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Abstract
Aims/hypothesis The aim of this study was to determine the mechanism(s) for hypoglycaemia occurring late following oral
glucose loading in patients with cystic fibrosis (CF).
Methods A 3 h 75 g OGTT was performed in 27 non-diabetic adults with CF who were classified based on this test as
experiencing hypoglycaemia (glucose <3.3 mmol/l with or without symptoms or glucose <3.9 mmol/l with symptoms, n = 14)
or not (n = 13). Beta cell function, incretin (glucagon-like peptide-1 [GLP-1] and glucose-dependent insulinotropic peptide
[GIP]) and counterregulatory hormone responses (glucagon, catecholamines, growth hormone and cortisol) were assessed.
Results The two groups did not differ in age, weight or BMI. There were more male participants and individuals with pancreatic
exocrine insufficiency in the hypoglycaemia group. Fasting plasma glucose did not differ between the two groups (5.3 ± 0.16 vs
5.3 ± 0.10 mmol/l). Both fasting insulin (20.7 ± 2.9 vs 36.5 ± 4.8 pmol/l; p = 0.009) and C-peptide (0.38 ± 0.03 vs 0.56 ±
0.05 nmol/l; p = 0.002) were lower in those who experienced hypoglycaemia. Following glucose ingestion, glucose concentra-
tions were significantly lower in the hypoglycaemia group from 135 min onwards, with a nadir of 3.2 ± 0.2 vs 4.8 ± 0.3 mmol/l at
180 min (p < 0.001). The test was terminated early in three participants because of a glucose level <2.5 mmol/l. Insulin and C-
peptide concentrations were also lower in the hypoglycaemia group, while incretin hormone responses were not different.
Modelling demonstrated that those experiencing hypoglycaemia were more insulin sensitive (439 ± 17.3 vs 398 ±
13.1 ml min−1 m−2, p = 0.074 based on values until 120 min [n = 14]; 512 ± 18.9 vs 438 ± 15.5 ml min−1 m−2, p = 0.006 based
on values until 180 min [n = 11]). In line with their better insulin sensitivity, those experiencing hypoglycaemia had lower insulin
secretion rates (ISRfasting: 50.8 ± 3.2 vs 74.0 ± 5.9 pmol min−1 m−2, p = 0.002; ISROGTT: 44.9 ± 5.0 vs 63.4 ± 5.2 nmol/m2, p =
0.018) and beta cell glucose sensitivity (47.4 ± 4.5 vs 79.2 ± 7.5 pmol min−1 m−2 [mmol/l]−1, p = 0.001). Despite the difference in
glucose concentrations, there were no significant increases in glucagon, noradrenaline, cortisol or growth hormone levels.
Adrenaline increased by only 66% and 61% above baseline at 165 and 180 min when glucose concentrations were 3.8 ± 0.2
and 3.2 ± 0.2 mmol/l, respectively.
Conclusions/interpretation Hypoglycaemia occurring late during an OGTT in people with CF was not associated with the
expected counterregulatory hormone response, which may be a consequence of more advanced pancreatic dysfunction/
destruction.
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Abbreviations
CF Cystic fibrosis
CFRD CF-related diabetes
CFTR CF transmembrane conductance regulator
CTRC Clinical and Translational Research Centers
DIo Oral disposition index
FEV1 Forced expiratory volume in the first second
GIP Glucose-dependent insulinotropic peptide
GLP-1 Glucagon-like peptide-1
HAAF Hypoglycaemia-associated autonomic failure
iAUC Incremental AUC
IGT Impaired glucose tolerance
ISR Insulin secretion rate

Introduction

Improved survival of individuals with cystic fibrosis (CF) has
resulted in the emergence of additional consequences and
complications of the disease [1]. One of these is disturbances
of glucose metabolism, which can result in age-dependent
elevations in glucose concentrations. The hyperglycaemia
associated with CF manifests as impaired glucose tolerance
(IGT) in 10–20% of patients dependent on age, and CF-related
diabetes (CFRD) in nearly half of patients aged 40 to 50 [1].

A different disturbance of glucose metabolism has also
become apparent in people with CF. Both youth and adults
have been noted to experience hypoglycaemia following oral
glucose loading, the prevalence varying from 7% to 30%
depending in part on the definition of low glucose and the
duration of the test [2–5]. The development of hypoglycaemia
during an OGTT is not predictable and can contribute to anxi-
ety and fear and discourage patients from undergoing the
recommended screening for diabetes. In line with this latter
possibility, we recently reported in an unselected cohort of
individuals attending the CF clinic at the University of
Washington who underwent a 3 h OGTT that hypoglycaemia
occurred in more than 60% of adults without CFRDwho had a
routine OGTT as part of their clinical care [6].

