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Abstract
Aims/hypothesis Post-bariatric hypoglycaemia (PBH) is a
rare, but severe, metabolic disorder arising months to years
after bariatric surgery. It is characterised by symptomatic post-
prandial hypoglycaemia, with inappropriately elevated insulin
concentrations. The relative contribution of exaggerated
incretin hormone signalling to dysregulated insulin secretion
and symptomatic hypoglycaemia is a subject of ongoing
inquiry. This study was designed to test the hypothesis that
PBH and associated symptoms are primarily mediated by
glucagon-like peptide-1 (GLP-1).
Methods We conducted a double-blinded crossover study
wherein eight participants with confirmed PBHwere assigned
in random order to intravenous infusion of the GLP-1 receptor
(GLP-1r) antagonist. Exendin (9-39) (Ex-9), or placebo dur-
ing an OGTT on two separate days at the Stanford University
Clinical and Translational Research Unit. Metabolic, symp-
tomatic and pharmacokinetic variables were evaluated.
Results were compared with a cohort of BMI- and glucose-
matched non-surgical controls (NSCs).
Results Infusion of Ex-9 decreased the time to peak glucose
and rate of glucose decline during OGTT, and raised the

postprandial nadir by over 70%, normalising it relative to
NSCs and preventing hypoglycaemia in all PBH participants.
Insulin AUC and secretion rate decreased by 57% and 71%
respectively, and peak postprandial insulin was normalised
relative to NSCs. Autonomic and neuroglycopenic symptoms
were significantly reduced during Ex-9 infusion.
Conclusions/interpretation GLP-1r blockade prevented
hypoglycaemia in 100% of individuals, normalised beta cell
function and reversed neuroglycopenic symptoms, supporting
the conclusion that GLP-1 plays a primary role in mediating
hyperinsulinaemic hypoglycaemia in PBH. Competitive antago-
nism at the GLP-1r merits consideration as a therapeutic strategy.
Trial registration: ClinicalTrials.gov NCT02550145
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Introduction

More than one-third, or 78.6 million, US adults are obese [1],
with annual costs of $147 billion in 2008 [2]. Lifestyle and
medical therapies yield modest and often temporary weight
loss. The need for more extensive and permanent weight loss
strategies has fuelled the popularity of surgical weight loss
interventions. Bariatric surgery is currently performed on ap-
proximately 200,000 Americans annually, producing long-
term weight loss of 50–70% excess body weight, major re-
ductions in clinical morbidities and decreased death frommul-
tiple causes [3, 4]. Roux-en-Y gastric bypass (RYGB), com-
prising over one-third of all procedures, cures diabetes in 83%
of individuals [5, 6]. With the recent addition of bariatric sur-
gery to the treatment algorithm for type 2 diabetes [7], the use
of RYGB may rise.

The physiological mechanisms mediating the resolution of
diabetes after RYGB are controversial, as glycaemic improve-
ment occurs independent of weight loss, and is significantly
greater than that observed with medical therapy [8] or gastric
banding [9]. Indeed, both duodenal exclusion, leading to
decreased stimulation of a pro-diabetic ‘foregut factor,’ vs
rapid delivery of nutrients to the ileum, leading to increased
stimulation of an anti-diabetic ‘hindgut factor’, have been
proposed as causes of early diabetes resolution after RYGB.
The latter relates to postoperative increases in secretion of
hindgut-derived glucagon-like peptide-1 (GLP-1) as key me-
diator of glycaemic reductions after bariatric surgery [10].
However, the role of GLP-1 continues to be challenged [11].

In 0.2–6.6% of all RYGB procedures [12–14], severe
symptomatic hypoglycaemia results. This disorder leads
to frequent episodes of postprandial hypoglycaemia, with
glucose concentrations low enough to cause seizures, loss
of consciousness, cognitive dysfunction, disability and
death. The threat of neuroglycopenia is worsened by a high
prevalence of hypoglycaemia unawareness, with one study
demonstrating that continuous glucose monitoring over 5
days detected hypoglycaemic episodes of <3.05 mmol/l in
75% of post-RYGB patients [15]. There are no approved
pharmacotherapies and treatment typically rests on dietary
changes, including frequent small meals with dietary car-
bohydrate restriction. A stepped pharmacotherapy
approach follows (acarbose, octreotide, diazoxide), for
which some evidence exists [16–18]. However, these
medications are limited by poor efficacy and tolerability.
Refractory patients are left with surgical options, such as
insertion of a gastrostomy tube to the remnant stomach [19,
20], placement of a gastric band or gastrojejunal anastomot-
ic reduction to slow transit [21] or RYGB reversal, which
has shown unreliable results [22]. Refractory patients have
undergone total pancreatectomy, resulting in insulin-
dependent diabetes and carrying over a 6% operative
mortality risk [23].

