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Abstract

Background: Post-prandial and oral glucose tolerance test-related hypoglycemia is common in
cystic fibrosis (CF); however, the underlying mechanisms are unclear.

Methods: To understand the relationship of hypoglycemia with meal-related glucose excursion
and insulin secretion, we analyzed plasma glucose, insulin, C-peptide, glucagon and incretins
obtained during standardized mixed-meal tolerance tests (MMTT) in non-diabetic adolescents and
young adults with pancreatic insufficient CF (PI1-CF).

Results: Hypoglycemia, defined as glucose <70mg/dL, occurred in 9/34 subjects at 150
(range:120-210) minutes following initial meal ingestion. Hypoglycemia[+] and hypoglycemia[-]
groups did not differ in gender, age, lung function, HbAlc, or BMI. While 11/14 hypoglycemia[-]
individuals displayed normal glucose tolerance (NGT), only 2/9 hypoglycemia[+] had NGT. Peak
glucose was higher in hypoglycemia[+] vs hypoglycemia[-]. Compared to hypoglycemia[-] NGT,
hypoglycemia[+] exhibited lower early-phase insulin secretion (ISR-AUCq_3omin)- ISR-
AUC120-180min Was not different in hypoglycemia[+] vs hypoglycemia[—] with abnormal glucose
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tolerance (AGT); however, glucose-AUC120_180min Was lower in hypoglycemia[+] vs
hypoglycemia[-] AGT. After adjusting for glucose-AUC, hypoglycemia[+] subjects tended to
have higher ISR-AUC120_180min than hypoglycemia]-] AGT. Glucagon concentration did not
differ between groups. Lower GLP-1-AUC3g min and AUC1gomin and higher GIP-AUC3gmin Were
present in hypoglycemia[+] individuals.

Conclusion: Hypoglycemia is common in PI-CF following MMTT and is associated with early
glucose dysregulation (higher peak glucose), more impaired early-phase insulin secretion (lower
ISR-AUC30min), and possibly late compensatory hyperinsulinemia. Further study is required to
understand whether absence of glucagon difference in the hypoglycemia[+] individuals signals
counterregulatory impairment, to delineate the role of incretins in hypoglycemia, and to determine
the relationship of hypoglycemia to emergence of CFRD.
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Background:

Cystic Fibrosis related diabetes (CFRD) is a highly clinically relevant CF complication
associated with worse pulmonary function, increased pulmonary exacerbation rates, greater
prevalence of important sputum pathogens, poorer nutritional status, and greater
mortality[1-4]. While initially considered solely a byproduct of collateral damage of the
cystic and fibrotic changes of the exocrine pancreas, leading to reduced p-cell mass, more
recent data suggest that inflammatory-mediated B-cell dysfunction, inherent islet defects as
well as abnormalities in incretin secretion and insulin sensitivity all may play a role in the
pathogenesis of CFRD[5-7]. One potentially paradoxical, but nonetheless, clinically
important manifestation of these defects is the post-prandial hypoglycemia that is commonly
reported in CF.

Hypoglycemia, defined in some studies as a plasma or serum glucose <60mg/dL, has been
reported in 6 to 15% of patients with CF in response to a standard 2-hour oral glucose
tolerance test (OGTT) and in 45% of patients with CF undergoing an extended 3-hour
OGTT[8-11]. CF patients also report hypoglycemia after extended duration of fasting,
intense exercise, and following meals with a high carbohydrate load [12]. A recent
systematic review in CF highlighted the need for further research into hypoglycemia and
recommended harmonization of hypoglycemia criteria by defining hypoglycemia as glucose
<70mg/dL and serious hypoglycemia at glucose <54mg/dL[13].

