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Abstract

Background and aims: Bariatric surgery is the most effective treatment in individuals with obesity to achieve remission
of type 2 diabetes. Post-bariatric surgery hypoglycaemia occurs frequently, and management remains suboptimal, because
of a poor understanding of the underlying pathophysiology. The glucoregulatory hormone responses to nutrients in indi-
viduals with and without post-bariatric surgery hypoglycaemia have not been systematically examined. Materials and
methods: The study protocol was prospectively registered with PROSPERO. PubMed, EMBASE, Web of Science and the
Cochrane databases were searched for publications between January 1990 and November 2021 using MeSH terms related
to post-bariatric surgery hypoglycaemia. Studies were included if they evaluated individuals with post-bariatric surgery
hypoglycaemia and included measurements of plasma glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic
polypeptide (GIP), insulin, C-peptide and/or glucagon concentrations following an ingested nutrient load. Glycated hae-
moglobin (HbA,,) was also evaluated. A random-effects meta-analysis was performed, and Hedges’ g (standardised mean
difference) and 95% confidence intervals were reported for all outcomes where sufficient studies were available. The 7>
estimate and I° statistic were used as tests for heterogeneity and a funnel plot with the Egger regression-based test was
used to evaluate for publication bias. Results: From 377 identified publications, 12 were included in the analysis. In all
12 studies, the type of bariatric surgery was Roux-en-Y gastric bypass (RYGB). Comparing individuals with and without
post-bariatric surgery hypoglycaemia following an ingested nutrient load, the standardised mean difference in peak GLP-1
was 0.57 (95% CI, 0.32, 0.82), peak GIP 0.05 (-0.26, 0.36), peak insulin 0.84 (0.44, 1.23), peak C-peptide 0.69 (0.28,
1.1) and peak glucagon 0.05 (-0.26, 0.36). HbA . was less in individuals with hypoglycaemia —0.40 (-0.67, -0.12). There
was no evidence of substantial heterogeneity in any outcome except for peak insulin: ©2=0.2, I>=54.3. No publication
bias was evident. Conclusion: Following RYGB, postprandial peak plasma GLP-1, insulin and C-peptide concentrations
are greater in individuals with post-bariatric surgery hypoglycaemia, while HbA | is less. These observations support the
concept that antagonism of GLP-1 would prove beneficial in the management of individuals with hypoglycaemia follow-
ing RYGB.
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1 Introduction

1.1 Impact of bariatric surgery on obesity, type 2
diabetes and glucagon-like peptide-1 secretion

Bariatric surgery is the most effective treatment in the man-
agement of morbid obesity [1]. Roux-en-Y gastric bypass
(RYGB) and sleeve gastrectomy are frequently performed
procedures and, in general, have favorable short- and
longer-term outcomes, including the remission of type 2
diabetes [2]. The exaggerated post-prandial secretion of
glucagon-like peptide-1 (GLP-1) and consequent increase
in insulin secretion/sensitivity is thought to be central to this
effect [3]. The increase in GLP-1 is multifactorial and likely
to reflect more rapid gastric pouch emptying and increased
delivery of nutrients to the GLP-1-secreting L-cells in the
distal small intestine, changes in the bile acid profile to stim-
ulate GLP-1 release mediated via the G-protein-coupled bile
acid receptor and alterations in the gut microbiota leading to
stimulation of GLP-1 secretion via metabolites [4, 5]. An
improvement in glucose tolerance is evident within a few
days after surgery and precedes weight loss [3]. Although it
is well-recognised that nutrient-induced GLP-1 secretion is
greatly increased following some forms of bariatric surgery,
it is not clear if individuals who experience hypoglycaemia
post-bariatric surgery have a greater GLP-1 response than
individuals without hypoglycaemia.