On the basis on these observations, we performed an
exploratory, cross-sectional study seeking a mechanistic
explanation for this hypoglycaemia. We hypothesised that
the post-glucose load hypoglycaemia observed in individuals
with CF results from an insulin response that is exaggerated
and delayed and/or a deficient counterregulatory hormone
response. We further postulated that any alterations in islet
function that underlie the development of hypoglycaemia late
during an OGTT could be due to or accentuated by alterations
in incretin hormone release. To test this hypothesis with
adequate sampling and duration to detect differences, we
performed a frequently sampled, 3 h OGTT in adult patients
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with CF without CFRD and compared beta cell function,
counterregulatory responses (comprised of glucagon, cate-
cholamines, growth hormone and cortisol) and responses of
the incretin hormones glucagon-like peptide-1 (GLP-1) and
glucose-dependent insulinotropic peptide (GIP) in those who
did or did not experience hypoglycaemia.

Methods

Participants Study participants were recruited from the Cystic
Fibrosis Clinic at the University of Washington Medical
Center, Seattle, WA, USA. Individuals were identified by
review of the electronic medical record and offered the oppor-
tunity to participate. To be eligible, they needed to be
>18 years of age, clinically stable with no history of CFRD,
i.e. have either normal glucose tolerance or IGT at 2 h on an
OGTT (see Procedures below) [7, 8], and not have taken anti-
biotics for pulmonary exacerbation for at least 2 weeks prior to
being studied. Individuals who were pregnant, using intrave-
nous antibiotics or systemic corticosteroids, had known liver
or chronic kidney disease, hematocrit <30% in the prior
12 months or a history of Burkholderia cepacia genomovar
III infection in the prior 24 months were not eligible. The
study was approved by the University of Washington
Human Subjects Review Committee and all participants gave
written informed consent prior to being studied.

Hypoglycaemia was defined as either: (1) a glucose
concentration <3.3 mmol/l at any time during the OGTTwith
or without symptoms of hypoglycaemia; or (2) symptoms of
hypoglycaemia with a glucose concentration <3.9 mmol/l and
an unwillingness to continue the test. Autonomic and
neuroglycopenic symptoms were considered indicative of
hypoglycaemia. Participants rated these symptoms on an in-
house questionnaire using a seven-point Likert scale. The
glucose criteria for hypoglycaemia were similar to those
defined by the International Hypoglycaemia Study Group
[9]; however they were not identical as the current study was
commenced in July 2015, prior to publication of these
recommendations.

Procedures After a minimum 10 h overnight fast, eligible
participants were admitted to the Clinical Research Center
where they underwent a 3 h, 75 g OGTT. An indwelling cath-
eter for repeated blood sampling was placed in a forearm vein
and kept patent by a slow infusion of normal saline
(154mmol/l NaCl). Aminimum of 15min transpired between
placing the catheter and drawing of the first sample. Samples
for subsequent assay were drawn at −10 and −5 min prior to
commencing glucose ingestion. Thereafter, additional blood
samples were drawn 10, 20, 30, 60, 90, 105, 120, 135, 150,
165 and 180 min after beginning consumption of the glucose.
Capillary blood glucose monitoring was performed if

participants developed symptoms of hypoglycaemia.
Sampling was discontinued if the glucose level fell below
2.5 mmol/l or if the glucose fell below 3.9 mmol/l with the
development of symptoms of hypoglycaemia incompatible
with further testing.

Assays All blood samples, except for those used for capillary
blood glucose monitoring, were drawn on EDTA. For the
catecholamine samples, glutathione was included as a preser-
vative, while for glucagon a protease inhibitor was added to
the collection tubes. All samples were immediately placed on
ice and then separated and frozen at −80°C prior to shipment
to the respective laboratories for analyses.

Plasma samples for glucose, insulin, C-peptide, glucagon,
GLP-1 and GIP were assayed at the University of Washington
Northwest Lipid and Diabetes Research Laboratories. Glucose
was measured by the glucose hexokinase method using Roche
reagent on a Roche c501 autoanalyser (Roche Diagnostics,
Indianapolis, IN, USA). Insulin and C-peptide were measured
by a two site immuno-enzymometric assay performed on the
Tosoh 2000 autoanalyser (Tosoh Biosciences, South San
Francisco, CA, USA). A radioimmunoassay was used to
measure glucagon (Millipore Sigma, Burlington, MA, USA;
GL-32K). ELISAs were used to measure total GLP-1
(ALPCO, Salem, NH, USA; 43-GPTHU-E-01) and total GIP
(Millipore Sigma; EZHGIP-54K).

