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AbstrAct
Introduction Hyperglucagonemia is a key 
pathophysiological driver of type 2 diabetes. Although 
Roux- en- Y gastric bypass (RYGB) is a highly effective 
treatment for diabetes, it is presently unclear how surgery 
alters glucagon physiology. The aim of this study was 
to characterize the behavior of proglucagon- derived 
peptide (glucagon, glucagon- like peptide-1 (GLP-1), 
oxyntomodulin, glicentin) secretion after RYGB surgery.
Research design and methods Prospective study of 19 
patients with obesity and pre- diabetes/diabetes undergoing 
RYGB. We assessed the glucose, insulin, GLP-1, glucose- 
dependent insulinotropic peptide (GIP), oxyntomodulin, 
glicentin and glucagon responses to a mixed- meal test 
(MMT) before and 1, 3 and 12 months after surgery. 
Glucagon was measured using a Mercodia glucagon ELISA 
using the ‘Alternative’ improved specificity protocol, which 
was validated against a reference liquid chromatography 
combined with mass spectrometry method.
Results After RYGB, there were early improvements in 
fasting glucose and glucose tolerance and the insulin 
response to MMT was accelerated and amplified, in 
parallel to significant increases in postprandial GLP-1, 
oxyntomodulin and glicentin secretion. There was a 
significant decrease in fasting glucagon levels at the later 
time points of 3 and 12 months after surgery. Glucagon 
was secreted in response to the MMT preoperatively and 
postoperatively in all patients and there was no significant 
change in this postprandial secretion. There was no 
significant change in GIP secretion.
Conclusions There is a clear difference in the dynamics of 
secretion of proglucagon peptides after RYGB. The reduction 
in fasting glucagon secretion may be one of the mechanisms 
driving later improvements in glycemia after RYGB.
Trial registration number NCT01945840.

InTRoduCTIon 

Bariatric surgery is currently considered to 
be the most effective treatment for obesity 
and type 2 diabetes.1 The beneficial effects 
of weight loss as well as the improvement in 
other metabolic parameters are at least partly 
mediated through postoperative changes of 
gut hormone secretion.2–4 Roux- en- Y gastric 

bypass (RYGB) is characterized by enhanced 
postprandial glucagon- like peptide-1 (GLP-
1), oxyntomodulin and peptide YY (PYY) 
secretion, leading to enhanced insulin 

significance of this study

What is already known about this subject?
 ► Roux- en- Y gastric bypass (RYGB) is a highly effec-
tive treatment for diabetes and obesity.

 ► Diabetes is characterized by hyperglucagonemia 
and hyperglycemia.

 ► The effects of RYGB on glucagon secretion are not 
precisely known with contradictory effects seen in 
previous studies.

 ► The contradictory findings of these previous studies may 
be due to cross- reaction of the employed glucagon im-
munoassays with related proglucagon- derived peptides.

What are the new findings?
 ► We validated a sensitive and specific immunoassay 
for measurement of postprandial glucagon levels in 
patients who have had RYGB, against a reference 
mass- spectrometry assay.

 ► We found that fasting glucagon was reduced at 3 
and 12 months after RYGB surgery.

 ► The postprandial secretion of glucagon in response to 
the mixed- meal stimulus was not significantly altered.

 ► This contrasted with the other proglucagon- derived 
peptides (glucagon- like peptide-1, oxyntomodulin) 
which exhibited no significant change in fasting lev-
els but marked enhancements of postprandial se-
cretion at earlier time points after surgery.

How might these results change the focus of 
research or clinical practice?

 ► The reduction of glucagon secretion (glucagonos-
tasis) appears to be related to the continuing im-
provement in glycemia at later time points after  
RYGB.

 ► The Mercodia immunoassay, using an Alternative 
high- stringency protocol to minimize detection of other 
proglucagon- derived peptides, is suitable for the study 
of glucagon levels in patients who have had RYGB.
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http://orcid.org/0000-0003-4230-5753
http://orcid.org/0000-0002-4223-9736
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Table 1 Clinical characteristics of the prospectively 
studied RYGB surgery patients (n=19)

Age (years) 49.7 (13.0)

Gender (F:M) 16:3

Preoperative HbA1c (mmol/mol) 56.8 (14.3)

Postoperative HbA1c 12 months (mmol/mol) 37.4 (5.7)

Height (m) 1.64 (0.08)

Preoperative weight (kg) 115.3 (25.3)

Weight 1 month (kg) 105.5 (24.2)

Weight loss 1 month (%) 8.7% (2.6%)

Weight 3 months (kg) 96.7 (21.1)

Weight loss 3 months (%) 17.2% (3.5%)

Weight 12 months (kg) 80.6 (16.3)

Weight loss 12 months (%) 29.5% (7.3%)

Mean (SD) shown.
RYGB, Roux- en- Y gastric bypass.