2 Prevalence of post-bariatric surgery
hypoglycaemia

Post-bariatric surgery hypoglycaemia (PBH) is a complica-
tion of metabolic surgery and defined as having a low blood
glucose level (< 3.0 mmol/L) associated with autonomic or
neuroglycopenic symptoms, although there is no consensus
for the threshold glucose level [6]. It occurs in about a quar-
ter of patients following RYGB, characteristically 1-3 h fol-
lowing a meal [7, 8] and has also been described following
sleeve gastrectomy [7]. PBH causes substantial morbidity
[7, 9]. and, in extreme cases, is life-threatening [10]. The
role of GLP-1 in PBH remains unclear with inconsistent
observations [11, 12]. Clarification of this is important as
GLP-1 receptor antagonists are being evaluated as a poten-
tial therapy in early clinical studies [13], where paradoxi-
cally, GLP-1 receptor agonists have also been suggested to
have benefit in PBH [14]. There is currently no accepted
standard medical treatment for PBH. Accordingly, this
study has systematically reviewed the literature to evaluate
if nutrient-induced peak GLP-1 concentrations are greater
in individuals with PBH compared with individuals who
have had bariatric surgery but do not have PBH.
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2.1 Methods
2.1.1 Study design and registration

This systematic review and meta-analysis of cohort and
case-control studies was designed in accordance with the
latest methodological guidance [15, 16], and was reported
in compliance with the Meta-analysis Of Observational
Studies in Epidemiology (MOOSE) guidelines [17]. Pro-
tocol details were prospectively registered on PROS-
PERO (CRD42021287515); there were no major protocol
deviations.

2.2 Eligibility criteria

We included original research studies that reported a prog-
nostic association between bariatric surgery (Roux-en-Y
gastric bypass, sleeve gastrectomy or single anastomosis
gastric bypass) and hypoglycaemia. We excluded abstracts
and conference presentations, case reports, case series,
editorials, expert opinions, publications with incompletely
reported data, studies published in language other than Eng-
lish and non-human studies.

2.3 Search strategy

We searched PubMed, EMBASE, Web of Science and
Cochrane Database of Systematic Reviews from inception
to 27 Nov 2021. Our search strategy included a compre-
hensive set of relevant search terms (Supplemental 1) and
was designed with the support of a professional librarian,
experienced in systematic reviews [18].

2.4 Study selection

Two authors (R.J.J. and M.M.U.) independently screened
titles and abstracts for potentially relevant studies. The full
texts of shortlisted studies were extracted and were assessed
against eligibility criteria independently and in duplicate.
A third author (M.P.P.) adjudicated any disagreements. We
also reviewed the reference and citation lists of included
studies for additional potentially relevant studies.

2.5 Data extraction and management

Two authors (R.J.J. and M.M.U.) independently used stan-
dardised spreadsheets to extract data from included studies.
Where reported, the following were recorded: study design,
population baseline characteristics, operative details, diabe-
tes status at the time of the study, test meal contents and
definition of hypoglycaemia. The primary outcome was
post-bariatric surgery nutrient stimulated peak plasma
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levels of GLP-1 in individuals with and without hypogly-
caemia. Secondary outcomes included (i) post-bariatric sur-
gery nutrient stimulated plasma levels of glucose dependent
insulinotropic polypeptide (GIP), insulin and C-peptide in
patients with and without hypoglycaemia, (ii) HbAlc, (iii)
hypoglycaemic counter-regulatory hormones (cortisol, glu-
cagon, adrenaline, noradrenaline) and (iv) gastric emptying
data.

2.6 Risk of bias (quality) assessment

The same authors (R.J.J. and M.M.U.) independently
assessed the risk of bias using the Newcastle-Ottawa Scale
(NOS). Disagreements in assessment were discussed and
consensus obtained.

2.7 Statistical analysis and data synthesis

In studies where outcomes of interest were presented in
tables, but not reported in numerical form, the corresponding
authors were contacted via email to request this information.
No responses were received. The software PlotDigitizer.exe
(Huwaldt JA. Plot Digitizer. Version 2.6.9, Free Software
Foundation 2020) was used to extract peak concentrations of
relevant enteropancreatic hormones and standardized devia-
tions. We tabulated weighted mean differences (reported as
Hedges’ g) and 95% confidence interval from each study
and generated summary estimates using random effects
modelling [19]. We performed separate meta-analyses for

| Identification of studies via datab and reg ‘
o )
c Records identified from:
o EMBASE (n = 122) Records removed before
‘8' PubMed (n = 112) screening:
= Web of Science (n = 142) » Duplicate records removed
= Cochrane Database of (n=42)
i Systematic Reviews (n = 0)
Total (n = 376)
S
—
Reports excluded
Conference abstracts (n = 84)
Review articles (n = 58)
ﬁ]e;:c;rgi)screened > Animal studies (n = 21)
Non-English (n = 3)
Irrelevant (n = 64)
Total (n = 230)
o
£
i
3 Reports sought for retrieval Reports not retrieved
(n=104) (n=0)
Reports assessed for eligibility | Records excluded
(n=104) Not relevant (n = 92)

l

Studies included in review
(n=12)