The cause for this disturbed metabolism is not known, but
it may represent an exaggeration of the same physiological
changes mediating the early resolution of type 2 diabetes after
bariatric surgery. Post-bariatric hypoglycaemia (PBH) is
characterised by inappropriately high insulin concentrations
when glucose is low [24], occurring 1–3 h after oral nutrient
ingestion, and while insulin concentrations are typically nor-
mal after overnight fasting or in response to intravenous glu-
cose, high postprandial concentrations are out of proportion to
the degree of both glucose elevation and insulin resistance
[25]. Early reports attributed glucose lowering to beta cell
hypertrophy, hyperplasia and hypersecretion [24, 26].
Accumulating evidence points to altered nutrient transit and
exaggerated secretion of (and/or sensitivity to) GLP-1. Studies
have demonstrated accelerated gastric emptying caused by
altered nutrient transit following RYGB [27], as well as a
strong correlation between postprandial GLP-1 and rates of
gastric emptying [28]. Indeed, postprandial concentrations of
intact GLP-1 are up to tenfold higher after RGYB in asymp-
tomatic patients, and are even more pronounced in symptom-
atic patients with PBH [9, 29].

There have been few studies involving patients with PBH.
We have previously shown that delivery of an isoglycaemic
standardised liquid meal to the remnant stomach via
gastrostomy tube (in which nutrients transit via the foregut)
vs oral delivery (in which nutrients bypass the foregut) re-
duced glycaemic excursions and GLP-1 concentrations [19,
20], pointing to a central role for enhanced incretin effect as a
result of altered nutrient transit. GLP-1, secreted by L-cells in
the ileum and hindgut, is favoured as the primary incretin
contributor because it is more consistently elevated following
RYGB than gastric inhibitory polypeptide (GIP) [30], which
is secreted primarily by the foregut. In concert with having
higher postprandial GLP-1, symptomatic patients also exhibit
higher postprandial insulin as measured by insulin/glucose
ratio [29], insulinogenic index (IGI) [31] or beta cell glucose
sensitivity [32]. These suggest that an exaggerated GLP-1
response and/or robust insulin response to GLP-1 may con-
tribute. Indeed, it has been shown that at very high GLP-1
concentrations insulin secretion is augmented by a dose-
dependent potentiation of the dose–response relationship be-
tween plasma glucose and insulin secretion [33].

Investigations evaluating the glucose-lowering influences
of GLP-1 post-RYGB surgery, however, are few, and the sub-
ject remains controversial [10, 11]. We designed a study to
further evaluate the role of GLP-1 in mediating: (1)
hyperinsulinaemic hypoglycaemia; and (2) the presence and
severity of autonomic and neuroglycopenic symptoms, by in-
fusing placebo (normal NaCl solution) or the GLP-1r antago-
nist, exendin (9-39) (Ex-9) during an OGTT in patients with
symptomatic PBH compared with BMI and glucose-matched
non-surgical controls (NSCs). This study contributes to the
small body of literature conducted to date by only a single
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investigator evaluating the role of GLP-1 in PBH, and is the
first investigation to directly address the ability of GLP-1 re-
ceptor (GLP-1r) blockade to improve symptoms of
hypoglycaemia—a concern of high clinical relevance in this
patient population.

Methods

Study design

This was a double-blinded crossover study conducted at the
Stanford University School of Medicine Clinical and
Translational Research Unit. All PBH participants were
assigned to receive Ex-9 or placebo infusion during an
OGTT on 2 days separated by 1–7 days, in random order.
The protocol was approved by the Stanford University
Institutional Review Board, registered with clinicaltrials.gov
(ClinicalTrial.gov registration no. NCT02550145), and con-
ducted after Food and Drug Administration (FDA) review as
an investigational new drug (IND 105018). All participants
provided written informed consent prior to participation in
the study, which was carried out in accordance with the prin-
ciples of the Declaration of Helsinki as revised in 2008.

Participant characteristics

PBH participants Ten post-RYGB individuals had: (1)
Whipple’s triad by history (symptomatic hypoglycaemia, cap-
illary glucose ≤3.1 mmol/l, with symptom resolution by car-
bohydrate administration); and (2) occurrence of capillary glu-
cose ≤2.78 mmol/l at least once per month by patient report.
Of these, eight participants developed a plasma glucose
≤3.1 mmol/l during OGTT with placebo infusion, in associa-
tion with inappropriately elevated plasma insulin ≥21 pmol/l
or C-peptide >0.1 nmol/l.