Cortisol and growth hormone were assayed in serum using
one-step competitive and one-step immunoenzymatic assays,
respectively (Beckman Coulter, Brea, CA, USA).
Catecholamines (adrenaline [epinephrine] and noradrenaline
[norepinephrine]) were measured by HPLC (Bio-Rad
Laboratories, Hercules, CA, USA). The minimum detection
limit of both the adrenaline and noradrenaline assays was
110 pmol/l. All these assays were performed at the Clinical
and Translational Research Centers (CTRC) Laboratory at the
University of Colorado, Denver, CO, USA. A number of
samples for adrenaline were reported to have interfering
substances that rendered the results unreliable. Thus, where
residual samples were available, adrenaline was re-measured
at the Mayo Clinic Laboratories (Rochester, MN, USA) by
HPLC following chromatographic purification [10].
Additional information regarding these samples and the
results are provided in electronic supplementary material
(ESM) Fig. 1.

Calculations The two samples drawn prior to glucose inges-
tion were averaged. Insulin sensitivity was estimated as the
inverse of fasting insulin [11]. The early insulin response
(insulinogenic index) was calculated as the ratio of the incre-
mental insulin and glucose responses from 0 to 30 min of the
OGTT (ΔI0–30/ΔG0–30). To account for the modulating effect
of insulin sensitivity on this response and thereby provide a
measure of beta cell function, we calculated the oral
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disposition index (DIo) [12]. The incremental AUC (iAUC)
above baseline was calculated using the trapezoidal method.
In instances where there were decrements below baseline in
the response, the iAUC represents the net of the increment
plus the decrement.

Modelling Glucose and C-peptide data were further analysed
by deconvolution using theMari model to quantify parameters
of beta cell function dependent on the insulin secretion rate
(ISR) [13]. The first model-derived beta cell component repre-
sents the dependence of ISR on glucose concentration through
a dose–response function relating the two variables. From this
dose–response relationship, the slope is calculated and repre-
sents beta cell glucose sensitivity. The dose–response is
modulated by a time-varying potentiation factor to explain
observed insulin secretion that cannot be accounted for as a
function of glucose alone and provides a quantification of
relative potentiation/inhibition of ISR over the course of the
OGTT. This factor was calculated as the ratio between the ISR
values from 100–120 min and 0–20 min. The second beta cell
component quantified by the model is known as rate sensitiv-
ity and represents the dependence of ISR on the rate of change
of glucose concentration.

Insulin sensitivity was also quantified by modelling of
OGTT glucose and insulin data [14].

Data management and analyses Three participants in the
hypoglycaemia group and one in the no hypoglycaemia group
were found to have interfering substances in the adrenaline assay.
Thus, their adrenaline data were excluded from the analyses.

As the study was specifically designed to employ 3 h
OGTTs, all available values are presented except for those in
which data were missing for the three individuals in the
hypoglycaemia group who had a truncated OGTT.

All statistical analyses were performed using Stata (vs 12.1,
College Station, TX, USA). Data are presented as mean±SE.
Comparisons between the two groups were computed using
Students t tests or χ2 tests. Multiple regression analysis was
used to examine change in peptide concentrations over time
while accounting for multiple measurements per participant
using generalised estimating equation modelling and a robust
variance estimator. Differences in slope of these changes by
development of hypoglycaemia was assessed by interaction
terms between time × substrate inserted into regression
models. Nominal p values are presented. Except where noted,
a p < 0.05 was considered statistically significant, with no
adjustments made for multiple comparisons.

Results

Demographic, physical and glucose tolerance characteristics
Of the 205 individuals whose electronic medical records were

screened, 101 were ineligible as they had known CFRD. An
additional 68 individuals either did not meet study inclusion
criteria or declined to participate. Thus, 36 individuals with
CF agreed to participate and underwent the 3 h OGTT. As we
had predefined that we would only study individuals known
not to have CFRD, those nine individuals whose 2 h glucose
level on the OGTTwas compatible with a diagnosis of diabe-
tes were not included in subsequent analyses. Table 1 shows
the characteristics of the remaining 27 individuals, 14 of
whom became hypoglycaemic and 13 of whom did not.

The two groups were similar with regard to age, weight and
BMI. The number ofmale and female participants was similar,
but more men had hypoglycaemia. The hypoglycaemia group
comprised more individuals who were homozygous for the
F508 deletion and all individuals who experienced
hypoglycaemia had pancreatic exocrine insufficiency,
compared with 62% who did not experience hypoglycaemia.
There was no difference in pulmonary function between the
two groups as assessed by predicted forced expiratory volume
in the first second (FEV1). The prevalence of Pseudomonas
aeruginosa positivity also did not differ between the two
groups.

With regard to glucose metabolism, the two groups had
similar fasting plasma glucose concentrations. Both fasting
plasma insulin and C-peptide concentrations were significant-
ly lower in those with hypoglycaemia.