[ Included ] [

Fig. 1 Identification of studies via databases and registers

each outcome where reporting was sufficient across stud-
ies; otherwise, we performed qualitative analyses. Random-
effects meta-analysis was used to account for potential
between-study heterogeneity, and REML (restricted maxi-
mum likelihood) was used for the random effect estimation.
Statistical heterogeneity is reported as the I? statistic and
72 estimate [20]. Where there were fewer than 10 included
studies reporting on an outcome, publication bias was
unable to be formally assessed [21]. All data analyses were
performed in consultation with a professional biostatistician
using STATA (StataCorp. 2021. Stata Statistical Software:
Release 17. College Station, TX: StataCorp LLC).

2.8 Search results

The search returned 376 results. No additional citations
were identified from secondary searching of reference
lists. After de-duplication, 334 studies underwent title and
abstract screening. 104 potentially relevant studies under-
went full-text review, from which 12 studies were included
in this review. (Fig. 1). The majority of these 104 studies
described an increase in GLP-1 following RYGB (which
has been well established) but did not determine whether
GLP-1 secretion is increased to a greater extent in individu-
als with PBH and were, therefore, excluded.

2.9 Description of included studies

Twelve studies involving 324 participants post-bariatric
surgery were included. Detailed characteristics of included
studies are presented in Table 1. (Table 1)

2.10 Methodological quality

The studies included were observational in design and of
small sample sizes associated with large confidence inter-
vals. The studies included were mostly at a low risk of bias
as assessed by the Newcastle-Ottawa scale. Results are
summarized in Table 2 below. (Table 2).

2.11 Outcomes
2.11.1 Peak postprandial GLP-1

In ten studies [22—31] (involving 264 individuals), there was
an increase in peak postprandial GLP-1 in those with PBH
compared to those without; Hedges’ g 0.57 (95% CI 0.32,
0.82) reported this outcome for both PBH (n=132) and
non-PBH (n=132) cohorts (Fig. 2). There was no evidence
of between-study heterogeneity (+2=0.01, 2= 3.36). Only
two studies [23, 27] reported the outcome for GLP-1 AUC
in both PBH and non-PBH cohorts, hence a meta-analysis
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Table 1 Detailed characteristics of included studies (n=12)

Study Design Sam- Surgery Age Sex Diabetes Definition of Test meal ~ Outcome
ple (years+=SEM) (M/F) (diabetes/remis- hypoglycaemia on incretin
size sion/no prior hormones

diabetes)

Goldfine Case-control 21 RYGB 48 +3 4/17 0/0/21 Prior docu- Ensure 240 Higher
mented severe ml (40 g fasting and
hypoglycaemia  carbohy- postpran-
(severe neurogly- drate, 6 g dial GLP-1
copenic symp- fat,9 g but lower
toms attributable protein) postprandial
to hypoglycae- GIP in hypo-
mia requir- glycaemia
ing bystander group.
assistance)

Guarino Cohort 35 RYGB 5242 9/24 9/26/0 Plasma 75 g glu- Comparable
glucose<3.3 cose drink  postpran-
mmol/L follow- dial GLP-1
ing a standard response.
meal with GIP not
autonomic/ measured.
neuroglycopenic
symptoms

Kellogg Cohort 14 RYGB 46+3 2/10 1/0/13 Plasma High Higher

(2 not glucose<3.9 carbohy- postprandial

reported) mmol/L follow- drate meal insulin fol-
ing a high car- (405 kcal,  lowing high
bohydrate meal ~ 79% carbohy-
with autonomic/  carbohy- drate meal
neuroglycopenic drate, 11%  but GLP-1
symptoms fat, 10% and GIP not

protein) measured.