NSC participants From our database of 530 non-surgical non-
diabetic individuals, an NSC was selected for each PBH partic-
ipant on the basis of matching for BMI, age, sex and peak
postprandial glucose, because of its stimulatory effect on insulin
secretion. As postprandial glucose is often in the diabetic range
despite normal fasting glucose in post-RYGB individuals, it is
challenging to match non-diabetic controls for peak postpran-
dial glucose. Thus, while peak glucose was slightly lower, the
controls chosen were the closest matches identified.

Experimental protocols

OGTT procedure On each study day, participants arrived
after a 12 h fast. Weight and vital signs were obtained, a
catheter was inserted into the antecubital vein of each arm
and a fasting blood sample was drawn at T-31 min. At T-30,

an intravenous priming bolus of Ex-9 (7500 pmol/kg) or pla-
cebo was administered over 1 min, followed by continuous
infusion at a rate of 500 pmol kg−1 min−1 for 210 min. At
T=0, patients consumed a 75 g glucola drink, divided into
quarters, with each quarter given over 5 min, for a total of
20 min. Over 180 min, plasma samples were drawn every
30 min. The rate of sampling doubled if the plasma glucose
fell below 5.55 mmol/l, with intermediary draws as glucose
approached 2.78 mmol/l. At 2.78 mmol/l or less, the test was
stopped and investigators intervened as needed to normalise
glucose. Participants were blinded to all glucose results.

Hypoglycaemia symptom questionnaire To assess the tem-
poral presence and severity of autonomic, neuroglycopenic and
non-specific symptoms, we imposed a five-point Likert severity
gradation (0 = none; 5 = severe) on the Edinburgh
Hypoglycaemia Symptom Scale (EHSS)—a survey validated
for use in insulin-treated diabetic patients for identification of
symptoms of acute hypoglycaemia [34, 35]. The severity-
graded EHSSwas completed by participants every 30min prior
to each blood draw during each OGTT. Symptoms assessed
included autonomic (sweating, shaking, palpitations, hunger),
neuroglycopenic (blurred vision, confusion, drowsiness, odd
behaviour, speech difficulty, incoordination, dizziness, inability
to concentrate) and malaise (nausea, headache). For each par-
ticipant, a composite score for ‘all timepoints’was recorded. To
isolate symptoms associated temporally with the glucose rise
period (from T=0 to the individual participants’ glucose peak)
and the glucose fall period (from glucose peak to nadir), two
sub-scores were included, ‘glucose rise’ and ‘glucose fall’
scores. Analysis further grouped symptom scores according to
symptom type: autonomic, neuroglycopenic or malaise.

Peptide and assays Ex-9 acetate was purchased as
lyophilised sterile powder from Bachem (Clinalfa,
Läufelfingen, Switzerland) and stored at −20°C in the
Stanford Investigational Drug Pharmacy. On the day of Ex-9
infusion, 10 mg vials of peptide were diluted in the appropri-
ate volume of 0.9% NaCl (154 mmol/l) and 25% human se-
rum albumin (250 g/l) was added to prevent peptide adhesion.
Low-sorbing bags and tubing were used. Plasma samples
were placed on ice, centrifuged, aliquotted and stored at
−20°C until assayed. Glucose concentrations were determined
immediately by glucose oxidase method (Analyzer 2;
Beckman, Brea, CA, USA). Insulin, C-peptide and glucagon
were measured by radioimmunoassay according to the manu-
facturer’s specifications (Millipore, St Charles, MO, USA).
Total GLP-1 and GIP concentrations were determined by ra-
dioimmunoassay using C-terminally-directed antisera (num-
bers 89390 and 80867) [36, 37]. Ex-9 was measured using
antibody 3145 raised in rabbits immunised with exendin-4,
which shows 100% cross-reactivity with Ex-9 but 0.01%
cross-reactivity with GLP-1, glucagon or GIP [38].
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Calculations and analysis Insulin sensitivity was estimated by
HOMA-IR [39]. IGI was calculated as the ratio of incremental
insulin to incremental plasma glucose from 0 to 30 min during
the OGTT. Disposition index was calculated as IGI/HOMA-IR
[40]. Insulin secretion rate (ISR) was calculated through
deconvolution of peripheral C-peptide concentrations using a
two-compartment model of C-peptide kinetics [41] and
population-based C-peptide kinetics with adjustment for age,
sex and BMI [42]. ISR adjusted for glucose stimulus (ISR2h/
G2h) was derived by taking the ratio of the integral of insulin
secretion to the integral of glucose concentration over the first
120 min [43]. AUC calculations were performed using the
trapezoidal rule. Because of the potential cancelling effect of
the early rise and late fall in plasma glucose and insulin when
considered as AUC over 180 min, AUCs were partitioned into
0–60, 60–180 and 0–180 min. Insulin clearance was calculated
as AUCISR/AUCinsulin. The rate of glucose decline was calcu-
lated as (glucosepeak − glucosepeak+30min)/30 min. When the test
was stopped early because of hypoglycaemia, the last data point
recorded was carried forward.

