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Abstract 

 

Cystic fibrosis-related diabetes (CFRD) is a common extrapulmonary comorbidity in adults with 

CF and portends worse outcomes. However, a direct link between hyperglycemia and decline in 

lung function is unknown. Inflammation related to hyperglycemia is implicated in end-organ 

damage in those with Diabetes Mellitus and has been shown to be correlated with worse lung 

function in those with CF. Additionally, preliminary in vitro evidence suggests that 

hyperglycemia impairs ion channel function in airway epithelial cells thus compromising 

mucociliary function. To determine if this association was present in those with CF, we 

conducted a clinical study to measure the correlation between glycemic control measured by 

continuous glucose monitoring and nasal cell LRRC26 mRNA expression, the γ subunit of the 

BK channel which is required for its proper function. We enrolled participants with CF and 

CFRD who underwent continuous glucose monitoring and sampling of their nasal cells. We 

found that nasal cell expression of LRRC26 mRNA was inversely correlated with hyperglycemic 

excursions captured on CGM. This finding demonstrates that hyperglycemia impairs BK channel 

function and suggests that declining lung function in patients with CFRD may be related to BK 

channel dysfunction.  
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Chapter 1: Introduction and literature review 
 

This work has been published as Charles D. Bengtson, Michael D. Kim, Abeer Anabtawi, 
Jianghua He, John S. Dennis, Sara Miller, Makoto Yoshida, Nathalie Baumlin and Matthias 
Salathe. Hyperglycemia in CF adversely affects BK channel function critical for mucus 
clearance. Eur Respir J 2021; 57(1):2000509. DOI: 10.1183/13993003.00509-2020. It is 
reprinted here with permission in part with adaptations since original publication.  
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Cystic fibrosis (CF)-related diabetes (CFRD) is a major predictor of worse lung function and 

affects ~20% of adolescents and >40% of adults with CF(1-3). However, little is known about 

the mechanisms by which elevated glucose levels lead to worse lung function outcomes.  

Advances in care and therapeutic treatments for CF patients have led to a dramatic 

increase in life expectancy. However, the consequence of prolonged life is an increase in the 

prevalence of age- and CF-related comorbidities that can worsen pulmonary function. In fact, 

CFRD is the most common CF comorbidity and associated with worse lung function, increased 

number and severity of pulmonary exacerbations, increased risk for infection by Pseudomonas 

aeruginosa and poorer prognosis compared to CF patients without diabetes(4). Thus, it is 

imperative to conduct studies to understand the underlying mechanisms that lead to worse 

function and identify therapeutic approaches to preserve lung function in CFRD beyond 

glycemic control.  

Hyperglycemia initiates pro-inflammatory signaling pathways(5), including the formation 

of advanced glycation end products (AGEs). These bind to the receptor of AGE (RAGE or 

AGER), a member of the immunoglobulin superfamily of cell-surface receptors that function as 

a pattern-recognition receptor and engages pro-inflammatory signaling pathways when 

activated(6). RAGE is highly expressed in the lung and is also important for cell adhesion and 

epithelial repair(7, 8). RAGE signaling has been implicated to play a role in the pathogenesis of a 

number of respiratory disorders, including chronic obstructive pulmonary disease (COPD), 

asthma and pulmonary fibrosis(9). In CF, and even more so in CFRD patients, levels of RAGE 

ligands in the lung inversely correlate with lung function(10, 11).  
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It is known that inflammation and hyperglycemia impair airway epithelial ion channel 

function, thereby possibly contributing to respiratory decline in CFRD patients, but little is 

known about mechanism(12). Here, we specifically studied the impact of hyperglycemia on 

apically expressed large-conductance, Ca2+-activated, voltage-dependent K+ (BK) channels 

because they are critical to maintain mucus clearance in CF bronchial epithelial cells(13). 

Expression of the γ subunit of the BK channel (LRRC26), which is required for channel function 

in non-excitable cells, was used as a surrogate for direct BK function measurements in this 

study(14, 15).  Additionally, we utilized a robust method for assessment of glycemic control with 

continuous glucose monitoring (CGM). We hypothesized that worse glycemic control would be 

inversely correlated with LRRC26 expression in nasal cells.  
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Chapter 2: Methods 
  



5 
 

2.1 Study Design 

We designed an observational, cross-sectional study measuring glycemic control and BK channel 

function in those with CF. The trial was reviewed and approved by the University of Kansas 

Medical Center Institutional Review Board and all participants provided informed consent prior 

to undergoing any study procedures.  