Laurenius  Case-control 16 RYGB 47+2 5/11 0/1/15 Prior docu- Liquid Comparable
mented severe mixed meal postpran-
hypoglycaemia  (99.5 g dial GLP-1

carbohy- response.
drate, 0.1 g GIP not
fat, 5.7 g measured.
protein)

Lobato Cohort 23 RYGB 43+3 4/19 0/3/20 Plasma glu- Fresubin Higher peak
cose<3.05 200ml, postprandial
mmol/L follow- (300 kcal,  GLP-1 but
ing a standard 50% no differ-
liquid mixed carbohy- ence in GIP.
meal with drate, 35%
autonomic/ fat, 15%
neuroglycopenic protein)
symptoms

Poitou Cohort 20 RYGB 4443 4/16 N/A Plasma glu- Fresubin Comparable
cose <3 mmol/L 400 ml postpran-
following a (800 kcal,  dial GLP-1
standard liquid ~ 45% and GIP
mixed meal carbohy- responses.
with autonomic/  drate, 35%
neuroglycopenic  fat, 20%
symptoms protein)

@ Springer
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Table 1 (continued)

Study Design Sam- Surgery Age Sex Diabetes Definition of Test meal ~ Outcome
ple (years+SEM) (M/F) (diabetes/remis- hypoglycaemia on incretin
size sion/no prior hormones

diabetes)

Salehi Case-control 65 RYGB 48 +2 10/55 16/16/33 History of Ensure Comparable

2014a autonomic/ Plus, postpran-

neuroglycopenic 237 ml dial GLP-1
symptoms fol- (350 kcal, and GIP
lowing a meal 57% responses.

carbohy-

drate, 28%

fat, 15%

protein)

Salehi Case-control 16 RYGB 46+3 4/12 4/4/8 Plasma Ensure Trend

2014b glucose <2.8 Plus, towards

mmol/L follow- 237 ml a higher

ing a standard (350 keal,  postprandial

liquid mixed 57% GLP-1 in the

meal with carbohy- hypoglycae-

neuroglycopenic drate, 28%  mia group

symptoms fat, 15% but compa-
protein rable GIP

responses.

Salehi Case-control 14 RYGB 45+3 3/11 1/1/12 Plasma Ensure Higher

2019 glucose <2.8 Plus, postprandial

mmol/L follow- 237 ml GLP-1 in the

ing a standard (350 kecal,  hypoglycae-

liquid mixed 57% mia group

meal with carbohy- but compa-

neuroglycopenic drate, 28%  rable GIP

symptoms fat, 15% response.
protein

Soeby Case-control 26 RYGB 4342 5/21 0/3/23 Plasma Fresubin Comparable

glucose<3.5 200 ml, postpran-

mmol/L fol- (300 kecal,  dial GLP-1

lowinga 50 g 50% and GIP

glucose drink carbohy- responses.

with autonomic/ drate, 35%

neuroglycopenic  fat, 15%

symptoms protein)

Tharakan ~ Cohort 28 RYGB 46+2 9/19 N/A Prior history Ensure Plus Higher

of hypoglycae- postprandial

mia fulfilling GLP-1 in the

Whipple’s triad hypoglycae-
mia group
but compa-
rable GIP
response.

Vaurs Cohort 46 RYGB 43+3 N/A N/A Plasma 75 g glu- Comparable

glucose <2.8 cose drink  postpran-
mmol/L fol- dial GLP-1
lowinga 75 g response.
glucose drink GIP not
with autonomic/ measured.
neuroglycopenic

symptoms
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Table 2 Risk of bias assessment by Newcastle-Ottawa scale. Studies
with total score 8 or greater (n=11/12) are considered to be at low
risk of bias

Study Selection ~ Comparability Outcome  Total

(Maxi- (Maximum: (Maxi-

mum: * k) mum:

2 8.8.8.9) * %k %)
Goldfine * Kk * * * Kk 8/9
Guarino *hkhkk  hk * Kk k 9/9
Kellogg * Kk * % * Kk k 8/9
Laurenius * % %k Kk * % * %k 9/9
Lobato * %k * % 1 8.8 ¢ 8/9
Poitou 2. 8. 8.8 ¢ * * %k K 8/9
Salehi 2014a *hkkk kK * % * 9/9
Salehi 2014b * &k * % * Kk k 8/9
Salehi 2019 2. 8.8.6 ¢ * ok * Kk 9/9
Soeby * %k * K 1 8.8 ¢ 8/9
Tharakan * * * Kk * %k 7/9
Vaurs *hkkk  hk * %k 9/9

for this outcome was not performed. The p value for Egger’s
test was 0.306. There was no evidence of bias in the funnel
plot. (Fig. 3)

2.12 Peak postprandial GIP

In 7 studies, involving 193 individuals, there was no differ-
ence between postprandial GIP in those with (n=106) and
without (n=87) PBH [22, 25, 27-31]. (Fig. 4) Hedges’ g

No PBH
N Mean SD

PBH

Study N Mean SD

was 0.05 (95% CI -0.26, 0.36) and there was no evidence
of between-study heterogeneity (2=0.03, 2= 16.82). No
study reported GIP AUC. As there were fewer than ten stud-
ies, we were unable to formally assess for publication bias.