While hypoglycemia has been associated with higher hospitalization rates and lower
weight[13], its underlying mechanism and relationship to CFRD onset remain poorly
defined. Recent reports have suggested that, as a group, individuals with pancreatic
insufficient (P1) and pancreatic sufficient (PS) CF who become hypoglycemic in the 2 hours
following OGTT do not progress more rapidly to CFRD than those without hypoglycemia
[14, 15]. Importantly, these studies included individuals with impaired glucose tolerance
who are expected to transition to CFRD at an increased rate and did not specifically identify
indeterminate glucose tolerance (defined as an elevated 1-hour OGTT glucose, with a
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normal 2-hour glucose), perhaps confounding the results. Indeterminate glucose tolerance is
common in CF, and 1-hour glucose as low as 155mg/dL during OGTT is associated with
more impaired early phase insulin secretion and risk of CFRD development over the
subsequent 5-6 years[16-18].

The overall hypothesis of this work is that post-prandial hypoglycemia is a manifestation of
early derangements in glucose homeostasis and insulin secretion and may be a harbinger of
CFRD. In this secondary data analysis of insulin secretion across the spectrum of glucose
abnormalities in CF[5, 17], we test the hypothesis that non-diabetic individuals with meal-
related hypoglycemia demonstrate higher peak plasma glucose, worse early phase insulin
secretion, and increased, compensatory later insulin secretion. Confirmation of these
hypotheses would provide initial evidence that post-prandial hypoglycemia is an early
marker of glucose intolerance and a risk factor of the emergence of CFRD. We also explore
a potential role for glucagon and incretins in MMT T-related hypoglycemia.

Individuals age =16 years with CF diagnosed by sweat test and subsequent CFTR mutation
analysis and PI defined by need for enzyme replacement therapy based on clinical symptoms
and/or fecal elastase <200ug/g were recruited for a study of insulin and incretin secretion [5,
17]. As previously described [5, 17], participants underwent 75-g OGTT[8] with fasting, 1-
and 2-hour glucose samples with routine clinical care within 3 months of study
participation[8]. Based on these results, subjects were categorized as having normal glucose
tolerance (NGT) for 1-hour glucose <155 mg/dL (8.6 mmol/L) and 2-hour glucose <140
mg/dL (7.8 mmol/L); abnormal glucose tolerance (AGT) for 1-hour glucose =155 mg/dL or
2-hour glucose 2140 and <200 mg/dL (11.1mmol/L); subjects identified as having diabetes
based on a 2-hour glucose =200 mg/dL were excluded. Criteria for AGT were chosen based
on prior studies associating a 1-hour glucose value >155mg/dL with impaired p-cell
secretory capacity and risk of progression to diabetes in individuals with and without CF
[17, 19-21].

Exclusion criteria included acute illness with change in antibiotic regimen or use of
glucocorticoids within 4 weeks of the study, diagnosis of CFRD, history of lung or liver
transplant, liver or kidney dysfunction, nursing or lactating women. This study was approved
by the Institutional Review Boards of the University of Pennsylvania (Penn) and Children’s
Hospital of Philadelphia (CHOP). Consent and assent (determined by age) were obtained
from all subjects. Mixed-meal tolerance testing (MMTT) was performed at the Penn-CHOP
Center for Human Phenomic Science as previously described [5, 17].

Full details of the MMTT have previously been published [5, 17]. After a 12-hour overnight
fast, participants consumed an 820kcal breakfast comprised of 47% carbohydrate, 40% fat
and 13% protein [22] along with their otherwise prescribed pancreatic enzyme replacement
therapy. Blood samples were collected via indwelling intravenous line at -10, -1, 10, 15, 20,
30 and every subsequent 30 minutes until 240 minutes relative to meal ingestion.
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Biochemical analysis

Calculations

Plasma glucose was measured using an automated glucose analyzer (YSI 2300; Yellow
Springs Instruments, Yellow Springs, OH). Additional samples were collected and stored as
described [17]. Plasma insulin, C-peptide, and glucagon[23] were measured in duplicate by
double antibody radioimmunoassays while active glucagon-like peptide 1 (GLP-1) and total
gastric inhibitory polypeptide (GIP) were measured in duplicate by ELISA (Millipore,
Billerica, Massachusetts).