 

2.2 Participants 

Inclusion criteria included those with CF who are 18 years of age and older. Those included in 

the CFRD were required to have a historical 2-hour oral glucose tolerance test (OGTT) with 

baseline blood glucose >126 mg/dL or a two-hour blood glucose value >200 mg/dL. Those with 

a normal OGTT (baseline <126 mg/dL, two-hour <140 mg/dL) or impaired glucose tolerance 

OGTT (baseline <126 mg/dL, two-hour 140-200 mg/dL) were categorized in the CF group. 

Exclusion criteria were related to therapies that may alter inflammation and included nasal 

glucocorticoid use the day of Visit 2, systemic glucocorticoid use within the past 7 days or 

angiotensin receptor blocker use within the past 7 days. Participants were screened for 

enrollment during routine visits, inpatient or outpatient, at the University of Kansas Health 

System.  

 

2.3 Study Procedures 

At Visit 1, after informed consent, a medical history was obtained through participant interview 

and review of the electronic medical record. This includes past medical history, current 

medications, results of diagnostic testing and spirometry values. Hemoglobin A1C was measured 

from capillary blood using A1CNow®+ (PTS Diagnostics, Whitestown, IN, USA). Then, for 
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those that did not utilize a continuous glucose monitor for routine clinical purposes, a Dexcom 

G6® CGM (Dexcom, Inc, San Diego, CA, USA) was placed on the lower abdomen on upper 

arms per manufacturer’s instructions. Participants were given a blinded CGM receiver and 

instructed on its use. Approximately 9 ± 2 days after Visit 1 the participants returned for CGM 

removal, also at that time nasal brush (Medical Packaging Corporation, Camarillo, CA, USA) 

was performed to collect nasal cells. Nasal cells were lysed, and total RNA isolated using the 

E.Z.N.A.® Total RNA kit (Omega Bio-tek, Norcross, GA, USA). Quantitative PCR (qPCR) was 

performed as described(16, 17) using TaqMan Gene Expression Assays (ThermoFisher 

Scientific, Waltham, MA, USA) for AGER (Hs00153957_m1), and LRRC26 (Hs02385555_g1) 

and normalized to reference gene GAPDH.  

 

2.4 Outcome Measures and Statistical Analysis 

The primary outcome of interest was the correlation between markers of glycemic control 

estimated by CGM and expression of LRRC26 mRNA among those with CFRD and CF. 

Secondary outcome of interest included correlation between markers of glycemic control and 

expression of RAGE mRNA. CGM variables were calculated using the R statistical package 

cgmanalysis (R foundation for Statistical Computing, Vienna, Austria)(18). Imputation was used 

to fill missing intervals <20 minutes in length and for those ≥20 minutes in length the 

corresponding 24 h period was censored from final analysis. CGM variables of interest were 

selected as being previously associated with outcomes in CFRD [mean amplitude of glycemic 

excursions (MAGE), % time of glucose >140 mg/dL] or reflective of hyperglycemic excursions 

[glucose management indicator (GMI), % time glucose >200 mg/dL and area under the curve 

(AUC) of glucose >180 mg/dL](19, 20). Descriptive statistics were used to summarize 
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demographics and baseline characteristics. For comparison of continuous variables between 

groups student’s t-test was used. Pearson’s correlation coefficient was used to assess correlation 

between continuous variables. Results were considered statistically significant at p < 0.05. All 

analyses were performed using Prism (GraphPad Software, San Diego, CA, USA).  
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Chapter 3: Results 
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3.1 Participants 

A total of 21 participants (CF=6, CFRD=15) were enrolled and completed all study procedures. 

There were 4 subjects excluded from analysis (CF=1, CFRD=3) due to inadequate CGM 

sampling (<5 days of glucose readings) or inadequate RNA obtained from nasal cell collection. 

At baseline those with CFRD were older (32 vs 22 years of age), had a higher BMI (23.6 vs 

21.8), had a lower baseline percent predicted forced expiratory volume in one second (ppFEV1, 

64 vs 98%) and a higher hemoglobin A1C (6.8 vs 5.4)(Table 1). There was no significant 

difference between the groups in sex, proportion with at least one CFTR allele with the F508del 

mutation or proportion on CFTR modulator therapy. CGM variables of interest were uniformly 

higher in those with CFRD as compared to those with CF (Table 2).  