2.13 Peak postprandial insulin

In 10 studies (involving 269 individuals), there was an
increase in peak postprandial insulin in those with PBH
(n=151) compared to those without (n=118) [22, 24, 25,
27-33]. Hedges’ g was 0.84 (95% CI 0.44, 1.23), however,
there was some indication of between-study heterogeneity
(72=0.20, 2= 54.25, p=0.03). One study [24] reported the
means, but not standard deviations, of the insulin AUC. This
study was not included in the meta-analysis. (Fig. 5) The p
value for Egger’s test was 0.632. There was no evidence of
bias in the funnel plot. (Fig. 6)

2.14 Peak post-prandial C-peptide

In 6 studies (involving 191 individuals), there was an
increase in peak postprandial C-peptide in those with PBH
(n=100) compared to those without (n=91) [22, 25-28,
33]. Hedges’ g was 0.69 (95% CI 0.28, 1.10) and there was
no evidence of between-study heterogeneity (+2=0.11, 2
= 44.47) (Fig. 7). No study reported the C-peptide AUC.
As there were fewer than ten studies, we were unable to
formally assess for publication bias.

Goldfine 2007 12 221 145 9 167 78

Guarino 2019 n 779 72 24 736 69
Laurenius2014 8 989 39 8 668 32
Lobato 2020 11 171 564 12 160 72.7

Poitou 2018 7 13 1M1 13 87 86
Salehi 2014a 36 150 78 29 114 75
Salehi 2014b 9 227 3 7 136 106
Salehi 2019 7 57 193 7 41 28
Soeby 2020 13 172 155 13 170 108
Tharakan 2017 18 246 65 10 1373 74

Overall 132 132
Heterogeneity: 1° = 0.01, ¥ = 3.36%

-1

Hedges' g Weight

with 95% Cl (%)

——— - 0.43([-0.41, 1.27] 8.66
- - 0.60[-0.11, 1.31] 11.93

- 0.85(-0.12, 1.82] 6.51
—— 0.16[-0.63, 0.95] 9.75
—— 0.48[-0.41, 1.38] 7.69
—— 0.46 [ -0.03, 0.95] 24.07
i 1.14[ 0.13, 2.16] 5.99

o 0.62(-0.38, 1.63] 6.07
o= 0.01(-0.73, 0.76] 10.93
———@——155[ 069, 2.40] 8.40

<5 0.57[ 0.32, 0.82)

Fig. 2 Peak postprandial GLP-1 concentration in those with PBH (n=132) compared to those without (n=132)
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Fig. 3 Funnel plot for peak GLP-1 publication bias

Estimated 6,

" PBH No PBH Hedges' g Weight
Study N Mean SD N Mean SD with 95% CI (%)
Goldfine2007 12 105 42 9 159 589 — W —— -1.04 [ -1.93, -0.15] 10.88
Lobato 2020 11 855 298 12 80 416 —M— 0.15[-0.64, 0.94] 13.29
Salehi 2014a 36 9% 36 29 87 27 —— 0.28[-0.21, 0.76] 27.93
Salehi 2014b 9 945 315 7 888 243 = 0.19[-0.75, 1.12] 991
Salehi 2019 7 89 333 7 84 25 - 0.16[-0.82, 1.14] 9.09
Soeby 2020 13 100 433 13 85 36.1 ~——— 0.36[-0.39, 1.12] 1445
Tharakan2017 18 106 46.7 10 113 538 —— -0.14[-0.89, 0.61] 14.44
Overall 106 87 - 0.05[-0.26, 0.36]
Heterogeneity: 12 = 0.03, I = 16.82%