Statistical analysis Data are presented as mean ±SEM. Two-
tailed paired Student’s t tests were used for intra-group compar-
isons for placebo vs Ex-9. Two-tailed unpaired Student’s t tests
were used for between-group differences. A p value <0.05 was
considered statistically significant. Data were graphed using
Prism software (GraphPad, La Jolla, CA, USA).

Results

Baseline characteristics of study cohorts

Study cohorts included eight participants with PBH, and eight
age-, sex-, BMI- and glucose-matched NSCs (Table 1). Age
and BMI (postoperative for the surgical cohort) did not differ
between groups, and all participants were female. On average,
the surgical cohort was 5 years postoperative and experienced

a first documented episode of symptomatic hypoglycaemia
2 years postoperatively. All PBH participants experienced
hypoglycaemic episodes with capillary glucose <2.78 mmol/
l at least monthly, with the majority reporting at least weekly
(88%) or daily (63%) episodes. Half reported loss of con-
sciousness at least monthly and 63% reported seizure at least
monthly (electronic supplementary material [ESM] Table 1).

Metabolic response to OGTT during placebo infusion
in PBH vs NSC participants

Glucose As shown in Table 2 and Fig. 1a, fasting glucose did
not differ between cohorts, but peak glucose was significantly
greater in the bariatric cohort (p<0.001). All PBH partici-
pants became hypoglycaemic during placebo, requiring res-
cue at plasma glucose ≤2.78 mmol/l, whereas NSC partici-
pants remained normoglycaemic. The drop from peak to nadir
glucose was greater for PBH than NSC participants
(p<0.001), despite the fact that the natural nadir for PBH
participants would have been lower had the investigators not
intervened for safety. The rate of glucose decline from peak to
60 min post peak was greater in PBH vs controls (p<0.01).
AUCglucose was greater for PBH than NSC participants during
the 0–60min interval and significantly lower thanNSC during
the 60–180 min interval, within which time all PBH partici-
pants became hypoglycaemic.

Insulin As shown in Table 2 and Fig. 1b, despite BMI
matching, fasting insulin in PBH participants was nearly 75%
lower than that of NSCs (p<0.001), who were markedly more
insulin resistant than the PBH group (p<0.001). In contrast,
early (0–60 min) insulin concentrations were 181% higher in
the surgical vs the NSC cohort (p=0.005), with peak insulin
over twice that of NSCs. Insulin concentrations rose by 50-fold
in the PBH group vs by 5.7-fold in NSCs. These dramatic
swings in insulin levels in PBH participants were not reflected
in the AUCinsulin(0,180), which did not differ among cohorts.
However, AUCInsulin(0,60) was nearly twofold greater in PBH
vs NSC participants. IGI, a measurement of insulin secretion
relative to glucose concentration, did not differ significantly in
PBH vs controls. Adjustment for insulin sensitivity, however,
as reflected in the disposition index, demonstrated a sixfold
higher beta cell response. For all PBH participants, insulin at
the time of hypoglycaemia was inappropriately elevated, with
an average plasma concentration of 121 pmol/l.

Metabolic response to OGTT during placebo vs Ex-9
infusion in PBH participants

Glucose As shown in Table 2 and Fig. 1a, fasting plasma glu-
cose concentrations were unchanged by 30 min Ex-9 infusion.
Peak glucose values were unchanged, but time to peak glucose
was accelerated by almost 20 min during GLP-1r blockade

Table 1 Characteristics of PBH participants and NSCs

Characteristic PBH (n= 8) NSC (n=8) p value

Age (years) 46 ± 4 47± 3 0.802

Sex (male/female) 0/8 0/8 NA

BMI (kg/m2) 31± 2 31± 0 0.999

Systolic BP (mmHg) 120 ± 4 129 ± 8 0.332

Diastolic BP (mmHg) 76± 2 76± 7 0.955

History of T2D (yes/no) 0/8 0/8 NA

HOMA-IR 0.9 ± 0.2 3.7 ± 0.4 <0.001

Data are presented as mean ± SEM

p values as assessed using the unpaired Student’s t test

NA, not applicable; T2D, type 2 diabetes
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(p<0.05). Postprandial glucose nadir was raised by over 70%,
and normalised relative to NSCs. Hypoglycaemia was
prevented in all eight PBH individuals. In addition, both the
magnitude of the glucose drop and the rate of glucose decline
were significantly reduced by Ex-9 (p < 0.001), with
AUCglucose(60,180) normalised relative to NSC.