Insulin secretory rates (ISRs) were calculated using the oral C-Peptide minimal model as
described by Breda et al [24] and incorporating C-peptide kinetics as estimated using the
two-compartment model [25]. Model parameter estimation was performed using in
WInSAAM software 3.0.8 (University of Pennsylvania, New Bolton Center, Kennett Square,
Pennsylvania). Incremental areas under the curve (AUCSs) for glucose, ISRs, and incretins
were calculated.

Statistical Analyses

Results:

Data are reported as mean and standard deviation, unless otherwise noted. Hypoglycemia
was defined as plasma glucose <70mg/dL during MMTT, based upon the standard definition
of the American Diabetes Association and Endocrine Society and recommendations by
Armaghanian et al [13, 26] and used to assign participants to exposure groups for analysis.
Categorical variables were compared using Chi2. Depending upon data normality,
continuous variables were compared using Student’s T-test or Mann-Whitney U test. Linear
regression was performed to explore ISR AUC differences adjusted for glucose AUC.
Significance was considered at P < 0.05 (two-tailed). All statistical analyses were performed
in STATA 15 software (StataCorp LP, College Station, Texas).

Thirty-four non-diabetic individuals with PI-CF (50% female, aged 25+8.7 years) were
evaluated: 13 NGT and 21 AGT, defined based on clinical care OGTT within the preceding
3 months. Subjects were grouped based on the presence or absence of hypoglycemia.
Hypoglycemia occurred in 9 subjects, 2 of whom had NGT and 7 of whom had AGT at a
median of 150 (range 120-210) minutes following the meal. No significant between-group
differences in gender, age, HbAlc, fasting plasma glucose, height-z, BMI-z, or lung function
were found (Table 1). Only one subject (hypoglycemia [-], AGT) was on modulator therapy
at the time of this study.

Peak plasma glucose in response to the mixed meal was higher in the hypoglycemia[+]
group (215+21 vs 168+33 mg/dL, p<0.01), (Figure 1, 2A). Neither time to peak plasma
glucose (61+24 vs 63+10 minutes, p=0.45) nor time to glucose nadir (185+39 vs 180+34
minutes, p=0.61) was different between groups (Figure 2A). Early-phase ISR-AUC15_45 min
was lower in the hypoglycemia [+] group compared to the NGT hypoglycemia [-] group
(67+24 vs 151+114pU/mL, p=0.03) (Figure 2D). This finding was maintained with
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adjustment for glucose AUCs3q min (p=0.03). The two hypoglycemia [+] NGT subjects had
ISR-AUC15_45min 0f 48 uU/mL and 49 pU/mL, respectively (Figure 2D).

While peak insulin was similar between groups (58+34pU/mL vs 65+53uU/mL, p=0.86),
timing of peak plasma insulin was more likely to occur after 60 minutes in participants with
hypoglycemia (48% vs 89%, p=0.03). Moreover, ISR-AUC129-180 min Was not different in
those who experienced hypoglycemia compared to those with AGT (295196 vs 278+16
puU/mL, p=0.82). Important to note, however, glucose AUC120_180 min Was lower in the
hypoglycemia[+] group (=7851+£288mg-min/dL vs 7501+115 mg-min/dL, p=0.015) (Figure
2A, C). After adjusting for glucose AUC over this interval, those with hypoglycemia tended
to have higher late insulin secretion (p=0.1).

Despite differences in glucose, no differences in glucagon at 120, 150 or 180 minutes were
identified (Figure 3).

Due to the differences in glucose tolerance between subjects with and without
hypoglycemia, a second analysis was limited to participants with AGT. This restricted
analysis similarly identified higher peak glucose in the hypoglycemia[+] vs
hypoglycemia[-] groups (221+21 vs 184+24 mg/dL, p=0.002) but no other differences in
peak insulin, time of peak insulin, ISR, or glucagon AUC (data not shown).

Exploratory analyses of incretins revealed significantly lower GLP-1 AUC 30 min and GLP-1
AUC 130 min in hypoglycemia [+] compared to either hypoglycemia [-] group (Figure 4,
supplemental table). Meanwhile, GIP AUC 3 min Was significantly higher in the
hypoglycemia [+] group; however, GIP AUC 1g¢ min Was not different between groups
(Figure 5, supplemental table).