2 1 0 1

Random-effects REML model

Fig.4 Peak postprandial GIP concentration in those with PBH (n=106) compared to those without (n=_87)
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PBH No PBH Hedges' g Weight
Study N Mean SD N Mean SD with 95% CI (%)
Goldfine 2007 12 2021 1202 9 1485 5355 —— 0.53(-0.32, 1.37) 10.26
Kellogg 2008 12 1437 870 2 764 160 s e 0.76 [ -0.67, 2.18) 543
Laurenius 2014 8 1562 520 8 2111 1180 - -0.57(-1.52, 0.38] 9.14
Lobato 2020 11 2104 3184 12 1097 6928 —— 1.77[ 0.83, 2.71) 9.21
Salehi 2014a 36 2010 1116 29 1262 705 - 0.77[ 0.27, 1.27]) 14.86
Salehi 2014b 9 1891 960 7 661 370 — 1.52[ 0.45, 259] 7.94
Salehi 2019 7 2100 794 7 1400 529 —— 0.97[-0.07, 202] 8.19
Soeby 2020 13 1073 288 13 734 288 o 1.14[ 0.33, 1.95] 10.71
Tharakan2017 18 1616 738 10 710 500 —- 1.32[ 0.50, 2.15) 10.47
Vaurs 2015 25 1438 695 21 1132 875 - 0.38[-0.19, 0.96) 13.79
Overall 151 118 < 0.84[ 0.44, 1.23)
Heterogeneity: v° = 0.20, I = 54.25%

0 2 4

Random-effects REML model

Fig.5 Peak postprandial insulin concentration in those with PBH (n=132) compared to those without (n=132)

2.15 Peak glucagon

In 10 studies, involving 264 individuals, there was no differ-
ence between postprandial glucagon in those with (n=132)
and without (n=132) PBH [22-31]. Hedges’ g was 0.05
(95% CI -0.26, 0.36) and there was no evidence of sub-
stantial between-study heterogeneity (72=0.09, j2= 35.53)
(Fig. 8). No study reported the glucagon AUC. The p value
for Egger’s test was 0.015. There was no evidence of bias in
the funnel plot. (Fig. 9)

2.16 HbA1c

In 7 studies, involving 208 individuals, HbAlc was lower
in individuals with PBH (n=104) compared with those
without PBH (n=104) [22, 23, 25-28, 31]. Hedges’ g was
—0.40 (95% CI -0.67, -0.12) and there was no evidence of
between-study heterogeneity (+2=0.00, 2= 0.00). (Fig. 10)
As there were fewer than ten studies, we were unable to
formally assess for publication bias.

2.17 Other parameters
The studies were screened for other outcomes, including

gastric emptying data (not reported in any study), catechol-
amines (not reported in any study), cortisol (not reported in

@ Springer

any study) insulin secretion (reported in 1 study), disposi-
tion index (reported in 1 study) and HOMA-IR (not reported
in any study), for which meta-analyses were, accordingly,
unable to be performed.

3 Discussion

This is the first systematic review to evaluate associations
between nutrient-stimulated enterohormones in individu-
als with postprandial hypoglycaemia following RYGB.
Individuals who had post-bariatric surgery hypoglycaemia
had greater postprandial GLP-1 and insulin concentrations,
but GIP responses were not different, when compared with
individuals who had the same type of bariatric surgery but
who did not develop hypoglycaemia. Furthermore, in indi-
viduals with post-bariatric surgery hypoglycaemia, mean
HbAlc was less. There was no substantial between-study
heterogeneity in the outcomes analysed apart from peak
insulin, where there was a strong association with PBH.
The observed heterogeneity is likely due to reflect differ-
ent frequencies of diabetes and remission as summarized in
Table 1. Based on the funnel plots and Egger’s test, there
was no evidence of publication bias, apart from the analysis
of peak glucagon where the funnel plot was skewed to the
right by the largest study [27]. Overall, the pooled results
from all studies indicated that there was no association
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Peak Insulin
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Fig. 6 Funnel plot for peak insulin publication bias

PBH No PBH Hedges' g Weight
Study N Mean SD N Mean SD with 95% CI (%)
Goldfine 2007 12 64 15 9 42 33 .
Lobato 2020 11 468 99 12 3.09 1.04 —@—  151[ 0.61, 241] 1359
Poitou 2018 7 78 48 13 67 48 e 0.22[-0.66, 1.10] 13.95
Salehi2014a 36 39 18 29 34 16 —- 0.29-0.20, 0.77] 25.27
._'__
__._
o

0.87[-0.00, 1.74] 14.20

Salehi2014b 9 47 18 7 22 15 1.41[ 0.35, 2.46) 10.96
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Overall 100 91 0.69[ 0.28, 1.10]
Heterogeneity: 1° = 0.11, I = 44.47%

