Excel. 

Statistical analysis: 

Statistical analysis was performed using GraphPad Prism software version 7.0 (San Diego, 

CA, USA), and data are presented as mean ± SEM. Significant variations between unpaired 

groups were determined using the Kruskall-Wallis test followed by Dunn's multiple 

comparisons test for comparisons of more than two groups or Mann-Whitney U-test for 

comparisons of two study groups. P-values <0.05 were considered as statistically significant. 

3 | Results: 

Glucose and Insulin Induce ATP Release by Bronchial Epithelial Cells. 

ATP is released by cells under certain conditions such as stress, pathogenic infections, and 

tissue injury leading to induction of type-2 cytokines mediated inflammation and Th2 activation 

[6]. In order to investigate the effect of glucose and insulin on ATP levels, BEAS-2B cells were 

stimulated with glucose or insulin and ATP levels measured in cell culture supernatants. Figure 

1A shows that glucose stimulation leads to significant induction of ATP released by bronchial 

epithelial cells. Furthermore, stimulation of BEAS-2B cells with insulin also results in a 

significant increase of ATP levels, as shown in Figure 1B. 

Figure 1: Treatment with glucose and insulin 
induces ATP release in bronchial epithelial cell. 
BEAS-2B cells were treated with 30 mM glucose 
(A) and 30 μg/ml of insulin (B). ATP levels were 
measured in cell culture supernatant 1 h post 
stimulation. Data are presented as mean ± SEM. 
n= 9 from 9 independent experiments. *P < .05, 
****P < .0001 compared to respective control. 
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Gene Expression of the Pro-Inflammatory Cytokine IL-8 Appear to be Decreased by 

Glucose and Insulin in Bronchial Epithelium 

It has been previously demonstrated that TNF-α and IL-8 can function as pro-inflammatory 

cytokines by promoting inflammation and amplifying the immune response through 

recruitment of various immune cells to the site of inflammation [17]. IL-8 can also be released 

by human bronchial epithelial cells (HBECs) after allergen exposure [6, 36]. We investigated 

if glucose and insulin can induce gene expression of IL-8 and TNF-α in BEAS-2B cells. 

Poly(I:C) alone, a TLR3 agonist, significantly induces expression of IL-8 (Figure 2 A, B). 

However, the poly(I:C)-induced IL-8 expression appear to be decreased by the addition of 

glucose and insulin (Figure 2 A, B). Further stimulation with glucose seems to increase the 

protein level of poly(I:C)-induced IL-8 in the supernatant, but further studies are needed (Figure 

2 C). Same results have been shown when co-stimulating the cells with insulin in combination 

with poly(I:C) (Figure 2 D). Although co-stimulation of BECs with glucose did not change the 

expression of TNF-α (Figure 2 E), the stimulation with insulin in combination with poly(I:C) 

tends to increase TNF-α expression compared to poly(I:C) alone (Figure 2 F).

Figure 2: Effects of glucose and insulin on poly (I:C) induced pro-inflammatory cytokine response in bronchial 
epithelial cells. BEAS-2B cells were treated with 10 μg/ml Poly(I:C), 30 mM glucose or 30 μg/ml insulin alone, 
or with Poly(I:C) in combination with either glucose or insulin. Cell lysate and supernatant were collected 
after 24 h stimulation. Gene expression levels of the pro-inflammatory cytokines IL-8 (A, B) and TNF-α (E, F) 
were measured by real-time qPCR, and protein expression levels of IL-8 (C, D) were measured by ELISA. Data 
is presented as mean ± SEM fold change of control relative to UBC/GAPDH expression. A, B; E & F n = 7 from 
7 independent experiments. For C&D n=2 from 1 experiment. *P < .05, **P < .01, ****P < .0001 compared 
to respective control. 
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Glucose and Insulin Appear to Increase Poly(I:C)-Induced Anti-Viral Response in 

Bronchial Epithelium 

Previous studies have shown that people with insulin resistance, such as people suffering 

from obesity and Type II Diabetes, have higher odds of developing asthma [31]. We, therefore, 

wanted to study the effect of insulin and diabetes on asthma exacerbations in an in-vitro model 

of asthma exacerbation. BEAS-2B cells were stimulated with Poly(I:C) alone or poly(I:C) in 

combination with high levels of glucose or insulin. Figure 3 shows that poly(I:C) significantly 

induced gene expression of IFNβ (Figure 3 A and E) and PRRs (Figure 3 B-D, F-H) at 24 hrs. 