secretion, early resolution of diabetes, long- term appetite 
suppression, reduced caloric intake and weight loss.5–8 
Although infusion of GLP-1, oxyntomodulin and PYY 
to replicate the levels seen after RYGB reduces weight 
and normalizes blood glucose in subjects with obesity 
and diabetes, this strategy does not fully replicate all the 
effects of surgery.9 Hence, additional mechanisms may 
also act to mediate the metabolic benefits of RYGB. One 
key hormone that is suspected to be affected by RYGB is 
glucagon. Hyperglucagonemia is etiologically linked to 
the hyperglycemia of diabetes.10 11 In contrast to the well- 
characterized changes in GLP-1, oxyntomodulin and PYY 
secretion after RYGB,8 there are conflicting data in the 
literature on the changes in glucagon physiology after 
bariatric surgery, with various reports of decreases in 
fasting glucagon5 12 versus no significant change13–17; and 
increases in the postprandial glucagon response12–15 17 
versus no significant change18 or even a reduction.5 One 
major factor that may be responsible for this inconsis-
tency is differences in the performance of the immuno-
assays used for the measurement of glucagon, especially 
the technical issue of cross- reactivity between proglu-
cagon peptide species.19 20 Glucagon, oxyntomodulin and 
glicentin are derived from post- translational processing 
of the glucagon precursor, proglucagon: glucagon corre-
sponds to residues 33–61 whereas glicentin maps to 
residues 1–69 and oxyntomodulin to 33–69.21 Differen-
tiating these proglucagon peptide species is therefore 
challenging since they share the same antigenic mid- 
region but also circulate in low levels (0–50 pmol/L) 
demanding high analytical sensitivity.21–23 Of the various 
glucagon assays available the Mercodia sandwich ELISA, 
which detects the N- terminus and C- terminus of the 
peptide, has proven to be a specific and highly sensitive 
assay19 but a recent report suggested that other proglu-
cagon peptide species can still interfere with the deter-
mination of levels using the Standard protocol.24 This 
issue is especially challenging in circumstances such as in 
bypass surgeries where early exposure of neuroendocrine 
L- cells to ingested nutrients can trigger the exaggerated 
secretion of other proglucagon- derived peptides such as 
glicentin and oxyntomodulin. Given the aforementioned 
limitations of the immunoassays, new analytical methods 
such as the combination of liquid chromatography 
combined with mass spectrometry (LC/MS- MS) can be 
used as reference assays.25 However, the ELISAs are more 
analytically sensitive and allow for streamlined processing 
of the multiple samples derived from dynamic testing in 
larger cohorts. For the foreseeable future, immunoassays 
will remain the mainstream assay of choice for physiolog-
ical studies of glucagon. We therefore sought to validate 
the performance of the Mercodia ELISA assay against 
our reference LC/MS- MS assay under the circumstance 
of patients undergoing RYGB, to definitively study the 
evolution of the fasting and postprandial response of 
glucagon and other proglucagon peptides to a mixed- 
meal test (MMT) in a prospectively studied cohort of 
patients undergoing RYGB.

MaTeRIals and MeTHods
Participants
The samples for the comparative assay study were derived 
from dynamic testing (with a standardized 75 g oral 
glucose tolerance test (OGTT) or MMT) of patients after 
RYGB surgery (ref 7 and ISRCTN15283219). Patients 
in the prospective study ( ClinicalTrials. gov) carried a 
diagnosis of impaired fasting glucose, impaired glucose 
tolerance or type 2 diabetes according to WHO criteria, 
and a stable HbA1c of <79 mmol/mol. All patients met 
the UK National Institute for Clinical Excellence criteria 
for bariatric surgery. The clinical characteristics of the 
patients in the prospective study are shown in table 1.

The study took place at the Imperial National Insti-
tute for Health Research Clinical Research Facility at 
Hammersmith Hospital. RYGB surgery was performed 
laparoscopically in a single center (Imperial Weight 
Centre) according to a standardized technique (division 
of the small bowel 50 cm from the ligament of Treitz 
to construct the biliopancreatic limb, construction of 
a 100 cm alimentary limb with a side- to- side entero- 
enterostomy to the biliopancreatic limb, construction of 
a 30–40 mL isolated proximal gastric pouch, endostapler 
anastomosis of the gastric pouch to the alimentary limb) 
by designated surgeons (ARA and SP).

The participants in the prospective study were assessed 
with MMTs before the RYGB surgery and at 1, 3 and 
12 months postoperatively. At each visit, the volunteers 
attended at 08:00 after an overnight fast of at least 
10 hours, without having taken any antidiabetic medi-
cation (if using). The participants were given Ensure 
Compact (14 g protein, 12.9 g of fat, 39.6 g of carbohy-
drates, 330 kcal, 137.5 mL; Abbott) and were directed 
to drink this over 10 min. Blood samples were collected 
via an indwelling cannula placed in the antecubital 
fossa for glucose, insulin, GLP-1, glucose- dependent 
insulinotropic peptide (GIP), oxyntomodulin, glicentin 
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and glucagon levels at baseline and 15, 30, 60, 120 and 
180 min after ingestion.

assays
Plasma samples for glucose were collected in sodium fluo-
ride tubes and serum samples for insulin were collected 
in clot activator tubes (Becton- Dickinson). These were 
analyzed by NW London Pathology using an Abbott 
Architect platform analyzer (Maidenhead, UK; coeffi-
cient of variation (CV) <5% and <10%, respectively). 
Blood samples for gut hormone analysis were collected 
in lithium heparin collection tubes containing 0.1 mL 
of aprotinin (1000 KIU/4 mL of blood; Nordic Pharma 
UK) and a dipeptidyl peptidase 4 inhibitor Diprotin A 
(20 µg/mL blood; Enzo Life Sciences, UK) and chilled 
on ice immediately after collection. After centrifuga-
tion at 4°C, plasma was separated and stored at −80°C 
until analysis. For the comparative assay study, plasma 
glucagon was measured using the Mercodia ELISA, using 
both the Standard manufacturer’s protocol, and the 
Alternative protocol (which includes an additional incu-
bation and wash step) as described in Roberts et al.24 This 
latter protocol was optimized to reduce cross- reactivity 
with other glucagon- related molecules. The lowest level 
of quantification (LLOQ) was 1.5 pmol/L and with 
intra- assay and interassay CV of <10%. Glucagon was 
also measured by LC/MS- MS using a custom- developed 
in- house assay. This was based on a published glucagon 
and GLP-1 method.25 The calibration matrix was also 
altered from buffer to depleted plasma to more closely 
match the study samples. The resulting assay gave a 
glucagon LLOQ of 4.3 pmol/L (15 pg/mL), with relative 
error less than ±25% and CV less than 25% over six repli-
cates. For the prospective study, active GLP-1 and GIP 
were measured by a customized Milliplex magnetic bead- 
based multianalyte human metabolic panel (Millipore 
HMHEMAG- 34K). The intra- assay and interassay CV was 
<10%, and the LLOQ was 0.8 pmol/L for active GLP-1 and 
0.3 pmol/L for GIP. Plasma oxyntomodulin was measured 
using a specific and sensitive mass- spectrometry validated 
immunoassay26: the intra- assay and interassay CV for this 
assay was <10% and the LLOQ was 5 pmol/L. Plasma 
glicentin was measured using the ELISA from Mercodia 
with intra- assay and interassay CV of <10%; the LLOQ 
was 3.1 pmol/L. This assay displays no cross- reactivity to 
glucagon, oxyntomodulin, GLP-1 and GLP-2. As noted 
in the results, the Alternative protocol for glucagon was 
selected for this study.