Random-effects REML model

Fig. 7 Peak postprandial C-peptide concentration in those with PBH (n=100) compared to those without (n=91)

@ Springer



1084

Reviews in Endocrine and Metabolic Disorders (2023) 24:1075-1088
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Study N Mean SD N Mean SD with 95% CI (%)
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Guarino2019 11 241 96 24 21 98 —f— 0.31[-0.39, 1.01] 11.62
Laurenius 2014 8 224 29 8 258 5.7 = -0.71[-1.67, 0.25] 7.65
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Poitou 2018 7 84 317 13 793 36 —— 0.13([-0.75, 1.01] 864
Salehi2014a 36 419 174 29 304 156 —l— 0.68[ 0.19, 1.18] 16.54
Salehi 2014b 9 167 138 7 16 5 e 0.06[-0.87, 0.99] 7.94
Salehi 2019 7 168 37 7 204 53 - -0.74(-1.76, 0.28] 6.99
Soeby 2020 13 106 397 13 11.2 433 —— -0.14[-0.89, 0.61] 10.78
Tharakan 2017 18 31.1 255 10 216 104 ——l— 0.43(-0.33, 1.19] 10.54
Overall 132 132 = 0.05( -0.26, 0.36)
Heterogeneity: v° = 0.09, IF = 35.53%
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Random-effects REML model

Fig. 8 Peak postprandial glucagon concentration in those with PBH (n=132) compared to those without (n=132)

between peak glucagon and PBH. The majority of the stud-
ies (11/12) were well designed with a low risk of bias, as
evaluated with the Newcastle-Ottawa Scale. Pre-specified
sensitivity analyses of low risk of bias studies (included in
Supplementary material) did not alter the results.

This meta-analysis of all studies has made it evident that
a greater peak GLP-1 response is associated with PBH fol-
lowing RYGB while peak GIP is not. The latter is not sur-
prising given that GIP-secreting K-cells are predominantly
found in the duodenum/proximal small intestine which is
bypassed following RYGB. There was only one study which
found that a greater postprandial peak in GIP was associ-
ated with a lower risk of hypoglycaemia [22]. It should
be appreciated that this study was published much earlier
(2007) than the other studies, and the difference in GIP may
be related to variations in surgical technique such as the
length of proximal intestine bypassed, however, this infor-
mation was not provided. Both peak insulin and C-peptide
were predictably strongly associated with PBH, consistent
with the concept that PBH is driven by exaggerated endog-
enous insulin secretion. In contrast, there was no evidence
of an association between peak glucagon and PBH. We had
hypothesized that, reflecting the capacity of GLP-1 to sup-
press glucagon, that a lower peak glucagon may be asso-
ciated with PBH. It is possible that PBH is mainly driven
by the exaggerated GLP-1 and insulin response rather than

@ Springer

suppression of glucagon. As glucagon is released as a coun-
ter-regulatory response to hypoglycaemia [34], this may
over-ride the suppressive effect of GLP-1 which occurs in
a glucose-dependent manner. A lower HbAlc was associ-
ated with an increased risk of PBH. This may be explained
by either the effect of hypoglycaemia to lower mean blood
glucose or a protective effect against hypoglycaemia due to
greater insulin resistance associated with higher HbAlc.
The underlying cause of PBH remains unclear, however,
there are several putative mechanisms including increased
beta cell mass [35], increased insulin-independent glucose
uptake [36], increased secretion of GLP-1 [37], altered
bile acid metabolism [38], altered gut microbiota [39] and
increased fibroblast growth factor-19 [40]. Although GLP-
IRA therapy in T2D without concomitant administration
of insulin is not associated with hypoglycaemia, there are
multiple physiologic changes that occur following RYGB
that could explain why hypoglycaemia may occur in this
group. RYGB is associated with gastric pouch emptying
rates of up to 100 kcal/min [5] compared with gastric emp-
tying rates of 1-4 kcal/min in health, which may lead to
a transient marked postprandial glycaemic excursion [41].
The rapid and increased delivery of nutrients to the small
intestine is thought to underlie the supraphysiologic levels
of GLP-1 [5, 42]. GLP-1 has glucose-dependent effects to
augment insulin and inhibit glucagon secretion [43], with
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Fig. 10 HbAlc in those with PBH (n=104) compared to those without (n=104)
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a consequent marked glucose-lowering effect. RYGB also
alters bile acid composition and the activation of intestinal
farnesoid X receptor (FXR) by bile acids increases fibro-
blast growth factor-19 (FGF-19), an intestinally derived
hormone, which reduces hepatic glucose production and
increases peripheral glucose disposal independent of insulin
[40, 44]. Interestingly, increased FGF-19 levels have been
associated with PBH; moreover, the progressive increase
in FGF-19 levels over time corresponds to the time course
of PBH [40]. Changes to the gut microbiota occur also
within 3 months post-RYGB, are sustained in the longer-
term [45], and have been associated with lower postprandial
glucose levels in rodent models [46]. While these changes
are thought to be pivotal to remission of type 2 diabetes, it
is likely that, in combination, they also contribute to PBH
and in such individuals, we have now shown that GLP-1
responses are greater.