Further stimulation with glucose appears to increase poly(I:C)-induced IFNβ (Figure 3 A), 

MDA5 and RIG-I gene expression (Figure 3 C and D). Similar to glucose, co-stimulation with 

insulin and poly(I:C) seems to further increase poly(I:C)-induced IFNβ expression (Figure 3 

E), while it has no impact on poly (I:C)-induced PRRs (Figure 3 F-H). Neither treatment with 

glucose or insulin alone stimulate IFNβ gene expression (Figure 3 A and E), nor poly(I:C)-

induced protein level of the TLR-3, RIG-I and MDA5 by glucose or insulin (Figure 3 I). 

 

 

 

Figure 3: Stimulation with glucose and insulin increase poly(I:C)-induced anti-viral response in bronchial epithelial cells. 
Beas-2B cells were treated with 10 μg/ml poly(I:C), 30 mM glucose or 30 μg/ml insulin alone, or poly(I:C) in combination 
with either glucose or insulin. Cells were harvested after 24 h stimulation. Thereafter, gene expression levels of the anti-
viral cytokine IFNβ (A, E) and Patter Recognition Receptors (PRRs) TLR-3 (B, F), MDA5 (C, G) and RIG-I (D, H) were 
measured by real-time qPCR. A representative Western Blot image of TLR-3, MDA5, and RIG-I protein expression (I). 
Data is presented as mean ± SEM fold change of unstimulated control relative to UBC/GAPDH expression. n = 7-9 from 
9 independent experiments. *P < .05, **P < .01, ***P < .001 ****P < .0001 compared to respective control. 
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HDM Impaired Anti-Viral Response in BECs Might be Increased by Stimulation with 

Glucose and Insulin 

Poly(I:C)-induced IFNβ gene expression has been found to be reduced following HDM 

challenge in airway epithelial cells [12]. Previous studies have demonstrated that insulin 

imbalance contributes to inflammatory diseases and plays a role in acute and chronic airway 

inflammation [27]. We, therefore, wanted to investigate the effects of glucose and insulin on 

BECs following allergen challenge, and to confirm whether the PAKT pathway is involved in 

the PRRs’ downstream. We stimulated BEAS-2B cells with Poly(I:C) alone or in combination 

with either glucose or insulin after 24h HDM challenge. HDM pre-treatment of BECs decreases 

poly(I:C)-induced IFNβ and PRRs genes expression (Figure 4 A-H). Co-stimulation of glucose 

and poly(I:C) seems to increase the HDM-impaired IFNβ gene expression (Figure 4 A). While 

glucose appears to increase HDM-impaired poly(I:C)-induced TLR-3 gene expression (Figure 

4 B), it shows no effects on poly(I:C)-induced gene expression of MDA5 and RIG-I (Figure 4 

C and D). Similarly to glucose, insulin seems to increase the HDM-impaired poly(I:C)-induced 

IFNβ (Figure 4 E), and TLR-3 gene expressions (Figure 4 F), but it has no effects on HDM-

impaired poly(I:C)-induced MDA5 and RIG-I gene expression (Figure 4 G and H). Insulin 

induces the PAKT pathway and no effects have been shown by glucose (Figure 4 I). 

 

 

 

Figure 4: Stimulation with glucose and insulin increase HDM impaired poly (I:C)-induced anti-viral response under allergic 
background in bronchial epithelial cells. BEAS-2B cells were pre-treated with HDM for 24 h then the cells were stimulated 
with 10 μg/ml Poly (I:C), 30 mM glucose or 30 μg/ml insulin, or with Poly(I:C) in combination with either glucose or insulin. 
Cells were harvested for gene expression analysis after 24 h stimulation. Thereafter, gene expression levels of the anti-viral 
cytokine IFNβ (A, E) and PRRs TLR-3 (B, F), MDA5 (C, G) and RIG-I (D, H) were measured by real-time q PCR. A representative 
Western Blot image of AKT protein is shown (I). Data is presented as mean ± SEM fold change of unstimulated control relative 
to UBC/GAPDH expression. n = 4-6 from 6 independent experiments. *P < .05, **P < .01, ***P < .001.  
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Glucose and Insulin May Reduce RV16-Induced Pro-inflammatory Response of 

Bronchial Epithelium. 

To determine whether the effects of high levels of glucose and insulin on the pro-

inflammatory response to the TLR3 agonist poly(I:C) were similar compared to RV infection, 

BEAS-2B cells were infected with the major group rhinovirus RV16 alone, or in combination 

with glucose or insulin. RV16 alone induces IL-8 gene expression (Figure 5 A and B). RV16-

induced IL-8 gene expression seems to be decreased following glucose and insulin addition 

(Figure 5 A and B), correlating to what has previously been shown using Poly(I:C). However, 

more experiments needed to confirm these results since n number is limited. 