statistical analysis
All analyses were carried out using GraphPad Prism 
V.8.2.1 (GraphPad Software). For the comparison of 
assay performance, linear regression and Bland- Altman 
plots were used to compare the two Mercodia proto-
cols versus the reference LC/MS- MS assay. For analysis 
of the dynamic glucagon levels measured using the two 
Mercodia protocols and LC/MS- MS during the 75 g 
OGTT in patients after RYGB, a mixed- model repeated 

measures analysis was performed, using Tukey’s test to 
compare the glucagon levels at selected times after the 
dynamic stimulus was given. For the analysis of the gut 
hormone data from the MMT in the prospectively studied 
RYGB cohort, a mixed- model repeated measures anal-
ysis was performed, using Dunnett’s multiple compari-
sons test to compare the presurgery (Pre) data with the 
postsurgery data at 1, 3 and 12 months. The interactive, 
24- variable homeostatic model of assessment in default 
mode (HOMA2) was used to calculate %B (beta cell 
function) and %S (insulin sensitivity) using the fasting 
glucose and insulin values.27

ResulTs
Comparative performance of the Mercodia standard and 
alternative protocols versus lC/Ms-Ms
To understand the comparative performance of the 
assays for glucagon we analyzed 110 samples, derived 
from dynamic testing in patients after RYGB, in parallel 
using the Mercodia ELISA Standard and Alterna-
tive protocols, and the reference LC/MS- MS assay. 
Figure 1 shows the comparative performance of the 
ELISA protocols against LC/MS- MS. Linear regression 
(figure 1A,B) showed that both Standard and Alterna-
tive protocols exhibited overall negative proportional 
systematic biases (−19.3% and −57%, respectively). The 
Standard protocol exhibited a large positive constant 
bias (+10.1 pmol/L) whereas the constant bias was much 
smaller at +1.1 pmol/L for the Alternative protocol. The 
r2 statistic, as a measure of ‘goodness of fit’, was 0.1550 vs 
0.8121, respectively; this difference was reflected in the 
residual plots which demonstrated far smaller magnitude 
residuals with Alternative versus Standard (figure 1C,D). 
Bland- Altman plots (figure 1E,F) showed Standard 
had a mean bias of +8.1 pmol/L versus a mean bias of 
−4.6 pmol/L with Alternative. The 95% CI of agreement 
was much smaller with Alternative (−15.9 to +6.6 pmol/L) 
versus Standard (−27.2 to +43.5 pmol/L), consistent with 
the r2 statistic. The Alternative protocol did show a nega-
tive proportional systematic bias on the Bland- Altman 
plot (figure 1F). This suggests that this protocol’s inclu-
sion of the additional wash and incubation step leads to 
high analytical specificity in comparison to Standard, but 
there is a reduced recovery of glucagon in comparison 
with LC/MS- MS at higher values.

To investigate the reason for the positive bias in the 
Standard protocol, we examined the comparative data 
looking at a subset of non- diabetic participants who had 
undergone an OGTT after RYGB. The results in figure 2 
show that all three assays report similar fasting levels at 
baseline. Using the OGTT stimulus, there is an expecta-
tion that glucagon will be suppressed and indeed this is 
what is seen with the Alternative protocol and the LC/
MS- MS assay. However, the Standard protocol exhibits 
an artifactual post- OGTT rise persisting to 150 min after 
the glucose stimulus (mean difference (95% CI) vs LC/
MS- MS at 30 min: 24.5 pmol/L (5.9 to 43.1), adjusted 
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Figure 1 Comparative performance of Mercodia ELISA for glucagon using Standard and Alternative protocols versus LC/MS- 
MS as reference. Linear regression of Standard (A) and Alternative (B) versus LC/MS- MS: solid line shows linear regression line, 
dotted line of identity. Residuals plot for Standard (C) and Alternative (D) for linear regression. Bland- Altman plot for Standard 
(E) and Alternative (F): dotted line shows mean bias, gray shading 95% CI for agreement. LC/MS- MS, liquid chromatography 
combined with mass spectrometry.
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Figure 2 Variation in glucagon levels in Roux- en- Y gastric 
bypass (RYGB) patients during an oral glucose tolerance test 
(OGTT) as assessed by Mercodia Standard protocol (black), 
Alternative protocol (red) and LC/MS- MS (blue). Mean and 
95% CI plotted. Mixed- effects model analysis with Tukey’s 
test for multiple comparisons used to study the contrast 
between the assays at each time point. *Comparison of 
Standard versus Alternative. †Comparison of Standard 
versus LC/MS- MS. One symbol: p<0.05, two symbols: 
p<0.01. LC/MS- MS, liquid chromatography combined with 
mass spectrometry.

p=0.013). These post- OGTT samples are largely respon-
sible for the poor fit of the Mercodia Standard protocol 
values to the LC/MS- MS in figure 1A, C.

Proglucagon peptide dynamics in response to an MMT before 
and after RYGB surgery
Given its superior analytical specificity in comparison to 
the Standard protocol and its better analytical sensitivity 
compared with LC/MS- MS, we selected the Alternative 
protocol for analysis of glucagon levels from our prospec-
tively studied cohort of patients undergoing RYGB. In 
line with expectations, fasting glucose levels decreased 
significantly over time after RYGB surgery (mean differ-
ence (95% CI) between Pre vs 1 month: −2.4 mmol/L 
(−3.8 to –1.0), adjusted p=0.0005; Pre vs 3 months: −2.6 
(−3.9 to –1.3), adjusted p=0.0001; Pre vs 12 months: −3.3 
(−4.6 to –1.9), p<0.0001). During the MMT, we observed 
a shift of the peak towards the left with median time to 
peak (Tmax) for glucose decreasing to 22.5–30 min post-
operatively as opposed to 60 min when studied before 
surgery (table 2). The peak value (Cmax) for glucose 
was significantly reduced at 3 months after surgery 
(mean difference −1.5; 95% CI −2.9 to –0.04). There was 
a significant decrease in glucose area under the curve 
from 0 to 180 min (AUC0–180min) at 1, 3 and 12 months 
after surgery (figure 3A, table 2). Fasting insulin levels 
decreased significantly after surgery (mean difference 
(95% CI) between Pre vs 1 month: −8.4 mU/L (−14.0 to 
–2.8), adjusted p=0.0023; Pre vs 3 months: −9.2 (−15.0 to 
–3.3), adjusted p=0.0014; Pre vs 12 months: −12.9 (−17.7 
to –8.1), adjusted p<0.0001).