Glucose, insulin and C-peptide responses during the OGTT In
response to oral glucose loading, there was a prompt increase
in glucose in both groups (Fig. 1a). Until 90 min, glucose
concentrations were generally lower in the group that did
not experience hypoglycaemia, after which they were higher
in this group. At 135 min, glucose was significantly lower in
the hypoglycaemia group (5.7 ± 0.5 vs 7.4 ± 0.1 mmol/l, p =
0.019). Three individuals did not complete the OGTT, inves-
tigators stopping two at 135 min and another at 165 min
owing to a capillary glucose level below 2.5 mmol/l. Five
individuals experienced symptoms of hypoglycaemia, all of
whom completed the OGTT. One participant asked to discon-
tinue the test because of symptoms of hypoglycaemia just
prior to the final sample being drawn when their capillary
glucose was 3.4 mmol/l. At the final 180 min time point, the
glucose level in the 11 participants who experienced
hypoglycaemia and completed the test (with or without symp-
toms) was 3.2 ± 0.2 vs 4.8 ± 0.3 mmol/l (p < 0.001) in those
without hypoglycaemia. In the 11 participants with
hypoglycaemia who completed the 3 h OGTT and the 13
without hypoglycaemia, the iAUC glucose was not signifi-
cantly different (Table 2).

Following glucose ingestion there was a rapid increase in
the concentrations of both insulin and C-peptide, which
remained greater in the non-hypoglycaemia group for most
of the duration of the test (Fig. 1b, c). The early insulin
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response (ΔI0–30/ΔG0–30) was lower in the hypoglycaemia vs
the non-hypoglycaemia group (26.9 ± 5.7 vs 65.0 ±
14.6 pmol/mmol, p = 0.019). Similarly, the iAUCs over the
3 h for insulin and C-peptide were lower in those with
hypoglycaemia (Table 2). When this insulin response was
adjusted for the glucose stimulus as the ratio of iAUCinsulin/
iAUCglucose, there was no difference between those with
hypoglycaemia (57.4 ± 10.5 pmol/mmol) and those without
(85.6 ± 12.8 pmol/mmol, p = 0.109 between groups).

Similarly, the ratio of iAUCC-peptide and iAUCglucose was not
different in those who did and did not experience
hypoglycaemia (0.55 ± 0.08 vs 0.66 ± 0.08 nmol/mmol, p =
0.328).

Insulin sensitivity and beta cell functionModel-based insulin
sensit ivity was numerically higher in those with
hypoglycaemia when data up to 120 min were modelled, but
this did not reach statistical significance (439 ± 17.3 vs 398 ±
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Fig. 1 Plasma glucose (a), insulin
(b), C-peptide (c) and glucagon
(d) concentrations during the 3 h
OGTT in 14 participants who
experienced hypoglycaemia late
in the test (blue circles and solid
line) and 13 participants who did
not (red squares and dashed line).
*p < 0.05 for concentrations that
differed between the two groups
at the indicated time points. Data
are presented as mean ± SE

Table 1 Demographic, physical,
clinical and metabolic character-
istics of the study participants

Variable Hypoglycaemia
(n = 14)

No hypoglycaemia
(n = 13)

p value

Age (years) 27.9 ± 1.5 33.2 ± 4.3 0.245

Sex (M/F), n (%) 10/4 (71.4/28.6) 3/10 (23.1/76.9) 0.021

Weight (kg) 66.3 ± 4.3 67.9 ± 4.2 0.787

Height (m) 169.3 ± 1.9 166.7 ± 2.6 0.407

BMI (kg/m2) 23.0 ± 1.3 24.3 ± 1.1 0.475

Waist circumference (cm) 86.5 ± 3.5 89.0 ± 3.8 0.632

F508 deletion (homozygous/heterozygous), n (%)a 10/2 (71.4/14.3) 4/8 (30.8/61.5) 0.036

FEV1 (% predicted) 66.2 ± 6.0 79.5 ± 5.2 0.109

Sweat chloride (mmol/l) 107.2 ± 3.3 96.2 ± 8.0 0.169

Pancreatic insufficiency (yes/no), n (%) 14/0 (100.0/0.0) 8/5 (61.5/38.5) 0.016

P. aeruginosa positive (yes/no), n (%) 10/4 (71.4/28.6) 5/8 (38.5/61.5) 0.128

NGT/IGT, n (%) 8/6 (57.1/42.9) 6/7 (46.2/53.8) 0.568

Fasting plasma glucose (mmol/l) 5.3 ± 0.16 5.3 ± 0.10 0.862

Fasting plasma insulin (pmol/l) 20.7 ± 2.9 36.5 ± 4.8 0.009

Fasting plasma C-peptide (nmol/l) 0.38 ± 0.03 0.56 ± 0.05 0.002

Data are presented as mean ± SE
a Calculated as % of total number of participants with or without hypoglycaemia
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Table 2 Fasting levels and iAUC
during the OGTT of plasma
glucose, insulin, C-peptide,
incretin hormones and
counterregulatory hormones