3.1 Limitations

Although all forms of bariatric surgery were included in the
search criteria, only studies involving RYGB were identi-
fied. Thus, it is not known if there are similar associations
between glucoregulatory hormones and PBH with other
bariatric surgery procedures such as sleeve gastrectomy or
the one anastomosis gastric bypass. Only English language
articles were included, however, only 3 identified articles
were non-English language. Only peak hormone levels were
consistently reported among studies. Data were collected
for area under the curve (AUC) hormone levels over time
but due to varying time-frames and most studies not report-
ing this, a meta-analysis could not be performed. There is
no standardized meal for the evaluation of PBH and accord-
ingly, there was significant variation in the meals between
studies. Similarly, there was varied definitions for hypogly-
caemia between studies and we were unable to assess the
relationship between severity of postprandial hypoglycae-
mia and GLP-1. Furthermore, we were unable to evaluate
the temporal relationship between GLP-1 and hypogly-
caemia/hyperinsulinaemia. The final number of studies
included for GIP, C-peptide and HbAlc were too small to
analyse for publication bias.

3.1.1 Implications and areas for further evaluation

The outcomes of this analysis support an association
between the stimulation of GLP-1 with PBH. Early clini-
cal trials have suggested that GLP-1 antagonism [37, 47]
may represent a novel therapy for PBH. In a proof-of-
principle double-blinded, placebo-controlled, crossover
study, the intravenous infusion of exendin (9-39), a GLP-1
receptor antagonist, prevented hypoglycaemia in 8 out of 8
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participants with PBH [37]. Our findings support the devel-
opment of larger-scale clinical trials to evaluate the poten-
tial role of GLP-1 antagonism in PBH management. Recent
trials have also suggested a role for GLP-1 receptor ago-
nist (RA) treatment as an adjunct to increase rates of type 2
diabetes remission [48]. The effect of GLP-1RAs on PBH
has not been established, however, two small, uncontrolled
studies reported improvement of PBH following GLP-RA
treatment [14, 49] but sample sizes were small (n=35 and
n=13 respectively). Possible explanations to account for
this paradox include slowing of intestinal transit, resulting
in decreased stimulation of L-cells [50] and marked sup-
pression of endogenous GLP-1 secretion [51].

Gastric emptying has been recognized as a major deter-
minant of postprandial glycaemic excursions in individuals
with and without type 2 diabetes [52] but was not evalu-
ated in any of the included studies. There is no information
about the role of gastric emptying/small intestinal transit in
the pathogenesis of PBH and this would be of considerable
interest. Additionally, there is evidence that an acceleration
of gastric emptying is important in the counter-regulation
of hypoglycaemia [53]. Catecholamines are an important
counter-regulatory mechanism in hypoglycaemia and this
response may be blunted following RYGB [54]. It is not
known if individuals with PBH have a greater reduction in
the catecholamine response to hypoglycaemia.

Finally, our findings suggest additional attention to PBH
be given to individuals who have a lower HbAlc as they
may be at greater risk.

4 Conclusion

Following RYGB, nutrient-induced peak concentrations of
GLP-1, insulin and C-peptide are greater, while HbAlc is
less in individuals with post-bariatric surgery hypoglycae-
mia. These observations suggest that antagonism of GLP-1
represents a rational intervention to prevent hypoglycaemia
in patients who suffer from post-bariatric surgery hypogly-
caemia after RYGB. Further evaluation of the role of gastric
emptying and catecholamine response in this condition is
warranted.

Abbreviations

GIP Glucose dependent insulinotropic polypeptide

GLP-1 Glucagon-like peptide-1
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