The HOMA2 analysis, using the fasting glucose and 
insulin values, showed no significant change in the beta cell 
function, but a significant and progressive postoperative 
increase in insulin sensitivity was observed (mean differ-
ence (95% CI) between Pre vs 1 month: 45.3% (12.9% to 
77.7%), adjusted p=0.0076; Pre vs 3 months: 60% (30.7% 
to 89.3%), adjusted p=0.0002; Pre vs 12 months: 107% 
(70.0% to 147.1%), adjusted p<0.0001). The change in 
shape of the postprandial insulin curve mirrored the 
one of glucose with a shift to an earlier median Tmax at 
30–45 min after RYGB surgery (figure 3B). There was a 
significant increase in the postprandial Cmax for insulin 
comparing Pre with 3 and 12 months (mean difference 
(95% CI) between Pre vs 1 month: 69.5 (−21.1 to 160.2), 
adjusted p=0.1455; Pre vs 3 months: 55.1 (8.9 to 101.4), 
adjusted p=0.0181; Pre vs 12 months: 47.7 (14.8 to 80.6), 
adjusted p=0.0044). There was a significant decrease in 
insulin AUC0–180min at 12 months after surgery but not at 1 
or 3 months (table 2).

The proglucagon- derived peptides showed divergent 
behavior after RYGB. Fasting glucagon levels were not 
changed at 1 month but decreased significantly after 
RYGB surgery at 3 and 12 months (mean difference 
(95% CI) between Pre vs 1 month: −0.5 pmol/L (−3.5 to 
2.6), adjusted p=0.9642; Pre vs 3 months: −4.48 (−6.3 to 
–2.7), adjusted p<0.0001; Pre vs 12 months: −4.5 (−6.8 
to –2.3), adjusted p=0.0004). Postprandially all patients 
responded to the MMT with an increase in glucagon 
secretion but we again observed a left shift of the Tmax 
to a median time of 15 min. There was a significantly 
reduced Cmax at 3 months compared with presurgery 
(mean difference (95% CI) between Pre vs 1 month: 
1.5 pmol/L (−9.0 to 12.4), adjusted p=0.9642; Pre vs 3 
months: −4.7 (−8.4 to –1.0), adjusted p=0.0118; Pre vs 12 
months: −4.3 (−9.8 to 1.2), adjusted p=0.1409). There was 
a significant decrease in glucagon AUC0–180min at 3 and 12 
months after surgery. Adjusting for the change in fasting 
baseline, we calculated the incremental AUC0–180min and 
there was no significant change in this value after surgery 
(figure 3C, table 2).

In contrast to glucagon, fasting GLP-1 levels did not 
show any significant change after surgery whereas post-
prandial GLP-1 Cmax increased significantly after 
surgery at 1, 3 and 12 months (mean difference (95% CI) 
between Pre vs 1 month: 27.7 pmol/L (14.0 to 41.5), 
adjusted p=0.0006; Pre vs 3 months: 44.9 (27.8 to 61.9), 
adjusted p<0.0001; Pre vs 12 months: 61.2 (43.5 to 78.9), 
adjusted p<0.0001). There was a marked, progressive and 
significant increase in GLP-1 AUC0–180min with time after 
surgery (figure 3D, table 2). Similar to GLP-1, fasting 
oxyntomodulin levels were not significantly altered after 
surgery but postprandial Cmax increased significantly at 
3 and 12 months after RYGB (mean difference (95% CI) 
between Pre vs 1 month: 21.9 pmol/L (−2.3 to 46.1), 
adjusted p=0.0783; Pre vs 3 months: 38.7 (19.4 to 57.9), 
adjusted p=0.0002; Pre vs 12 months: 32.2 (13.5 to 50.8), 
adjusted p=0.0010) with a left shift of Tmax to a median 
time of 30 min. Commensurately, there was a significant 
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Figure 3 Glucose (A), insulin (B), glucagon (C), active glucagon- like peptide-1 (GLP-1) (D), oxyntomodulin (E), glicentin (F) and 
GIP (G) levels during mixed- meal test (MMT). Mean and 95% CI plotted. Inset graphs show area under the curve (AUC) values 
over 0–180 min. Black, before surgery (Pre); red, 1 month after surgery; green, 3 months; blue, 12 months. Mixed- effects model 
analysis, Dunnett’s multiple comparisons test for repeated measures used to compare AUC values for Pre versus indicated 
times after surgery. *P<0.05; **p<0.01; ****p<0.0001. GIP, glucose- dependent insulinotropic peptide; OXM, oxyntomodulin; 
RYGB, Roux- en- Y gastric bypass.
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increase in oxyntomodulin AUC0–180min from 1 month 
onwards (figure 3E, table 2). Fasting glicentin levels 
remained unchanged after RYGB at 3 and 12 months 
compared with presurgery. However, after surgery, there 
was a large increase in Cmax (mean difference (95% CI) 
between Pre vs 3 months: 287.9 pmol/L (225.2 to 350.6), 
adjusted p<0.0001; Pre vs 12 months: 341.4 (287.6 to 
395.2), adjusted p<0.0001) with an accompanying signifi-
cant increase in glicentin AUC0–180min (figure 3F, table 2). 
Of all the proglucagon peptides, glicentin displayed the 
largest postprandial increase in secretion after RYGB, 
dwarfing GLP-1 and oxyntomodulin.