Insulin The insulin spike occurring approximately 1 h
postprandially in PBH participants during placebo was
prevented by Ex-9 in 100% of individuals (insulin 1390
to 612 pmol/l), yielding peak insulin concentrations com-
parable with those of controls. Total AUCinsulin(0,180) de-
creased by 57%, and was significantly lower than controls

Table 2 Metabolic responses to OGTT during i.v. infusion of placebo vs Ex-9 in PBH participants and normalisation of metabolic variables compared
with matched NSCs

Variable PBH (n = 8) NSC (n= 8) Statistical effects

Placebo Ex-9 pa pb pc

Glucose (mmol/l)

Fasting 5.1 ± 0.1 5.3 ± 0.2 5.6 ± 0.2 0.414 0.065 0.370

Peak 13.1 ± 0.6 12.5 ± 0.8 8.4 ± 0.3 0.432 <0.001 0.001

Time to peak (min) 56 ± 4 38± 5 45± 6 0.011 0.223 0.226

Nadir 2.6 ± 0.1 4.4 ± 0.3 4.2 ± 0.2 <0.001 <0.001 0.990

Time to hypoglycaemia (min) 138 ± 5 NA NA NA NA NA

Δ peak–nadir 10.5 ± 0.6 8.1 ± 0.8 4.3 ± 0.4 0.012 <0.001 0.001

Rate of loss (mmol l−1 min−1) 0.17 ± 0.03 0.06 ± 0.02 0.03± 0.01 0.001 0.001 0.189

AUC (mmol/l min)

0–60 min 577.3 ± 17.2 605.3 ± 34.6 450.7 ± 15.9 0.278 <0.001 0.001

60–180 min 628.2 ± 31.8 854.6 ± 65.5 740.7 ± 28.0 <0.001 0.019 0.133

0–180 min 1205.5 ± 38.9 1459.8 ± 99.1 1191.4 ± 35.6 0.020 0.793 0.023

Insulin (pmol/l)

Fasting 27.6 ± 133.3 22.5 ± 5.7 104.2 ± 8.2 0.260 <0.001 <0.001

Peak 1390.8 ± 197.8 612.9 ± 159.6 597.3 ± 57.8 <0.001 <0.001 0.870

Time to peak (min) 60.0 ± 6 48.8 ± 5 67.5 ± 12 0.285 0.311 0.102

AUC (pmol/l min)

0–60 min 43,200± 5322 23,397 ± 5781 23,751 ± 2610 0.001 0.005 0.956

60–180 min 31,905± 6086 17,100 ± 3645 45,368 ± 4222 0.050 0.091 <0.001

0–180 min 94,490± 12,633 40,497 ± 8897 69,120 ± 6041 0.001 0.092 0.019

Beta cell function

Insulin at glucose ≤3.1 mmol/l 121.4 ± 32.8 NA NA NA NA NA

IGI30 0.5 ± 0.1 0.3 ± 0.1 0.5 ± 0.1 0.001 0.927 0.286

Disposition index0–30 0.2 ± 0.5 0.2 ± 0.5 1.5 ± 0.1 0.002 0.006 0.061

ISR2h/G2h 9.4 ± 1.2 3.9 ± 0.4 NA 0.001 NA NA

C-peptide (nmol/l)

Fasting 2.2 ± 0.2 2.4 ± 0.2 NA 0.239 NA NA

AUC0-180 (nmol/l min) 3610.2 ± 391 1755.8 ± 215 NA <0.001 NA NA

ISR (pmol kg−1 min−1)

Fasting 6.5 ± 0.5 7.0 ± 0.7 NA 0.203 NA NA

Peak 170.0 ± 57.7 50.2 ± 7.6 NA 0.001 NA NA

Insulin clearance

Fasting 2.5 ± 0.6 4.1 ± 1.3 NA 0.082 NA NA

Postprandial0–180 0.9 ± 0.1 0.73 ± 0.2 NA 0.080 NA NA

Data are presented as mean ± SEM
a PBH placebo vs Ex-9, paired two-tailed Student’s t test
b PBH placebo vs NSC, paired two-tailed Student’s t test
c PBH Ex-9 vs NSC, unpaired two-tailed Student’s t test

NA, not appropriate
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(p < 0.05). Both early (AUCinsu l i n (0 ,60 ) ) and late
(AUCinsulin(60,180)) insulin responses decreased by 46%
with Ex-9 antagonism, bringing late-phase insulin mark-
edly below that of NSCs (Table 2, Fig. 1b). IGI and dis-
position index also decreased significantly with Ex-9 in-
fusion. Fasting ISR did not differ on placebo vs Ex-9
infusion days, but peak ISR was 71% lower with Ex-9
infusion (p< 0.001). Overall incremental ISR was also
59% lower with Ex-9 infusion when adjusted for incre-
mental unit of plasma glucose (ISR2h/G2h) (Table 2,
Fig. 1d). A non-linear dose dependency of ISR on glucose
and GLP-1 was demonstrated with potentiation of ISR at
the highest GLP-1 concentrations (Fig. 1e, f). Insulin
clearance was unaffected by Ex-9 infusion (Table 2).