Discussion:

This study demonstrated that meal-related hypoglycemia is common in PI-CF. This post-
prandial hypoglycemia was associated with early glucose dysregulation, loss of early-phase
insulin secretion, and the suggestion of later, but overly robust, compensatory insulin
secretion. Subjects that experienced hypoglycemia in this study tended to have abnormal
glucose tolerance on their preceding clinical OGTT and had significantly higher peak
plasma glucose during the mixed meal. Indeed, insulin secretion was 1) dysregulated in the
hypoglycemia [+] group compared to that of adults with normal glucose tolerance without
hypoglycemia and 2) not different to that of adults with abnormal glucose tolerance without
hypoglycemia. While the hypoglycemia[+] group demonstrated a preserved later phase
insulin secretion, this insulin secretion is likely inappropriate considering the lower
concomitant glucose concentrations. These data, in conjunction with the blunted early phase
insulin secretion in the two “NGT” hypoglycemia[+] subjects, while observational and
limited by number, suggest that hypoglycemia may occur during the progression from NGT
to CFRD.

Despite evidence that OGTTs extended to 3 hours identify higher rates of hypoglycemia[11],
recent studies of Pl and PS-CF individuals have restricted their examinations to the 2-hour
OGTT data and concluded, based on observations of lower insulin concentrations in those
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with hypoglycemia, that insulin dysregulation does not govern hypoglycemia [12]. In
contrast, our data suggest that individuals with hypoglycemia [+] tend to have higher insulin
secretion in the late post-prandial period when accounting for their lower glucose levels.
Thus, our data support the hypothesis that this insulin secretion is inappropriately elevated in
the context of hypoglycemia.

These findings are also consistent with the ferret model of CF which demonstrates the
reduced first-phase insulin secretion (2-min response to glucose stimulation) with
significantly higher later plasma insulin levels (30, 60, 120 min) that fail to decrease with
decreasing plasma glucose [27]. These ferrets, by one to two months of life, tended toward
abnormal glucose regulation and CFRD [27], suggesting again that hypoglycemia may be a
marker of future CFRD development.

Defining subsets of patients with CF at risk for insulin secretion abnormalities is clinically
relevant. Given that the islets of PS individuals can be relatively spared from the collateral
damage from the exocrine pancreas, the hypoglycemia they experience may be more akin to
that observed in up to 5.5% of the normal population[28]. Thus, two different etiologies of
hypoglycemia are plausible: one functional in nature and a second, pathologic form related
to insulin secretion defects and possibly to impaired counterregulatory responses we report
here in subjects with PI-CF. Interestingly, in our study, no hypoglycemia [+] subjects but
four hypoglycemia [-] subjects experienced hypoglycemia during their preceding 2 hour
OGTT, while hypoglycemia tended to occur ~2.5 hours after meal ingestion. This suggests
the absence of hypoglycemia during the standard 2-hour OGTT does not exclude the
potential for 1) OGTT-related hypoglycemia occurring after the conclusion of the 2-hour test
or 2) meal-related hypoglycemia. These varying mechanisms, inclusion of PS participants,
and use of OGTT instead of MMTT may explain Armaghanian’s results that patient-
reported hypoglycemia in daily living did not coincide with hypoglycemia or higher insulin
levels on 2-hour OGTT[12]. Nevertheless, our data suggest that patients with PI-CF who
have elevated peak glucose followed by hypoglycemia have B-cell secretory impairment.