There was neither a statistically significant change in 
fasting, in postprandial GIP levels nor in GIP AUC0–180min 
(figure 3G, table 2), apart from a reduction in fasting 
levels at 3 months versus Pre (mean difference (95% CI) 
−10.3 pmol/L (−19.3 to –1.2), adjusted p=0.0266).

dIsCussIon
The key strengths of this prospective study are that we 
studied a well- characterized cohort of pre- diabetic/
diabetic participants undergoing RYGB in a single center 
with a standardized technique, and that the immuno-
assay employed for glucagon was validated against a refer-
ence LC/MS- MS assay. We found that for the Mercodia 
glucagon assay using extra incubation and wash steps 
(Alternative protocol) as an addition to the Standard 
protocol improved analytical specificity. Roberts et al 
have reported similar issues with the Standard protocol 
although in the context of lean patients who have under-
gone a total gastrectomy and Roux- en- Y reconstruction 
for cancer.24 Our data extends and validates this obser-
vation in the context of RYGB surgery for obese patients. 
The Mercodia assay, with Alternative protocol, is suit-
able for the measurement of glucagon levels in subjects 
who have undergone RYGB, although with some loss of 
recovery at higher levels.

Our specific assays allow us to distinguish the divergent 
behavior of the proglucagon- derived peptides in response 
to RYGB. Fasting glucagon reduced significantly in our 
study group after RYGB in alignment with the improve-
ment seen in glucose homeostasis and insulin sensitivity 
at 3 and 12 months. The MMT elicited an increase in 
glucagon secretion both preoperatively and postopera-
tively in response to the protein content of the stimulus,28 
unlike the OGTT stimulus. There was an overall reduc-
tion of glucagon AUC at 3 and 12 months and a reduction 
in the glucagon Cmax at 3 months, but the incremental 
AUC was similar between baseline and the postsurgical 
time points, suggesting that the magnitude of postpran-
dial stimulation of glucagon secretion after the MMT was 
similar and the reduced overall glucagon AUC is mainly 
driven by the lower starting level of glucagon. This reduc-
tion in fasting glucagon with unchanged postprandial 
secretion contrasts with the phenomenon of unchanged 
fasting levels and enhanced postprandial secretion seen 
with GLP-1 and oxyntomodulin.5 15

It is unknown what the mechanisms driving this change 
in glucagon dynamics are. Although GLP-1 is known to 
suppress glucagon secretion, fasting GLP-1 levels are 
not altered after surgery and cannot logically be driving 
a suppression in fasting glucagon levels. Similarly PYY 
has been shown to suppress glucagon secretion based 
on experiments in isolated islets,29 but fasting PYY levels 
are not altered after surgery.30 Notwithstanding the fact 
that endocrine somatostatin secretion is not altered after 
early time points following RYGB,31 we speculate that 
one possible mechanism for the fall in fasting insulin and 
glucagon secretion after RYGB may be an increase in para-
crine somatostatin secretion from islet delta cells.32 As for 
the postprandial glucagon response, this is unchanged 
after surgery and compatible with direct amino acid stim-
ulation of glucagon secretion by the MMT, with a left shift 
in Tmax due to accelerated delivery and digestion of the 
protein content after RYGB.33

Jorgensen et al, who employed an in- house assay directed 
to the C- terminus of glucagon, observed a reduced fasting 
glucagon level at 3 and 12 months after RYGB in concor-
dance with our findings. They observed an enhancement 
of postprandial glucagon secretion (as judged by incre-
mental glucagon AUC) from 1 week onwards persisting 
through 3 and 12 months which contrasts with our 
findings.5 15 Purnell et al showed a reduction in mean 
fasting glucagon level in diabetics undergoing RYGB 
and a progressive postsurgical enhancement of the peak 
glucagon response to an MMT stimulus at follow- up to 
24 months, at odds with our findings.12 However, they 
reported values of glucagon approximately 20- fold 
observed by us and other research groups, possibly due 
to a technical issue with their Millipore immunoassay, 
making their results difficult to interpret. Jorsal et al 
also used the Mercodia assay and the C- terminal assay to 
measure the response of glucagon to an MMT stimulus in 
eight patients undergoing RYGB at 3 months and 1 week 
prior to surgery, and at 1 week and 3 months after surgery. 
This study suggested no change in fasting glucagon levels 
at baseline, a small increase in peak glucagon secretion 
at 1 week, and, overall, no change in AUC for glucagon 
secretion after MMT, but the authors acknowledged that 
the small cohort number limited their statistical power.17 
Our study, on the other hand, used a larger cohort with 
greater statistical power to detect differences.

In contrast to glucagon, fasting oxyntomodulin showed 
little change after RYGB, but demonstrated marked and 
progressive increases in postprandial secretion as early 
as 1 month after RYGB, a pattern observed in other 
studies.2 7 9 26 As oxyntomodulin combines GLP-1 and 
glucagon activity34 this may contribute to the marked 
insulinotropy observed after RYGB in concert with GLP-1 
and therefore improved glucose disposal. We found that 
there was no difference in fasting glicentin after surgery, 
but massive postprandial increases were measured at 3 
and 12 months. It is known that this effect is present from 
1 week onwards after surgery.17 Glicentin inhibits gastric 
acid secretion35 as well as duodenal and jejeunal motility 
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in rats36 and appears to have a mild insulinotropic effect 
(less than that of glucagon) when infused in high doses 
into the pancreaticoduodenal artery in dogs.37 The effect 
of glicentin on metabolism in humans is more uncertain, 
with no metabolic effects seen in infusion studies,38 but 
it is likely, from the methodological point of view, that 
the increase in postprandial glicentin is the main cross- 
reactive species responsible for the poor performance of 
the Standard protocol compared with LC/MS- MS in the 
poststimulus samples.24