Incretin hormones and glucagon Ex-9 infusion did not alter
GLP-1 concentrations but attenuated the relative incretin re-
sponse, as measured by insulin:GLP-1 ratio, by approximately
50%. Fasting and peak GIP and glucagon levels were un-
changed by Ex-9 infusion, although overall glucagon
(AUCGIP[0,180]) was reduced by 15% (p<0.01), while early

glucagon (AUCglucagon[0,60]) was increased by 14% during
GLP-1r blockade (p<0.05) (Table 3, Fig. 2a–c).

Symptomatic response to 75 g OGTT during placebo vs
Ex-9 infusion

As shown in Table 4, Ex-9 decreased total symptom scores
dramatically (p<0.001). When evaluated separately during
the glucose rise and fall periods, only the fall period exhibited
significant score reduction. This was true for both autonomic
and neuroglycopenic symptoms, which decreased by six- and
tenfold (p<0.001), respectively. The Ex-9 infusion was well
tolerated and no adverse reactions associated with infusion of
Ex-9 were reported.

Pharmacokinetics of Ex-9

Ex-9 infused at 500 pmol kg−1 min−1 over 210 min after a
primed intravenous bolus of 7500 pmol/kg resulted in average

*****
** ***

**

** ** **
** **

Fig. 1 Plasma glucose (a), insulin (b), C-peptide (c) and ISR (d) in
response to OGTT in participants with PBH during placebo (solid line,
black circles) vs Ex-9 (dashed line, white circles) infusion, comparedwith
NSCs (solid line, black triangles). ISR at sequential timepoints (0, 30,
60 min) as a function of glucose (e) or GLP-1 (f) demonstrates the dose
response in ISR for both glucose and GLP-1. Ex-9 decreased ISR.
**p< 0.01 and ***p< 0.001 for PBH participants during Ex-9 vs placebo
infusion

Table 3 Hormone responses to OGTT during i.v. placebo vs Ex-9 in
PBH participants

Variable PBH (n = 8)

Placebo Ex-9 p value

GLP-1 (pmol/l)

Fasting 9 ± 0 9 ± 1 0.718

Peak 86 ± 6 82± 14 0.857

Time to peak (min) 43 ± 6 39± 6 0.604

AUC (pmol/l min)

0–60 min 3270± 214 3268± 607 0.998

60–180 min 3136± 266 3621± 416 0.429

0–180 min 6406± 423 6889± 941 0.700

GIP (pmol/l)

Fasting 14 ± 1 14± 2 0.824

Peak 93 ± 13 87± 12 0.015

Time to peak (min) 43 ± 6 34± 4 0.363

AUC (pmol/l min)

0–60 min 3831± 496 3268± 607 0.127

60–180 min 3561± 204 3165± 397 0.314

0–180 min 7554± 618 6420± 941 0.003

Glucagon (ng/l)

Fasting 41 ± 3 42± 3 0.567

Peak 83 ± 7 92± 6 0.079

Time to peak (min) 60 ± 13 45± 11 0.470

AUC (ng/l min)

0–60 min 3797± 306 4431± 285 0.033

60–180 min 8000± 912 8018± 696 0.981

0–180 min 11,584 ± 1253 12,019 ± 942 0.191

Data are presented as mean ± SEM

p values obtained by paired two-tailed Student’s t test
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plasma concentrations of 472±17.5 nmol/l, with an AUC of
47,701 nmol/l (ESMFig. 1). At this infusion rate, plasma Ex-9
concentrations were approximately 4500-fold greater than
peak and AUC GLP-1 concentrations.