By means of exploration, we also analyzed glucagon, GIP and GLP-1 concentrations
between groups. We found that glucagon concentrations did not differ between groups
despite differences in plasma glucose. Patients with CF have lower alpha-cell secretion at
baseline[5] and could plausibly have glucagon secretion defects mediating hypoglycemig;
however, the interpretation of these data is complicated by the lack of “normative” glucagon
data during post-prandial hypoglycemia. Nonetheless, the absence of a compensatory
increase in glucagon at the time of hypoglycemia may be considered inappropriate. The
direct role of incretins in meal-related hypoglycemia in PI-CF cannot be easily delineated
with the current data. The best available model for incretin-associated hypoglycemia is
fundoplication-related late dumping syndrome which is characterized by overly robust
GLP-1 secretion, hyperinsulinemia, and ultimately, postprandial hypoglycemia [29]. In
contrast, hypoglycemia[+] individuals with PI-CF displayed lower early GLP-1 secretion but
higher GIP. As incretin-based therapies receive increasing attention in CF, the role of
incretins in the hypoglycemia of CF may become clearer.
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Strengths of this study include the frequency of blood sampling, the ability to model insulin
secretory rate, and the use of mixed meal tolerance testing to better replicate the
hypoglycemia seen in free living conditions. While this pilot study implicates early
dysregulated insulin secretion in the postprandial hypoglycemia that occurs in CF, the
number of participants was limited. Of 9 subjects with hypoglycemia, only 2 were
hypoglycemia [+] NGT, limiting our ability to make comparisons for this group.
Additionally, our understanding of glucose, insulin and incretin response to MMTT may be
confounded by maldigestion and disruption of the enteroinsular axis in the setting of
pancreatic exocrine insufficiency. Finally, concerns have arisen regarding inability to detect
glucagon suppression with certain assays. The radioimmunoassay used here is sensitive and
has been used successfully in prior studies, to detect glucagon suppression compared to
other methodologies [23]. Nonetheless, limitations of glucagon assays should be
acknowledged.

Larger scale, longitudinal, studies are needed to create a more robust understanding of the
underlying pathophysiologic mechanisms and the risk of progression to CFRD. We suggest
that extending the duration of oral glucose tolerance testing beyond the standard clinical 2-
hour exam may be useful to evaluate subjects with delayed hypoglycemia while limiting the
complex nutrient exposure and potential disease specific differences in disposal introduced
by the MMTT.

In conclusion, these data have highlighted the early p-cell secretory defect that is present in
individuals with hypoglycemia in the setting of pancreatic insufficient CF and that results in
high peak plasma glucose and potential compensatory hyperinsulinemia. Earlier studies did
not consider early glucose abnormalities and may have prematurely reassured that
hypoglycemia was not a precursor to CFRD. More fully understanding these processes as
well as the contributions of alpha-cell damage and incretin abnormalities is crucial for
informing treatment strategies and delineating the contribution of early glucose
derangements to subsequent risk of CFRD. Of additional clinical relevance, patients should
be cautioned to eat at the conclusion of annual OGTTs to minimize development of
hypoglycemia. Patients should be queried for symptoms of post-prandial hypoglycemia.
Whether dietary modifications such as limiting ingestion of high glycemic index foods and
simple sugars influences the occurrence of hypoglycemia requires formal study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
. Post-prandial hypoglycemia is common in Pancreatic Insufficient Cystic
Fibrosis (PI-CF)
. Hypoglycemia [+] exhibit impaired early phase insulin secretion and higher
peak glucose
. Hypoglycemia [+] individuals also tended to have late compensatory

hyperinsulinemia
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(Left) Peak plasma glucose and glucose nadir for hypoglycemia [-] subjects. (Right) Peak
plasma glucose and glucose nadir for hypoglycemia [+] subjects. Peak plasma glucose was
higher in the hypoglycemia [+] group (215+21 vs 168+33 mg/dL, p<0.01) and glucose nadir
was lower in the hypoglycemia [+] group (60+6 vs 84+9 mg/dL, p<0.01). Red dashed line
represents plasma glucose of 180mg/dL and blue dashed line represents plasma glucose of

70mg/aL.
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Figure 2:

A) Plasma glucose (mg/dL) following MMTT in hypoglycemia [+] vs hypoglycemia [-]
groups. B) Insulin secretory rate (uU/mL per min) in response to MMTT. Early phase insulin
secretion is blunted in hypoglycemia [+] vs hypoglycemia [-](p=0.03). C) Plasma glucose
(mg/dL) following MMTT. Hypoglycemia [+] subjects have higher plasma glucose at 60
minutes (p=0.004). but declines in glucose through 120 to 180 minutes of testing unlike
NGT subjects whose blood glucose values stabilize at 120 minutes. Accordingly, glucose
AUC120-180 min Was lower in the hypoglycemia [+] group (p= 0.015). D) Insulin secretory
rate (WU/mL per min) in response to MMTT. Significant blunting of early phase insulin
secretion is demonstrated in both hypoglycemia [-] AGT (purple) and hypoglycemia [+]
(green) groups. Black dashed lines represent the Insulin secretory rates (uWU/mL per min) for
the 2 NGT-hypoglycemia [+] subjects. These subjects demonstrate loss of early phase
insulin secretion despite normal glucose tolerance. After adjusting for glucose AUC over
this interval, hypoglycemia [+] tended to have higher late insulin secretion than
hypoglycemia [-] AGT (p=0.1).

Markers indicate mean value at that time point while bars indicate standard error of the
mean. Black dashed lines are absolute insulin secretory rate for each of the two NGT-
hypoglycemia [+] subjects. Red dashed line represents plasma glucose of 180mg/dL and
blue dashed line represents plasma glucose of 70mg/dL. * indicates p-value <0.05 for that
group’s glucose value compared with the hypoglycemia [+] group.
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Figure 3:
Glucagon concentration over time by group. No difference in glucagon between

hypoglycemia [+] and hypoglycemia [-] NGT were found (p> 0.18 for all times), despite
differences in plasma glucose.
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Figure 4:

GLP-1 concentration over time by group: significantly lower GLP-1 AUC 3 min and GLP-1
AUC 150 min in hypoglycemia [+] compared to either hypoglycemia [-] group (supplemental
table).
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Figure 5:

GIP concentration over time by group: significantly higher in the hypoglycemia [+] group;

however, GIP AUC 139 min Was not different between group (supplemental table).
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Table 1.

Demographics of Participants with and without Hypoglycemia during MMTT

Page 16

Hypoglycemia [-] Hypoglycemia [+] | p-value
NGT (n=11) AGT (n=14) Total (n=25) (n=9)
Female, n (%) 5 (45) 6 (43) 11 (44) 6 (67) 0.24
Age 21.5 (16-50) 25.6 (18-42) 23.8 (16-50) 27.3 (16-44) 0.34
HbAlc, % 5.5 (4.7-6.2) 5.4 (4.8-6.4) 5.4 (4.7-6.4) 5.6 (5.3-6.3) 0.11
Fasting Glucose, mg/dL 79 (64-90) 91 (73-104) 85 (64-104) 82 (77-93) 0.27
OGTT 1-hour Glucose, mg/dL 126 (96-154) 189 (129-253) 161 (96-253) 181 (121-260) 0.23
OGTT 2-hour Glucose, mg/dL 88 (66-116) 118 (34-178) 105 (34-178) 132 (87-196) 0.18
Height-z -025(-13-11) | -035(-26-1.9) | -03(-26-1.9) -03(-13-12) 0.98
BMI-z 0.3(-1.2-18) -0.05 (-2.3-1.8) 0.1(-2.3-1.8) 0.34(-0.2-0.7) 0.55
FEV,-% Predicted 87 (58-113) 77 (51-112) 81.7 (51-113) (1=24) |  79.3 (54-104) 0.61
Genotype, n (%) with 1 delF508 8(73) 13 (93) 21(84) 9 (100) 0.21
Genotype, n (%) with 2 delF508 3(27) 10 (71) 13 (52) 4 (44) 0.71

Continuous data expressed as mean (min-max). Of note, 1 subject is missing pulmonary function testing. Statistical analyses were performed
between the Hypoglycemia [-] and Hypoglycemia [+] groups with p-values reported. No group differences were detected. FEV1= forced

expiratory volume in 1 second.
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