In a similar fashion to glucagon, previous studies on 
the behavior of GIP dynamics have shown discrepant 
results. Fasting GIP has been shown to fall in patients 
with diabetes who undergo RYGB39 but others have 
shown no change.40 In the study of Korner et al, there 
was no significant difference between RYGB patients and 
matched obese controls in terms of fasting GIP levels, but 
there was a marked reduction in postprandial secretion 
in response to a test meal.41 On the other hand, Laferrère 
and colleagues showed an increase in GIP secretion in 
response to an OGTT after RYGB compared with preop-
eratively.13 Our findings, in a larger cohort than used in 
these studies, suggest that, overall, there is no decided 
difference in GIP secretion either fasting or in response 
to an MMT, and that GIP may not contribute significantly 
to the increased postprandial insulinotropy and improve-
ment in glycemic control after RYGB.42

In summary, our study shows that, after RYGB, the fasting 
glucagon decreases but the postprandial glucagon secre-
tion to an MMT stimulus does not significantly change. 
This change in glucagon dynamics may contribute to the 
improvement in glycemia after surgery. Future studies 
on the feasibility of therapeutic strategies replicating the 
post- RYGB gut hormone milieu (the so- called ‘medical 
bypass’) may benefit from inclusion of a glucagon antag-
onist43 to investigate the contribution of glucagonostasis 
to the benefits of RYGB.

author affiliations
1Department of Metabolism, Digestion and Reproduction, Imperial College London, 
London, UK
2Drug Development Solutions, LGC Bioscience, Fordham, UK
3Department of Clinical Biochemistry, Rigshospitalet, Copenhagen, Denmark
4NNF Center for Protein Research, University of Copenhagen Faculty of Health and 
Medical Sciences, Copenhagen, Denmark
5Department of Surgery and Cancer, Imperial College London, London, UK
6Department of Biomedical Sciences and the NNF Center for Basic Metabolic 
Research, University of Copenhagen Panum Institute, Copenhagen, Denmark
7Division of Medicine, University College London, London, UK

Twitter Bernard Khoo @bernardkhoo

acknowledgements We thank the staff at the Imperial NIHR Clinical Research 
Facility for their support of this research study.

Contributors TM- MT, BK and SRB contributed to study design, data collection, 
statistical analysis, data interpretation, and writing of the manuscript. KA and JC 
drafted the manuscript. KA, JC, II, AK, GT, PB and PRB contributed to the running 
of the study, sample analysis, data collection and data interpretation. JH, RW and 
MF performed LC/MS- MS assay development and analysis for glucagon. ARA and 
SP were the surgeons of the study. JJH and NJWA contributed to the analysis of 
samples and data interpretation. All authors contributed to critical review of the 
manuscript. TM- MT is the guarantor of this work and had full access to all the data 

in the study; she takes responsibility for the integrity of the data and the accuracy 
of the data analysis.

Funding This work was supported by a UK Medical Research Council (MRC) 
Experimental Challenge Grant (MR/K02115X/1) and UK National Institute for 
Health Research (NIHR) Efficacy and Mechanism Evaluation Grant (13/121/07). 
This work was also supported by the Imperial NIHR Clinical Research Facility at 
Imperial College Healthcare NHS Trust. The Department of Metabolism, Digestion 
and Reproduction is funded by grants from the MRC and Biotechnology and 
Biological Sciences Research Council and is supported by the NIHR Imperial 
Biomedical Research Centre (BRC) Funding Scheme. KA is supported by an NIHR 
Academic Clinical Lectureship and acknowledges support from the NIHR Imperial 
BRC. TM- MT and SRB are funded by the NIHR Imperial BRC. AK was funded by 
the NIHR Imperial BRC and a fellowship from the Royal College of Surgeons. II and 
JC are funded by the NIHR Imperial BRC. JJH is supported by the Novo Nordisk 
Foundation.

disclaimer The views expressed are those of the authors and not necessarily 
those of the above- mentioned funders, the NHS, the NIHR, or the Department of 
Health.

Competing interests JJH is a member of advisory boards for Novo Nordisk.

Patient consent for publication Not required.

ethics approval Ethical approval was obtained from the West London National 
Research Ethics Committee (reference number 13/LO/1510), and the studies were 
conducted according to the principles of the Declaration of Helsinki.

Provenance and peer review Not commissioned; externally peer reviewed.

data availability statement Data are available upon reasonable request. The data 
sets generated during and/or analyzed during the current study are not publicly 
available but are available from the corresponding author on reasonable request.

open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the 
use is non- commercial. See: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

oRCId ids
Nicolai Jacob Wewer Albrechtsen http:// orcid. org/ 0000- 0003- 4230- 5753
Bernard Khoo http:// orcid. org/ 0000- 0002- 4223- 9736
Tricia M- M Tan http:// orcid. org/ 0000- 0001- 5873- 3432

RefeRences
 1 Adams TD, Davidson LE, Litwin SE, et al. Weight and metabolic 

outcomes 12 years after gastric bypass. N Engl J Med 
2017;377:1143–55.

 2 le Roux CW, Welbourn R, Werling M, et al. Gut hormones as 
mediators of appetite and weight loss after Roux- en- Y gastric 
bypass. Ann Surg 2007;246:780–5.

 3 Laferrère B. Bariatric surgery and obesity: influence on the incretins. 
Int J Obes Suppl 2016;6:S32–6.

 4 Gasbjerg LS, Christensen MB, Hartmann B, et al. GIP(3-30)NH2 is 
an efficacious GIP receptor antagonist in humans: a randomised, 
double- blinded, placebo- controlled, crossover study. Diabetologia 
2018;61:413–23.

 5 Jørgensen NB, Jacobsen SH, Dirksen C, et al. Acute and long- term 
effects of Roux- en- Y gastric bypass on glucose metabolism in 
subjects with type 2 diabetes and normal glucose tolerance. Am J 
Physiol Endocrinol Metab 2012;303:E122–31.

 6 Jørgensen NB, Dirksen C, Bojsen- Møller KN, et al. Exaggerated 
glucagon- like peptide 1 response is important for improved β-cell 
function and glucose tolerance after Roux- en- Y gastric bypass in 
patients with type 2 diabetes. Diabetes 2013;62:3044–52.

 7 Tan T, Behary P, Tharakan G, et al. The effect of a subcutaneous 
infusion of GLP-1, OXM, and PYY on energy intake and expenditure 
in obese volunteers. J Clin Endocrinol Metab 2017;102:2364–72.