Discussion

This study was performed to investigate whether GLP-1 is the
primary mediator of symptomatic PBH, and whether GLP-1r
blockade can effectively reverse postprandial hypoglycaemia

and associated autonomic and neuroglycopenic symptoms.
Continuous intravenous infusion of 500 pmol kg−1 min−1 of
the GLP-1r antagonist Ex-9 during an OGTT achieved 100%
reversal of hypoglycaemia and a marked resolution in symp-
toms of hypoglycaemia in eight patients with PBH. The plas-
ma glucose nadir, ≤2.78 mmol/l during placebo infusion, in-
creased by 70% during Ex-9 infusion, matching that of NSCs.
Ex-9 decreased peak to nadir glucose, rate of glucose decline
and AUCglucose(60–180). Contrary to the hypothesis that
hyperinsulinaemia may be driven by early and extreme eleva-
tions in plasma glucose, Ex-9 ameliorated hyperinsulinaemia
despite earlier and equally high peak plasma glucose concen-
trations. Peak insulin responses, which during placebo infu-
sion were 56% greater than that of NSC, were normalised
during Ex-9 infusion relative to NSC. This was confirmed
by various measures of beta cell function, which also
decreased with GLP-1r antagonism, whereas fasting insulin
and insulin clearance were unaltered.

We also sought to evaluate changes in concentrations of
GIP and glucagon during GLP-1r blockade. In our eight
PBH participants, GIP levels were reduced by 15%
(p<0.01) during Ex-9 infusion, which could have contributed
to improved glucose homeostasis via further reduction of the
incretin effect. Indeed, Ex-9 was shown in one study involv-
ing cultured human embryonic kidney (HEK)-293 cells to
block activity both at the GLP-1r and, to a lesser degree, the
GIP receptor [44]. Ex-9 may also exert indirect influences on
the alpha cell: glucagon secretion is suppressed in the pres-
ence of GLP-1, thus GLP-1r blockade may disinhibit GLP-1-
mediated suppression of glucagon in patients with PBH.
Glucagon levels were mildly increased in the early postpran-
dial period (p<0.05); however, this did not appear to have a
meaningful effect on glucose concentrations, which were not
significantly elevated during the early phase relative to place-
bo. In addition, glucagon levels were not elevated in the late
postprandial period and thus were unlikely to have prevented
hypoglycaemia.

To what extent dysfunctional postprandial increases in in-
sulin concentrations are driven by increased potentiation of
incretins in the face of extraphysiological concentrations of
GLP-1 warrants discussion. It is well known that the
insulinotropic effects of GLP-1 are glucose and dose depen-
dent at physiological levels of GLP-1 [45], and GLP-1-based

Table 4 Symptomatic response to OGTT during i.v. infusion of place-
bo vs Ex-9 in PBH participants

PBH (n= 8)

Placebo Ex-9 p value

All symptoms

All timepoints 26.5 (9.5) 4.5 (7.1) <0.001

Glucose rise 8.1 (8.3) 3.1 (5.0) 0.191

Glucose fall 24.0 (9.9) 3.9 (7.2) <0.001

Autonomic symptoms

All timepoints 5.5 (3.2) 0.9 (1.1) 0.002

Glucose rise 1.0 (1.8) 0.6 (0.8) 0.566

Glucose fall 5.5 (3.2) 1.0 (1.1) 0.002

Neuroglycopenic symptoms

All timepoints 18.0 (6.8) 1.8 (4.6) <0.001

Glucose rise 5.1 (7.1) 1.1 (3.0) 0.193

Glucose fall 16.4 (6.3) 1.8 (4.6) <0.001

Symptoms of malaise

All timepoints 2.9 (2.9) 1.9 (2.4) 0.462

Glucose rise 2.3 (1.9) 1.4 (1.8) 0.404

Glucose fall 2.1 (3.3) 1.1 (2.2) 0.487

Data are presented as mean (SD)

Definitions: autonomic symptoms include sweating, shaking, hunger,
palpitations and tremor; neuroglycopenic symptoms include blurred vi-
sion, confusion, drowsiness, odd behaviour, speech difficulty, incoordi-
nation, dizziness and inability to concentrate; symptoms of malaise in-
clude nausea and headache. Glucose rise period comprises timepoints
from T= 0 min to peak glucose; glucose fall period comprises timepoints
from peak glucose to nadir glucose

p values obtained by paired two-tailed Student’s t test

**
Fig. 2 GLP-1 (a), GIP (b) and
glucagon (c) responses to an
OGTT in PBH participants during
placebo (solid line, black circle)
vs Ex-9 (dashed line, white circle)
infusion. **p < 0.01 for PBH
participants during Ex-9 vs
placebo infusion
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therapies are known to demonstrate glucose sensitivity in such a
dose-dependent manner. An effect of GLP-1 on the ‘potentia-
tion factor,’ which expresses the relative potentiation of the
secretory response to glucose, has been described [33],
supporting the hypothesis that extraphysiological levels of
GLP-1r activation may augment the secretory response to glu-
cose. It is possible that while the insulinotropic effect of GLP-1
depends on glucose, GLP-1 action may not be restricted solely
to acting on the GLP-1r. In this case, blocking the GLP-1r
would not mitigate the full effect. Our data, however, reveal a
non-linear dose dependency of ISR on glucose and onGLP-1 at
the highest GLP-1 concentrations, which was not demonstrated
during GLP-1r blockade, suggesting that the bulk of insulin
secretion was mediated through GLP-1r signalling. Thus, in
our opinion, excessive GLP-1 levels do not contribute in any
substantial way to insulin secretion via pathways that do not
involve GLP-1r signalling.