Variable Hypoglycaemia (n = 14) No hypoglycaemia (n = 13) p value

Glucose

Fasting (mmol/l) 5.3 ± 0.16 5.3 ± 0.10 0.862

iAUC (mmol/l × min) 505 ± 76 549 ± 53 0.632

Insulin

Fasting (nmol/l) 20.7 ± 2.9 36.5 ± 4.8 0.009

iAUC (nmol/l × min) 23,792 ± 4183 42,016 ± 5006 0.012

C-peptide

Fasting (nmol/l) 0.38 ± 0.03 0.56 ± 0.05 0.002

iAUC (nmol/l × min) 233 ± 29 326 ± 30 0.038

GLP-1

Fasting (pmol/l) 5.6 ± 1.32 3.7 ± 0.6 0.231

iAUC (pmol/l × min) 1052 ± 136 919 ± 79 0.427

GIP

Fasting (pmol/l) 84.6 ± 14.1 73.7 ± 12.2 0.567

iAUC (pmol/l × min) 44,870 ± 3786 49,171 ± 4427 0.465

Glucagon

Fasting (ng/l) 84.1 ± 29.2 81.5 ± 18.3 0.785

iAUC (ng/l × min) −1275 ± 709 −1672 ± 520 0.650

Adrenaline

Fasting (pmol/l) 872.6 ± 369.1 246.6 ± 68.9 0.097

iAUC (pmol/l × min) −17.2 ± 26.7 −0.4 ± 4.7 0.523

Noradrenaline

Fasting (nmol/l) 1.68 ± 0.29 1.53 ± 0.22 0.686

iAUC (nmol/l × min) −289.0 ± 360.6 −163.6 ± 110.4 0.750

Cortisol

Fasting (nmol/l) 303.6 ± 38.9 290.9 ± 53.4 0.847

iAUC (nmol/l × min) −13.5 ± 6.1 −8.7 ± 4.6 0.739

Growth hormone

Fasting (μg/l) 0.68 ± 0.25 1.39 ± 0.62 0.282

iAUC (μg/l × min) 21.7 ± 58.8 −127.6 ± 98.4 0.227

Data are presented as mean ± SE

In the hypoglycaemia group, iAUCs are calculated for the 11 participants who completed the 3 h OGTT. In the
non-hypoglycaemia group, fasting and iAUC for GLP-1 is calculated excluding one participant who had GLP-1
concentrations three SDs greater than the mean
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Data are presented as mean ± SE
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13.1 ml min−1 m−2, p = 0.074). When the additional time
points to 180 min were included in those who completed the
OGTT, those with hypoglycaemia were more insulin sensitive
than those without (512 ± 18.9 vs 438 ± 15.5 ml min−1 m−2,
p = 0.006).

Using output from the model, a number of beta cell param-
eters were compared. The ISR at fasting and during the OGTT
were both lower in the hypoglycaemia group (ISRfasting 50.8
± 3.2 vs 74.0 ± 5.9 pmol min−1 m−2, p = 0.002; ISROGTT 44.9
± 5.0 vs 63.4 ± 5.2 nmol/m2, p = 0.018). These values are in
keeping with the pattern of lower calculated ISRs throughout
the OGTT in the hypoglycaemia group (Fig. 2a). The dose–
response of the relationship of ISR and plasma glucose
concentration in the two groups is illustrated in Fig. 2b. This
dose–response relationship, also known as beta cell glucose
sensitivity, was lower in the hypoglycaemia group (47.4 ± 4.5
vs 79.2 ± 7.5 pmol min−1 m−2 [mmol/l]−1, p = 0.001). While
the ISR was significantly lower in the hypoglycaemia group
when the glucose during the OGTTwas 8.0 mmol/l or higher
(p < 0.05), it was also significantly higher at a glucose concen-
tration of 4.6 mmol/l down to the lowest glucose level
(3.8 mmol/l) achieved by the non-hypoglycaemia group
(p < 0.05). Rate sensitivity was numerically lower in those
with hypoglycaemia compared with those without, but this
did not reach statistical significance (263 ± 85 vs 573 ±
133 pmol m−2 [mmol/l]−1, p = 0.059). The potentiation factor
differed between the two groups being greater in the
hypoglycaemia group (2.46 ± 0.24 vs 1.43 ± 0.20, p = 0.003).

As beta cell function is represented by insulin responses
adjusted for the prevailing insulin sensitivity, using the known
hyperbolic relationship between 1/fasting insulin (as a surro-
gate of insulin sensitivity) and the early insulin response over
30 min in the OGTT [12], we calculated beta cell function as
DIo. This measure was not different in those with and without
hypoglycaemia (1.31 ± 0.21 vs 1.75 ± 0.23 (mmol/l)−1, p =
0.159). We also explored the role of insulin sensitivity to
modulate the five model-derived beta cell measures by
adjusting these measures for model-based insulin sensitivity
(excluding the three participants in the hypoglycaemia group
with a truncated OGTT). In these analyses, only beta cell
glucose sensitivity remained significantly different between
the groups after this adjustment (p = 0.032).