 8 Holst JJ, Madsbad S, Bojsen- Møller KN, et al. Mechanisms in 
bariatric surgery: gut hormones, diabetes resolution, and weight 
loss. Surg Obes Relat Dis 2018;14:708–14.

 9 Behary P, Tharakan G, Alexiadou K, et al. Combined GLP-1, 
oxyntomodulin, and peptide YY improves body weight and glycemia 
in obesity and Prediabetes/Type 2 diabetes: a randomized, single- 
blinded, placebo- controlled study. Diabetes Care 2019;42:1446–53.

 10 Unger RH, Cherrington AD. Glucagonocentric restructuring of 
diabetes: a pathophysiologic and therapeutic makeover. J Clin Invest 
2012;122:4–12.

https://twitter.com/bernardkhoo
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-4230-5753
http://orcid.org/0000-0002-4223-9736
http://orcid.org/0000-0001-5873-3432
http://dx.doi.org/10.1056/NEJMoa1700459
http://dx.doi.org/10.1097/SLA.0b013e3180caa3e3
http://dx.doi.org/10.1038/ijosup.2016.8
http://dx.doi.org/10.1007/s00125-017-4447-4
http://dx.doi.org/10.1152/ajpendo.00073.2012
http://dx.doi.org/10.1152/ajpendo.00073.2012
http://dx.doi.org/10.2337/db13-0022
http://dx.doi.org/10.1210/jc.2017-00469
http://dx.doi.org/10.1016/j.soard.2018.03.003
http://dx.doi.org/10.2337/dc19-0449
http://dx.doi.org/10.1172/JCI60016


10 BMJ Open Diab Res Care 2020;8:e001076. doi:10.1136/bmjdrc-2019-001076

Obesity Studies

 11 Demant M, Bagger JI, Suppli MP, et al. Determinants of fasting 
hyperglucagonemia in patients with type 2 diabetes and nondiabetic 
control subjects. Metab Syndr Relat Disord 2018;16:530–6.

 12 Purnell JQ, Johnson GS, Wahed AS, et al. Prospective evaluation 
of insulin and incretin dynamics in obese adults with and without 
diabetes for 2 years after Roux- en- Y gastric bypass. Diabetologia 
2018;61:1142–54.

 13 Laferrère B, Teixeira J, McGinty J, et al. Effect of weight loss by 
gastric bypass surgery versus hypocaloric diet on glucose and 
incretin levels in patients with type 2 diabetes. J Clin Endocrinol 
Metab 2008;93:2479–85.

 14 Salehi M, Prigeon RL, D'Alessio DA. Gastric bypass surgery 
enhances glucagon- like peptide 1- stimulated postprandial insulin 
secretion in humans. Diabetes 2011;60:2308–14.

 15 Jacobsen SH, Olesen SC, Dirksen C, et al. Changes in 
gastrointestinal hormone responses, insulin sensitivity, and beta- 
cell function within 2 weeks after gastric bypass in non- diabetic 
subjects. Obes Surg 2012;22:1084–96.

 16 Guarino D, Moriconi D, Mari A, et al. Postprandial hypoglycaemia 
after Roux- en- Y gastric bypass in individuals with type 2 diabetes. 
Diabetologia 2019;62:178–86.

 17 Jorsal T, Wewer Albrechtsen NJ, Christensen MM, et al. Investigating 
intestinal glucagon after Roux- en- Y gastric bypass surgery. J Clin 
Endocrinol Metab 2019;104:6403–16.

 18 Romero F, Nicolau J, Flores L, et al. Comparable early changes in 
gastrointestinal hormones after sleeve gastrectomy and Roux- en- Y 
gastric bypass surgery for morbidly obese type 2 diabetic subjects. 
Surg Endosc 2012;26:2231–9.

 19 Wewer Albrechtsen NJ, Hartmann B, Veedfald S, et al. 
Hyperglucagonaemia analysed by glucagon sandwich ELISA: 
nonspecific interference or truly elevated levels? Diabetologia 
2014;57:1919–26.

 20 Bak MJ, Albrechtsen NW, Pedersen J, et al. Specificity and 
sensitivity of commercially available assays for glucagon and 
oxyntomodulin measurement in humans. Eur J Endocrinol 
2014;170:529–38.

 21 Holst JJ. Evidence that enteroglucagon (II) is identical with the 
C- terminal sequence (residues 33-69) of glicentin. Biochem J 
1982;207:381–8.

 22 Baldissera FG, Holst JJ. Glicentin 1-61 probably represents a major 
fraction of glucagon- related peptides in plasma of anaesthetized 
uraemic pigs. Diabetologia 1986;29:462–7.

 23 Holst JJ. Molecular heterogeneity of glucagon in normal subjects 
and in patients with glucagon- producing tumours. Diabetologia 
1983;24:359–65.

 24 Roberts GP, Kay RG, Howard J, et al. Gastrectomy with Roux- en- Y 
reconstruction as a lean model of bariatric surgery. Surg Obes Relat 
Dis 2018;14:562–8.

 25 Howard JW, Kay RG, Jones B, et al. Development of a UHPLC- MS/
MS (SRM) method for the quantitation of endogenous glucagon and 
dosed GLP-1 from human plasma. Bioanalysis 2017;9:733–51.

 26 Wewer Albrechtsen NJ, Hornburg D, Albrechtsen R, et al. 
Oxyntomodulin identified as a marker of type 2 diabetes and gastric 
bypass surgery by mass- spectrometry based profiling of human 
plasma. EBioMedicine 2016;7:112–20.

 27 Hill NR, Levy JC, Matthews DR. Expansion of the homeostasis 
model assessment of β-cell function and insulin resistance to enable 
clinical trial outcome modeling through the interactive adjustment 
of physiology and treatment effects: iHOMA2. Diabetes Care 
2013;36:2324–30.

 28 Svane MS, Bojsen- Møller KN, Martinussen C, et al. Postprandial 
nutrient handling and gastrointestinal hormone secretion after 
Roux- en- Y gastric bypass vs sleeve gastrectomy. Gastroenterology 
2019;156:1627–41.