The role of GLP-1 in mediating glycaemic reductions after
bariatric surgery has been a point of controversy: one study
involving individuals with remission of diabetes after RYGB
and healthy NSCs found that GLP-1 played a limited role,
with both cohorts achieving a relatively small increase in
AUC glucose during Ex-9 vs NaCl infusion [46], whereas
one study by Salehi et al, involving symptomatic PBH pa-
tients vs asymptomatic post-RYGB controls, demonstrated
that GLP-1r blockade raised the glucose nadir by 67% in
symptomatic participants vs 14% in asymptomatic controls
[32]. In the present study, we found a 70% increase in glucose
nadir, supporting Salehi’s findings, suggesting that at least in
the PBH population, GLP-1 plays a major role. Salehi also
reported an increase in AUC(0-180) glucose of 200%, whereas
we found an increase of 21% for the same 180 min interval—
results that support but do not agree with the extent of
glycaemic increase reported. Of note, during the
hypoglycaemic phase (60–180 min), the AUC increased by
136%. The 0–180 min disparity may be explained by differ-
ences in: (1) the infusion rate of Ex-9 between studies (750 vs
500 pmol kg−1 min−1); (2) glycaemic stopping parameters (we
intervened at a plasma glucose of 2.78 mmol/l); or (3) how
AUC was calculated. Furthermore, the Salehi investigation
used mixed-meal tolerance tests, while the current investiga-
tion used OGTTs.

The limitations of the current study warrant consideration.
The use of OGTT to study islet hormone responses to nutrient
ingestion has been criticised on the basis of poor specificity. In
one study, a glucose nadir of <2.78 mmol/l following OGTT
occurred in at least 10% of the normal population [47]. Also of
mention is the relatively small PBH cohort in the current in-
vestigation. Nevertheless, by design this study was sufficient-
ly powered to achieve statistical significance relating to the
primary and secondary outcomes of interest, and between-
subject variability was minimised with the use of a crossover
design. One limitation is that while NSCs were included in the

current analysis, permitting us to demonstrate normalisation
of glucose and insulin variables with GLP-1r blockade, com-
parison with asymptomatic surgical participants was not in-
cluded. This comparison, however, has been used previously
in studies [29, 32] that reported increased incretin and insulin
responses in symptomatic vs asymptomatic post-RYGB
patients.

A strength of the current study is the use of a severity-
graded symptom questionnaire to assess for the presence, se-
verity and temporal occurrence of hypoglycaemic symptoms
with and without GLP-1r blockade. As more cases of this new
disease have come to light, so has the recognition that symp-
toms of hypoglycaemia both define this disorder and are clin-
ically meaningful. Prior studies have indicated that the pres-
ence of neuroglycopenic symptoms correlates most strongly
with extent of biochemical hypoglycaemia [48]. Our results
showed that in concert with normalising insulin and glucose
concentrations, Ex-9 globally reduced the presence and sever-
ity of all hypoglycaemic symptoms and almost completely
prevented the occurrence of neuroglycopenic symptoms
which, to our knowledge, we are the first to report. This re-
versal has major implications for health, safety and quality of
life. This study is also the first to reveal a non-linear dose–
response relationship between ISR and both glucose and
GLP-1 at higher concentrations in PBH participants, which
may explain the severity of hypoglycaemia in affected patients
as a function of increased GLP-1 secretion, and its reversal
with GLP-1r blockade.

In summary, our findings support a critical role for GLP-1
in mediating symptomatic PBH and provide evidence for the
effective use of pharmacological GLP-1r blockade. In the cur-
rent investigation, intravenous infusion of Ex-9 normalised
insulin secretion, thereby preventing hypoglycaemia and sub-
stantially reducing the autonomic and neuroglycopenic symp-
toms that characterise this disorder. For this generally young
patient population with frequent neuroglycopenic outcomes,
the long-term toll on health and quality of life is potentially
immense. In the absence of current pharmacological ap-
proaches, and given the demonstrated efficacy of GLP-1r
blockade to remedy PBH and neuroglycopenic symptoms,
competitive antagonism at the GLP-1r merits consideration
for development as an effective therapeutic strategy.
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