 

Figure 5: Effects of high levels of glucose and insulin on RV16-induced pro-inflammatory response in bronchial epithelial cells. 
BEAS-2B cells were infected with 0.1 MOI RV16, or stimulated with 30 mM glucose or 30 μg/ml insulin alone, or with RV16 , or 
stimulated with 30 mM glucose or 30 μg/ml insulin alone, or with RV16 in combination with either glucose or insulin. Cells 
were harvested for gene expression analysis after 24 h stimulation, and gene expression levels of the pro-inflammatory 
cytokine IL-8 (A, B) were measured by real-time qPCR. n = 2 from 2 independent experiments. 

 

RV16 Infectious Appear to Induce PRRs Gene Expression on Bronchial Epithelial 

cells.  

We further investigated whether high levels of glucose and insulin impact the anti-viral 

response of epithelial cells after RV infection. BEAS-2B cells were again infected with RV16 

alone or in combination with glucose or insulin. No effects have been shown on IFNβ gene 

expression when the cells were infected by RV16 (Figure 6 A and E). Similarly to the results 

obtained with Poly(I:C) stimulation, RV16 alone appear to induce PRRs gene expression [11] 

(Figure 6 B-D, F-H) . However, we did not observe any effect on PRRs gene expression when 

BECs were co-stimulated with RV16 and glucose or insulin (Figure 6 B-D, F-H). 
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Figure 6: Effects of high levels of glucose and insulin on RV16-induced anti-viral response in bronchial epithelial cells. Beas-2B cells 
were infected with 0.1 MOI RV16, or stimulated with 30 mM glucose or 30 μg/ml insulin alone, or with RV16 in combination 
with either glucose or insulin. Cells were harvested for gene expression analysis after 24 h stimulation and gene expression 
levels of the anti-viral cytokine IFNβ (A, E) and Patter Recognition Receptors (PRRs) TLR-3 (B, F), MDA5 (C, G) and RIG-I (D, H) 
were measured by real-time qPCR. n =2 from 2 independent experiments. 

 

Glucose Appear to Restore HDM-Impaired RV16-Induced PRRs Gene Expression in 

Bronchial Epithelial cells. 

In order to investigate the effect of high levels of glucose and insulin in the anti-viral 

response of epithelial cells under an allergic background, BEAS-2B cells were pre-treated with 

HDM for 24 hrs. Thereafter, cells were infected with RV16, stimulated with glucose or insulin 

alone, or co-stimulated with RV16 and glucose or insulin. Our results demonstrated that HDM 

pre-treatment of BECs decreases RV16-induced IFNβ and PRRs gene expression (Figure 7 A-

H), similar to the results found using poly(I:C) stimulation. Co-stimulation of glucose and 

RV16 appear to restore HDM-impaired RV16-induced PRRs gene expression (Figure 7 B-D), 

whereas no impact was shown when co-stimulating with insulin and RV16 (Figure 7 F-H). 
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Figure 7: Effect of glucose and insulin on RV16-induced anti-viral response in bronchial epithelial cells in allergic background. 
BEAS-2B cells were pre-treated with HDM for 24 h then the cells were infected with 0.1 MOI RV16, or stimulated with 30 mM 
glucose or 30 μg/ml insulin, or with RV16 in combination with either glucose or insulin. Cells were harvested for gene expression 
analysis after 24 h stimulation, and gene expression levels of the anti-viral cytokine IFNβ (A, E) and PRRs TLR-3 (B, F), MDA5 (C, 
G) and RIG-I (D, H) were measured by real-time qPCR. n = 2 from 2 independent experiments. 

 

4 | Discussion: 

Asthma exacerbation is a severe condition and might in worst cases end with mortality 

[37]. Looking at the fact that asthma exacerbations do not respond well to conventional 

treatment, there is a need of finding new biological targets for pharmacological intervention. In 

the current work, we have studied the direct effects of glucose and insulin in modulating viral-

induced asthma exacerbation in an in-vitro experimental model. Obesity and diabetes may be 

risk factors for the development of lung infections and the development of asthma 

exacerbations. Importantly, we found that glucose and insulin stimulation induced the release 

of alarmins in BECs. Furthermore, glucose and insulin appeared to be involved in poly(I:C)-

induced IFNβ expression and the restoration of HDM-impaired IFNβ response in an asthma 

exacerbation model of BECs. Furthermore, our data rule out the involvement of PRRs in 

upregulation of IFNβ after stimulation with glucose and insulin. However, further experiments 

including knockdown of PRRs are needed to confirm these results. 