Incretin hormone responses We hypothesised that
hypoglycaemia late in the OGTT may be due to an enhanced
incretin response that would increase the beta cell response
and thereby glucose disposal. However, despite the insulin
and C-peptide responses being lower in those with
hypoglycaemia, the profiles of the GLP-1 and GIP responses
during the OGTT did not differ between the two groups (Fig.
3). Neither fasting concentrations of the two incretins nor
iAUCs for GLP-1 and GIP differed between the two groups
(Table 2). The GLP-1 data exclude one participant in the non-
hypoglycaemia group who had GLP-1 concentrations that
were more than three SDs greater than the mean. Inclusion
of these data did not change the findings, i.e. GLP-1 responses
were not different between those who did and did not experi-
ence hypoglycaemia.

Counterregulatory hormone responses We assessed the
responses of glucagon, adrenaline, noradrenaline, cortisol and
growth hormone in the two groups to determine whether
hypoglycaemia was associated with the expected
counterregulation. Glucagon was sampled at all time points
during the OGTT, while the other counterregulatory hormones
were sampled at baseline and from 60 min onwards.

For the alpha cell peptide glucagon, fasting concentra-
tions were not different between the two groups
(Table 2). The glucagon profiles following glucose inges-
tion are illustrated in Fig. 1d. With the increase in
glucose, plasma glucagon concentrations significantly
declined in both groups over time (p < 0.001), not differ-
ing by occurrence of hypoglycaemia (p = 0.486). At
180 min , the g lucagon concen t r a t i ons in the
hypoglycaemia and non-hypoglycaemia groups were
68.7 ± 5.0 and 69.1 ± 4.3 ng/l, respectively (p = 0.958).
No difference in glucagon concentration was observed
in the hypoglycaemia and non-hypoglycaemia groups
after adjustment for 180 min glucose concentration by
multiple regression analysis (β = 1.51, p = 0.867). In the
hypoglycaemia group, the glucagon concentration at
180 min was 82% of that prior to glucose ingestion. In
further support of a lack of a glucagon response in the
hypoglycaemia group, the iAUC was not different
between the two groups (Table 2).
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The adrenaline and noradrenaline responses are illus-
trated in Fig. 4 a and b, respectively. The adrenaline data
exclude the four participants considered to have substances
interfering in the assay (three from the hypoglycaemia and
one from the non-hypoglycaemia group; the individual
data for all participants are illustrated in ESM Fig. 1).
The adrenaline profile highlights that the concentrations
in those with hypoglycaemia were on average numerically
higher, with only values at 165 and 180 min being signif-
icantly higher (p = 0.019 and p = 0.012, respectively). The
values at these two times were 66% and 61% greater than
baseline in those with hypoglycaemia, at a time when their
glucose levels were 3.8 ± 0.2 and 3.2 ± 0.2 mmol/l, respec-
tively. In the participants without hypoglycaemia, the
adrenaline responses were 22% and 7% lower than base-
line at these same two time points. Noradrenaline concen-
trations did not differ between the two groups, with no
evidence of an increase in response to hypoglycaemia
and similar iAUCs (Table 2).

There were no differences in the responses of either cortisol
or growth hormone between the groups (Fig. 4c, d). With
glucose administration, plasma growth hormone concentra-
tions declined significantly in both groups over time (p =
0.008), not differing between the groups (p = 0.469).
However, there was a suggestion in five participants with
hypoglycaemia that the growth hormone response was
increasing, resulting in a small, but not significant, increase
in the mean growth hormone concentrations in the
hypoglycaemia group during the last 15 min of the test.
When considering the integrated concentrations over the full
duration of the OGTT, neither cortisol nor growth hormone
differed between the two groups (Table 2).

Discussion

Advances in the treatment of CF have increased longevity,
resulting in the unveiling of abnormalities in glucose tolerance
[1]. In addition to CFRD, postprandial hypoglycaemia is
being recognised as a relatively common occurrence, particu-
larly in those who do not have CFRD [2, 3]. This particular
abnormality in glucose metabolism in CF has not been well
studied and why it occurs is unclear. A recent editorial
suggested ‘There is clear need for more investigation into
the underlying pathophysiology of hypoglycaemia and low
glucose in cystic fibrosis.’ [15]. Here we demonstrate for the
first time to our knowledge that these individuals lack an
adequate counterregulatory response to hypoglycaemia and
that this failure appears to affect all components, with the
exception of adrenaline. Further, we found no evidence that
hypoglycaemia occurred because of alterations in beta cell
function that would result in increased insulin release shortly
after glucose was ingested or as a delayed insulin response.