 

Table 1. Baseline participant characteristics 

 

 

 

 
Differences are expressed as difference in mean or proportion between CF and CFRD with 95% confidence intervals.  
* Includes ivacaftor, lumacaftor/ivacaftor, tezacaftor/ivacaftor and elexacaftor/tezacaftor/ivacaftor. 
** Based upon highest % predicted FEV1 in the 12 months preceding study enrollment.  

CF (n=5) CFRD (n = 12) Difference (95% CI)
Age  (mean ± SEM) 22 ± 0.7 32 ± 0.5 10 (5.3, 14.7)

Female sex (%) 3 (0.6) 4 (0.3) 0.3 (-0.2, 0.8)

BMI 21.8 ± 0.48 23.6 ± 0.35 1.83 (0.49, 3.16)

F508del / F508del (%) 2 (0.4) 6 (0.5) -0.1 (-0.41, 0.61)

F508del / minimum function (%) 3 (0.6) 4 (0.3) 0.3 (-0.2, 0.8)

CFTR modulator use (%)* 3 (0.6) 7 (0.58) 0.02 (-0.49, 0.53)

Hemoglobin A1C (mean ± SEM) 5.4 ± 0.09 6.8 ± 0.12 -1.4 (0.47, 2.33)

Baseline % predicted FEV1 (mean ± SEM)** 98% ± 2.1 64% ± 1.7 -34 (-50.77, -17.23)
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Table 2. Comparison of CGM variables between groups 

 

3.2 Correlations of CGM variables with markers of interest 

We found a significant, inverse correlation between LRRC26 expression in nasal cells and the 

CGM variables % time >140 mg/dL (r=-0.51, p=0.03), % time >200 mg/dL (r=-0.54, p=0.02) 

and AUC glucose >180 mg/dL (Figure 1a-c). Other CGM variables of interest including GMI 

(r=-0.46, p=0.06) and MAGE (r=-0.35, p=0.17) demonstrated a negative trend with LRRC26 

expression but did not achieve significance (Figure 1d-e).  

 

Figure 1. Hyperglycemic excursions correlate with decreased LRRC26 mRNA expression in participants with 
CF and CFRD. Inverse correlation between nasal cell LRRC26 expression in CF (n=5, open circles) and CFRD 
(n=12, shaded circles) with the CGM variables (a) percent time glucose > 140 mg/dL, (b) percent time glucose > 
200 mg/dL and (c) average area under the curve of glucose >180 mg/dL. p<0.05, Pearson's correlation coefficient. 
There was an inverse trend between LRRC26 expression and the CGM variables (d) mean amplitude of glycemic 

 
Values reported as median (25th percentile, 75th percentile), differences between medians with 
95% confidence intervals 

CF (n = 5) CFRD (n = 12) Difference (95% CI)

Length of CGM recording (mean ± SEM)* 5 ± 2.3 7.3 ± 2.4 -2.3 (-4.99, 0.39)

Glucose management indicator 6.1 (5.9, 6.7) 7.3 (6.6, 7.9) 1.2 (0.2 to 2)

Mean amplitude of glycemic excursions 63.1 (36, 92) 115.2 (69, 129) 52.1 (-1.1 to 80.2)

% time glucose >140mg/dL 16.4 (9.3, 37.5) 60.5 (34.4, 79.8) 44.1 (11.7 to 62.1)

% time glucose >200mg/dL 2.1 (0.4, 12.6) 25.3 (6.8, 42.1) 23.2 (2.0 to 41.5)

Average AUC glucose  > 180mg/dL 12848 (1590, 58853) 166523 (46199, 323090) 153675 (16235 to 333345)

Number of glucose excursions >200mg/dL 18 (6, 25) 27.5 (19.8, 31.3) 9.5 (-1 to 23)
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excursions and (e) GMI; however, it did not reach statistical significance. p>0.05, Pearson’s correlation coefficient. 
Graphs include trend line (solid line) and 95% confidence intervals (dashed lines). 

There was no correlation between LRRC26 expression and age or association with LRRC26 

expression and sex or CFRD status (Figure 2). In the CFRD group, there was a significant 

correlation between RAGE expression and the CGM variables % time >140 mg/dL and MAGE 

(p<0.05). As correlation testing is sensitive to outliers, removing the most extreme RAGE value 

resulted in a significant association between RAGE expression and % time >200 mg/dL and 

AUC glucose >180 mg/dL (p<0.05) (Figure 3).  