By using a BEC line, we first obtained data on glucose and insulin effects in poly(I:C)-

induced IFNβ production and the expression of the main pro-inflammatory cytokines in viral-

induced asthma exacerbation, TNF-α and IL-8. Furthermore, we have investigated glucose and 

insulin-induced ATP release, as well as their effect on the expression of PRRs that engage in 

the anti-viral response. Thus, we revealed the effect of high levels of glucose and insulin on 
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viral-induced IFNβ production with and without allergic background. These findings are of 

interest because they provide us a better understanding of the condition where high levels of 

glucose and insulin are present in asthmatics individuals, such as obese and diabetics, and its 

role in asthma severity. Moreover, this might relate to anti-viral drug opportunities targeting 

the main location for rhinovirus infections, which is the most common risk factor in asthma 

exacerbation. Provided enhancement of viral-induced IFN production by glucose and insulin 

required a baseline of diseases that is represented in allergic inflammation in an in-vitro model 

of BECs challenged with HDM. 

ATP is released by HBECs post exposure to different protease allergens, including HDM 

[6]. This process is supposed to occur through protease-activated receptors (PARs) [1]. 

Interestingly, the mammalian target of rapamycin (mTORC) plays a critical role in regulating 

cellular metabolic processes such as nutrients and energy production, including glucose and 

ATP [24]. A previous study has indicated that nutrients excess, high levels of glucose, and 

insulin activate mTOR [4], which is shown to be associated with asthma onset, and asthma 

pathogenesis and exacerbation [38]. In this context, mTOR is shown to be highly activated 

during insulin resistance conditions and obesity [39, 40]. Consistent with that, our results 

showed an induction of ATP release in the airway epithelium by high levels of glucose and 

insulin, which might be explained by the previous findings [4, 24]. 

 In addition, IL-8 release has been demonstrated in HBECs after HDM challenge [6]. The 

pro-inflammatory cytokines TNF-α and IL-8 have dual roles. It is beneficial, looking at their 

participation in maintaining the immune response against viral or bacterial infections, and 

tumour by the recruitment of the immune cells [16]. However, high levels of TNF-α and IL-8 

in the airway are harmful, in which their participation in immune cell recruitment ends with 

high levels of inflammatory mediators [16]. This leads to an aggravated inflammation reaction, 

exacerbation of the immune response and airway injury [16]. In our study, we investigated the 

effects of insulin and glucose on IL-8 and TNF-α expression. There are contradictory findings 

regarding insulin effects on the expression of the pro-inflammatory cytokines. A previous paper 

suggests that insulin increases IL-8 levels in airway inflammation [26]. On the other hand, 

another study has indicated that insulin reduces the expression of IL-8 through the pro-

inflammatory receptor, proteinase-activated receptor (PAR-2) in HAECs [28]. Our results 

showed a reduction trend of IL-8 gene expression after RV16 and Poly (I:C) induction in the 

presence of high levels of insulin and glucose. In contrast, IL-8 protein levels show a trend to 



20 
 

increase after co-stimulation with poly(I:C) and insulin or glucose. This variation could be 

explained by the time point since the change of protein level takes longer time to be observed. 

In addition, poly (I:C)-induced IFNβ production tends to increase by high levels of glucose and 

insulin. This data can be supported by the previous studies that indicate insulin capacity of 

enhancing anti-viral response in airway epithelium [26, 28]. The same study suggests that 

airway inflammation in asthmatics exhibiting insulin resistance could be attributed to the lack 

of insulin-mediated anti-inflammatory mechanisms [28]. In agreement with our results, a recent 

study also indicates that glucose metabolism increases anti-viral cytokines through IRF5 and 

IRF3 transcription factors [33]. 

A clinical study has shown that exogenous IFNβ administration reduced the viral load and 

viral-induced asthma exacerbation in asthmatics patient's airways [41]. These findings were 

supported by a study that indicates the efficiency and safety of using IFNβ as an anti-viral drug 

to limit virus-induced asthma exacerbation in BECs in vitro model, in which RV replication 

was inhibited [42]. In the present BEC cell line, high levels of glucose, and insulin have 

augmented viral infection induced IFNβ production. IFNβ expression induced by glucose and 

insulin participate in viral clearance, which reduces the risk of developing asthma exacerbation. 