The counterregulatory response to hypoglycaemia has been
well studied under experimental clamp conditions with insulin-
induced hypoglycaemia [16, 17]. Using this approach, it has
been shown that the increase in glucose production that occurs
with insulin-induced hypoglycaemia is dependent on intact
glucagon secretion, but not that of growth hormone, and that
adrenergic mechanisms responsible for the sympathoadrenal
response are critical for recovery when the glucagon response
is impaired. It is also well recognised that in diabetes recurrent
episodes of hypoglycaemia are associated with a reduced
counterregulatory response to hypoglycaemia, a condition
commonly known as hypoglycaemia-associated autonomic
failure (HAAF) [18]. This abnormality in counterregulation
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occurs when there is a lack of glucagon response, due to an islet
abnormality, and an attenuated sympathoadrenal response,
frequently the result of recent, antecedent hypoglycaemia. The
lack of the sympathoadrenal response, which appears to result
from changes within the central nervous system or its afferent
or efferent connections, is also felt to be responsible for the lack
of hypoglycaemic symptoms. In our participants, nine did not
experience symptoms despite glucose reaching concentrations
below 3.3mmol/l. Further, given theminimal increase in adren-
aline and lack of a noradrenaline response, it is quite possible
that recurrent hypoglycaemia with unawareness occurs in indi-
viduals such as those we studied. Clearly, this area needs further
exploration.

We can hypothesise some potential mechanisms at the islet
level that could explain our observation of a lack of the critical
glucagon response to hypoglycaemia. First, pancreatic insuf-
ficiency in CF is associated with functional abnormalities of
the beta, alpha and pancreatic polypeptide cells; however, this
has typically been examined in those with abnormal glucose
tolerance [19–21]. In one of these studies, in a cohort of CF
patients of whom 66% had abnormal glucose tolerance (either
IGT or diabetes), exocrine insufficiency was associated with
an impaired glucagon response to insulin-induced
hypoglycaemia but a normal recovery from hypoglycaemia
[20]. More recently, in those with normal glucose tolerance,
pancreatic exocrine insufficiency was associated with both
reduced insulin secretion and abnormal regulation of alpha
cell function, which included reduced glucagon secretion in
response to arginine injection [22]. In our cohort, all who
developed hypoglycaemia had pancreatic exocrine insuffi-
ciency, compared with 62% who did not experience
hypoglycaemia late in the OGTT. When we compared only
those with pancreatic insufficiency, our findings were not
different (data not shown). Second, it is well recognised that
CF is associated with morphological abnormalities in the
pancreas, particularly at the islet level. In fact, in a recent study
using human autopsy samples, distinct abnormalities were
already present in individuals without known diabetes [23].
These changes included increased islet glucagon and IL-1β
immunoreactivity, both of which were also present in those
with diabetes. Thus, it is of interest that, despite presumed
adequate glucagon stores, we failed to observe a glucagon
response in our participants. As the glucagon response to
hypoglycaemia appears to also be critically dependent on islet
innervation and the resultant release of noradrenaline [24], it is
possible that the morphological changes occurring in CF
include destruction of the sympathetic nerve endings. Third,
it has been demonstrated that the CF transmembrane conduc-
tance regulator (CFTR) is present in glucagon-secreting alpha
cells and that loss-of-function mutations in CFTR contribute
to dysregulated glucagon secretion in CFRD [25]. Whether
the dysregulation in glucagon release we observed is also
impacted by altered CFTR function needs to be determined.

Interestingly, we observed a preponderance of individuals
homozygous for the F508 dele t ion amongst the
hypoglycaemia group. Collectively, these observations all
provide an islet-related basis for the lack of glucagon response
and deserve further exploration.

When designing our study, we hypothesised that one
reason for the hypoglycaemia late during an OGTT could be
a more vigorous early and/or late insulin response that could
be related to enhanced release of the incretin peptides GLP-1
and/or GIP. We were, however, surprised to find that, rather
than an increased beta cell response, those with late
hypoglycaemia in fact had a reduced response. As the C-
peptide response was also lower, the reduced insulin response
does not appear to be due to alterations in hepatic extraction of
insulin, but rather the result of a primary change in the islet.
We also examined the role of glucose in modulating beta cell
insulin release by accounting for the glucose excursions
during the test using the ratios of the areas of the two beta cell
peptides to glucose. When doing so, we again found no
evidence in those who experienced hypoglycaemia that the
beta cell’s response was more vigorous. Further, as the total
glucose excursions were not different and the glucose profiles
demonstrated that early in the OGTT those with
hypoglycaemia in fact had higher glucose concentrations,
the hypoglycaemia cannot be attributed to a robust beta cell
response in the absence of adequate glucose absorption.
Modelling of the OGTT, in keeping with the lower fasting
C-peptide and insulin levels, showed the hypoglycaemia
group to be more insulin sensitive. Thus, the lower insulin
and C-peptide responses were appropriate in this group as they
did not require as much insulin to maintain glucose homeo-
stasis [26]. In addition, modelling raised another thought-
provoking point regarding beta cell function. When glucose
levels during the OGTTwere below the normal range, insulin
secretion in the hypoglycaemia group did not appear to
decrease appropriately, possibly driving glucose concentra-
tions to a lower level. An inappropriate insulin response in
the presence of low glucose has also been suggested in a
recent study of patients with CF experiencing hypoglycaemia
[27]. The mechanism for this apparent dysfunction cannot be
discerned from the current data, but it is credible this may
result from insufficient local noradrenaline release so that
insulin secretion is not suppressed normally [28].