 

 

  

 

 

 

 

 
 

 

 

 

 

Figure 2. Comparison of clinically relevant covariates lack correlation with LRRC26 expression 
in vivo. There was no statistically significant difference between LRRC26 expression and (a) CF (open 
circles) and CFRD (shaded circles), (b) sex and (c) participant age (p > 0.05 for all). n.s. = non-
significant. 

 

Figure 3. RAGE expression is correlated with hyperglycemic excursions in CFRD. Correlation 
between nasal cell RAGE expression in participants with CFRD and with the CGM variables: (a) 
percent time glucose > 140 mg/dL and (b) mean amplitude of glycaemic excursions. p<0.05, Pearson's 
correlation coefficient. After exclusion of an outlier (open circle), there is also a significant correlation 
between RAGE expression and the CGM variables (c) area under the curve of glucose >180 mg/dL, (d) 
% time glucose >140 mg/dL and (e) GMI. P<0.05, Pearson’s correlation coefficient. Graphs include 
trend line (solid line) and 95% confidence intervals (dashed lines). 
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CFRD is a common extrapulmonary comorbidity in adults with CF and associated with increased 

lung function decline (1, 2). However, the mechanisms underlying this association are unknown. 

In this study, we demonstrated that  LRRC26 expression, which predicts BK channel function in 

airway epithelia (13, 21-23), was inversely correlated with CGM variables of hyperglycemia in 

study participants with CF and CFRD.  

The underlying link between BK channel dysfunction and hyperglycemia is unclear, but we 

hypothesize that it is related to inflammation. In hyperglycemia, the AGE-RAGE signalling axis 

is upregulated, which contributes to excess inflammation (24). Indeed, levels of RAGE and 

RAGE ligands have been found to be increased in CF airways and levels of AGEs have been 

shown to negatively correlate with ppFEV1 (10, 11). Furthermore, levels of HMGB1 are 

significantly elevated in sputum and serum of CF patients and particularly at the onset of CFRD 

(21). Levels of LRRC26 expression are sensitive to inflammation in CFBE cells (21). Thus, 

future studies will focus on how RAGE activation may potentially regulate BK function. 

Interestingly, there was no significant difference in LRRC26 expression between CF and CFRD 

patients. Instead, the inverse correlation with LRRC26 expression occurred across a spectrum of 

glycemic control in both groups. This suggests glycemic control is an important factor in both 

CF and CFRD. Also, a correlation between RAGE expression and hyperglycemia was observed 

in participants with CFRD. However, there were several limitations to our study. First, we relied 

on historical OGTT to define CF and CFRD which could have led to incorrect categorization of 

participants. Yet, as our results suggest that level of glycaemic control was more strongly 

associated with LRRC26 expression than CFRD status, this did not likely affect our findings. 

Second, a non-significant but noticeable discrepancy in CGM sampling periods between the two 

groups was observed. The CGM variables are means and proportions which are less likely to be 
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affected by differences in sampling length, but this difference could lead to misestimation of true 

glycemic control. Third, while CFTR modulator use was not found to be associated with 

LRRC26 expression, we were not able to compare differences between specific CFTR 

modulators given our relatively small number of subjects. It should be noted that our aims were 

exploratory, and no corrections were made for multiple comparisons given the small sample size. 

Importantly, we believe these findings remain relevant in the context of highly effective CFTR 

modulator therapy. Previous observational studies have demonstrated that there are 

improvements in insulin secretion after initiation of highly effective CFTR modulator therapy. 

However, their potential effects on hyperglycemic excursions are less well known (25, 26). A 

study of subjects on ivacaftor showed that, while there was an increase in insulin after 16 weeks 

of ivacaftor use, there was no significant improvement in peak glucose or AUC glucose during a 

mixed meal tolerance test (27). While this study was small and subjects had mostly normal 

OGTTs prior to ivacaftor use, it highlights that glycemic excursions may persist in those 

receiving highly effective modulators. Furthermore, impaired pancreatic function and glycemic 

abnormalities are present at birth in the CF ferret model and are prevalent in infants and young 

children with CF, suggesting earlier interventions are needed to preserve lung function in CFRD 

(28, 29).  Thus, there is a need for continued investigation into the effects of hyperglycemia on 

pulmonary function decline in CF.  

In conclusion, we have demonstrated that hyperglycemia increases inflammation with a 

detrimental effect on LRRC26 expression and therefore impairment in BK channel function. This 

is the first study to our knowledge to provide a connection between hyperglycemic excursions 

and worse parameters important for mucociliary function in CF. Further mechanistic and 
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interventional studies are needed to define therapies that will improve the disparity in outcomes 

between CF and CFRD.  
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