It is previously shown in a mice model that HDM-induced airway inflammation is markedly 

aggravated by additional challenges with a viral stimulus [43]. For this study, an in-vitro asthma 

exacerbation model has developed by using a baseline of HDM-induced allergic airway 

inflammation and viral stimulation. TLR-3 agonist poly(I:C) that mimics the biological effects 

of RV infections has been used. This approach was preferred to ensure successfully induced 

asthma exacerbation model by HDM-induced inflammation and viral dsRNA. A previous study 

has demonstrated that HDM impairs anti-viral response in an in vitro HBECs and a mouse 

model [12]. In correspond with that, our data have shown a trend to decrease in IFNβ production 

in BECs stimulated with Poly (I:C) and RV16 post HDM challenge. Interestingly, the HDM-

impaired IFNβ expression induced by Poly (I:C) is restored by high levels of insulin and 

glucose. Gandhi et al. previously suggested that insulin is involved in increasing anti-viral 

response in AECs [28], which strongly agrees with our results. Also, recent studies have 

indicated that insulin activation of mTORC1 [29] plays a critical role in the translation and 

activation of IRFs to maximize IFNβ production in BECs [24]. High levels of glucose and 

insulin further enhanced IFNβ expression in BECs with established allergic inflammation prior 

to the poly(I:C) stimulation. Hence, high levels of insulin and glucose were able to increase 
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IFNβ production in BECs exposed to poly (I:C) and restore a deficient IFNβ response in asthma 

exacerbation model to levels occurring in non-allergic, viral stimulus challenged cells. 

This finding is of interest because rhinovirus infection is a major cause of difficult-to-treat 

asthma exacerbation, which is efficiently reduced by high levels of insulin and glucose. This 

way shows positive effects by reducing exacerbation frequency which might be promising in 

improving the quality of life in asthmatics. However, insulin properties and effects, including 

glycolytic regulation and insulin anti-viral properties, are abrogated in the presence of insulin 

resistance conditions including allergic asthma [28]. Therefore, obese and diabetes asthmatics 

that have insulin resistance might have a greater risk of developing asthma exacerbation that 

occurs due to decreased insulin receptors on AECs or a lack of insulin signaling. 

Poly I:C is a TLR-3 agonist that mimics RV infection. As discussed in the introduction, 

PRRs including TLR-3, MDA-5, and RIG-I recognize viral dsRNA. Several studies 

demonstrated that insulin mediates most of its effects by PI3K/Akt and MAPK/ERK signaling 

pathways in AECs [26-28, 30]. The current study has included the detection of PI3K/AKT 

pathway involvement in insulin's enhancement of poly(I:C)-induced IFNβ production. Our 

results have shown that AKT-dependent insulin pathway is not involved in IFNβ production 

enhancement by glucose and insulin. In addition, PRRs showed no involvement in the glucose's 

and insulin's IFNβ enhancement in BECs exposed to Poly (I:C) and RV16 after HDM challenge. 

Although high levels of glucose do not change IFNβ expression, the PRRs (MDA5 and RIG-I) 

appears to be increased by glucose in RV-induced IFNβ expression in BECs prior challenged 

with HDM. This data is obtained from two experiments. Increasing the n numbers might be 

useful for investigating whether PRRs mediate glucose induced IFNβ-production in asthmatics. 

Taking in consideration, there were some limitations of this study. This study neither 

demonstrated the precise effects of glucose and insulin on the anti-viral response, nor involved 

pathways were identified, due to time limitation. Moreover, more experiments are needed to 

confirm the gene expression through measurement of the protein levels by ELISA and Western-

Blott. Also, additional inflammatory mediators and allergens that are associated with asthma 

pathogenesis could be checked. Therefore, further experiments are needed to clarify the results 

of this study, although it provides preliminary results. 

In conclusion, despite the need for more confirmation, we have showed that high levels of 

glucose and insulin might be involved in upregulation of IFNβ expression level that is induced 
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by poly(I:C) in BEC cell line. The present study importantly included an in vitro approach 

where we firstly showed that BECs with established allergic inflammation exhibited deficient 

IFNβ production in response to poly(I:C) stimulus. Secondly, that insulin and glucose appeared 

to restore the IFNβ deficiency in response to poly (I:C) in this cell line. The present data thus 

refers to that high levels of glucose and insulin may restore deficient lung IFNs production in 

exacerbating asthma, but it exhibits the opposite role in obese and diabetics asthmatics that have 

a greater risk of developing asthma exacerbation due to insulin resistance. We suggest that 

further studies are warranted to explore involved pathways in the action of glucose and insulin 

in IFNβ enhancement during asthma exacerbation. Investigation of insulin-dependent 

MAPK/ERK pathway and mTOR pathway in allergic asthma. In addition, investigation of 

glucose actions in IFNβ production enhancement in an independent insulin manner and its 

association with PRRs are of interest. 
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