We did not observe differences in either GLP-1 or GIP
concentrations, suggesting that beta cell function is not altered
because of changes in incretin release. It is interesting that
GLP-1 also regulates alpha cell function, suppressing gluca-
gon secretion at elevated glucose concentrations but not
affecting responses at low glucose levels. Thus, we cannot
discern from the current data whether the fact that GLP-1
concentrations are not lower in the face of hypoglycaemia
represents abnormal release of this peptide or whether the
normal ability for hypoglycaemia to overcome any inhibitory
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effect of GLP-1 on the alpha cell is lost [29]. Nevertheless,
these observations underscore the likelihood that the incom-
plete counterregulatory response, rather than beta cell abnor-
mality, is the critical component of the late hypoglycaemia
observed in individuals with CF.

While we did not study individuals with reactive
hypoglycaemia, which may be considered a control group,
we believe our observations in these cases of late
hypoglycaemia in CF distinguish it from reactive
hypoglycaemia. The latter also occurs late after nutrient inges-
t ion and may be assoc ia t ed wi th symptoms of
neuroglycopenia and sympathoadrenal activation [30, 31]. In
some instances of reactive hypoglycaemia, symptoms attrib-
utable to hypoglycaemia develop but there is no evidence of
hypoglycaemia, while in others they are unrelated to the rate
of fall in plasma glucose or the timing of the glucose nadir.
When symptoms are associated with glucose fall, this condi-
tion is thought to result from: (1) an exaggerated insulin
response; (2) increased insulin sensitivity in which the insulin
response is not appropriately reduced as a compensatory
mechanism; (3) abnormalities in glucagon release; or (4) renal
glycosuria.

The magnitude of the problem of late hypoglycaemia
during an OGTT and its clinical implications are not entirely
clear. The reported prevalence rate varies, being as great as
30% at 2 h using a glucose threshold of 3.9 mmol/l.
Importantly, the OGTT represents a diagnostic test and may
not reflect glucose metabolism in everyday life. In a recent
report of 169 individuals with CF who had an OGTT, 25 were
reported as having hypoglycaemia during the test [5]. In this
same report, 14 participants self-reported symptoms sugges-
tive of hypoglycaemia in their medical record, but only one
had hypoglycaemia during an OGTT. Further studies are thus
needed that could include continuous glucose monitoring to
ascertain the time and frequency of hypoglycaemia in daily
living. It is also possible that the magnitude of the problem
will vary depending on the nature of the nutrient ingested,
with oral glucose clearly different from daily dietary
consumption. While the long-term consequences of
hypoglycaemia are not fully defined, follow-up for up to
10 years does suggest that the risk of CFRD may be lower
in those experiencing hypoglycaemia [3, 4].

There are a number of additional questions that could not be
answered by the design and limitations of our study. While our
studywas small and is thus somewhat exploratory in nature, we
believe it is the first to provide a comprehensive assessment of
potential mechanisms for the late hypoglycaemia observed in
CF. More detailed studies of counterregulation such as insulin-
induced hypoglycaemic clamps should be performed to
confirm our observations of an inappropriately low
counterregulatory response, noting that the counterregulatory
response could vary depending on prandial status [32]. We did
not use continuous glucose monitoring to ascertain how

frequently participants were experiencing hypoglycaemia in
daily life and thus whether a component of our findings was
related to HAAF.We also did not collect data that allowed us to
examine the degree of pancreatic insufficiency, and whether
this was related to beta and alpha cell function as has been
found by others [20, 22]. Finally, given the large number of
tests performed, there is the possibility of an inflated type 1
error and an increased chance of finding a spurious result.
Future studies will help delineate this possibility.

In conclusion, by performing a 3 h OGTT on a cohort of
adults with CF, we found that individuals who experience
hypoglycaemia late in the test do so because of an insufficient
counterregulatory response rather than either increased or
delayed insulin release. This abnormality involves both defi-
cient glucagon and sympathoadrenal responses, the aetiology
of which is not clear and warrants further study.
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