 29 Guida C, Stephen SD, Watson M, et al. Pyy plays a key role in 
the resolution of diabetes following bariatric surgery in humans. 
EBioMedicine 2019;40:67–76.

 30 le Roux CW, Aylwin SJB, Batterham RL, et al. Gut hormone 
profiles following bariatric surgery favor an anorectic state, 
facilitate weight loss, and improve metabolic parameters. Ann Surg 
2006;243:108–14.

 31 Falkén Y, Hellström PM, Holst JJ, et al. Changes in glucose 
homeostasis after Roux- en- Y gastric bypass surgery for obesity 
at day three, two months, and one year after surgery: role of gut 
peptides. J Clin Endocrinol Metab 2011;96:2227–35.

 32 Rorsman P, Huising MO. The somatostatin- secreting pancreatic 
δ-cell in health and disease. Nat Rev Endocrinol 2018;14:404–14.

 33 Bojsen- Møller KN, Jacobsen SH, Dirksen C, et al. Accelerated 
protein digestion and amino acid absorption after Roux- en- Y gastric 
bypass. Am J Clin Nutr 2015;102:600–7.

 34 Pocai A. Unraveling oxyntomodulin, GLP1's enigmatic brother. J 
Endocrinol 2012;215:335–46.

 35 Kirkegaard P, Moody AJ, Holst JJ, et al. Glicentin inhibits gastric acid 
secretion in the rat. Nature 1982;297:156–7.

 36 Pellissier S, Sasaki K, Le- Nguyen D, et al. Oxyntomodulin and 
glicentin are potent inhibitors of the fed motility pattern in small 
intestine. Neurogastroenterol Motil 2004;16:455–63.

 37 Ohneda A, Ohneda K, Nagasaki T, et al. Insulinotropic action of 
human glicentin in dogs. Metabolism 1995;44:47–51.

 38 Holst JJ. Enteroglucagon. Annu Rev Physiol 1997;59:257–71.
 39 Rubino F, Gagner M, Gentileschi P, et al. The early effect of the 

Roux- en- Y gastric bypass on hormones involved in body weight 
regulation and glucose metabolism. Ann Surg 2004;240:236–42.

 40 Whitson BA, Leslie DB, Kellogg TA, et al. Entero- endocrine changes 
after gastric bypass in diabetic and nondiabetic patients: a 
preliminary study. J Surg Res 2007;141:31–9.

 41 Korner J, Bessler M, Inabnet W, et al. Exaggerated glucagon- like 
peptide-1 and blunted glucose- dependent insulinotropic peptide 
secretion are associated with Roux- en- Y gastric bypass but not 
adjustable gastric banding. Surg Obes Relat Dis 2007;3:597–601.

 42 Svane MS, Bojsen- Møller KN, Nielsen S, et al. Effects of 
endogenous GLP-1 and GIP on glucose tolerance after Roux- 
en- Y gastric bypass surgery. Am J Physiol Endocrinol Metab 
2016;310:E505–14.

 43 Pettus JH, D’Alessio D, Frias JP, et al. Efficacy and safety of 
the glucagon receptor antagonist RVT-1502 in type 2 diabetes 
uncontrolled on metformin monotherapy: a 12- week dose- ranging 
study. Diabetes Care 2020;43:161–8.

http://dx.doi.org/10.1089/met.2018.0066
http://dx.doi.org/10.1007/s00125-018-4553-y
http://dx.doi.org/10.1210/jc.2007-2851
http://dx.doi.org/10.1210/jc.2007-2851
http://dx.doi.org/10.2337/db11-0203
http://dx.doi.org/10.1007/s11695-012-0621-4
http://dx.doi.org/10.1007/s00125-018-4737-5
http://dx.doi.org/10.1210/jc.2019-00062
http://dx.doi.org/10.1210/jc.2019-00062
http://dx.doi.org/10.1007/s00464-012-2166-y
http://dx.doi.org/10.1007/s00125-014-3283-z
http://dx.doi.org/10.1530/EJE-13-0941
http://dx.doi.org/10.1042/bj2070381
http://dx.doi.org/10.1007/BF00506540
http://www.ncbi.nlm.nih.gov/pubmed/6307793
http://dx.doi.org/10.1016/j.soard.2018.01.039
http://dx.doi.org/10.1016/j.soard.2018.01.039
http://dx.doi.org/10.4155/bio-2017-0021
http://dx.doi.org/10.1016/j.ebiom.2016.03.034
http://dx.doi.org/10.2337/dc12-0607
http://dx.doi.org/10.1053/j.gastro.2019.01.262
http://dx.doi.org/10.1016/j.ebiom.2018.12.040
http://dx.doi.org/10.1097/01.sla.0000183349.16877.84
http://dx.doi.org/10.1210/jc.2010-2876
http://dx.doi.org/10.1038/s41574-018-0020-6
http://dx.doi.org/10.3945/ajcn.115.109298
http://dx.doi.org/10.1530/JOE-12-0368
http://dx.doi.org/10.1530/JOE-12-0368
http://dx.doi.org/10.1038/297156a0
http://dx.doi.org/10.1111/j.1365-2982.2004.00528.x
http://dx.doi.org/10.1016/0026-0495(95)90288-0
http://dx.doi.org/10.1146/annurev.physiol.59.1.257
http://dx.doi.org/10.1097/01.sla.0000133117.12646.48
http://dx.doi.org/10.1016/j.jss.2007.02.022
http://dx.doi.org/10.1016/j.soard.2007.08.004
http://dx.doi.org/10.1152/ajpendo.00471.2015
http://dx.doi.org/10.2337/dc19-1328

	Proglucagon peptide secretion profiles in type 2 diabetes before and after bariatric surgery: 1-year prospective study
	Abstract
	Introduction

	Materials and methods
	Participants
	Assays
	Statistical analysis

	Results
	Comparative performance of the Mercodia Standard and Alternative protocols versus LC/MS-MS
	Proglucagon peptide dynamics in response to an MMT before and after RYGB surgery

	Discussion
	References


