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Abstract
Introduction: Roux-en-Y gastric bypass (RYGB) is the most 
common surgical procedure for morbid obesity. However, it 
can present serious late complications, like postprandial hy-
perinsulinemic hypoglycemia (PHH). Recent data suggested 
an increase in intestinal SGLT-1 after RYGB. However, there 
is no data on the inhibition of SGLT-1 to prevent PHH in pa-
tients with prior RYBG. On this basis, we aimed to evaluate 
(a) the effect of canagliflozin 300 mg on the response to 100 
g glucose overload (oral glucose tolerance test [OGTT]); (b) 
the pancreatic response after intra-arterial calcium stimula-
tion in the context of PHH after RYGB. Materials and Meth-
ods: This is a prospective pilot study including patients (n = 
21) with PHH after RYGB, matched by age and gender with 
healthy controls (n = 5). Basal OGTT and after 2 weeks of dai-

ly 300 mg of canagliflozin was performed in all cases. In ad-
dition, venous sampling after intra-arterial calcium stimula-
tion of the pancreas was performed in 10 cases. Results: 
OGTT after canagliflozin showed a significant reduction of 
plasma glucose levels (minute 30: 161.5 ± 36.22 vs. 215.9 ± 
58.11 mg/dL; minute 60: 187.46 ± 65.88 vs. 225.9 ± 85.60 mg/
dL, p < 0.01) and insulinemia (minute 30: 95.6 ± 27.31 vs. 
216.35 ± 94.86 mg/dL, p = 0.03; minute 60: 120.85 ± 94.86 vs. 
342.64 ± 113.32 mIU/L, p < 0.001). At minute 180, a signifi-
cant reduction (85.7%) of the rate of hypoglycemia was ob-
served after treatment with canagliflozin (p < 0.00001). All 
cases presented normal pancreatic response after intra-arte-
rial calcium administration. Conclusion: Canagliflozin (300 
mg) significantly decreased glucose absorption and pre-
vented PHH after 100 g OGTT in patients with RYGB. Our re-
sults suggest that canagliflozin could be a new therapeutic 
option for patients that present PHH after RYGB.
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Introduction

Roux-en-Y gastric bypass (RYGB) is one of the best 
known and commonly performed bariatric surgery (BS) 
procedures [1]. However, despite the excellent results in 
sustainable weight loss and resolution of comorbidities 
[2], late complications have been reported. One of these 
complications is reactive hyperglycemia, also known as 
postprandial hyperinsulinemic hypoglycemia (PHH).

Recent data in a randomly selected population 4 years 
after primary RYGB surgery showed that about 50% of the 
patients developed a hypoglycemic event during a mixed 
meal test [3]. PHH is characterized by an exaggerated and 
rapid postprandial peak of insulin followed by a hypogly-
cemia within 2 or 3 h after the meal, normal fasting plasma 
glucose and fasting plasma insulin [4, 5]. It is usually de-
scribed in patients who underwent BS at least 12 months 
before [6]. However, most of the patients are diagnosed 
with severe neuroglycopenia symptoms, such as loss of 
consciousness or seizures [7], suggesting that this altera-
tion may begin earlier after BS [8, 9]. At present, there are 
no standardized diagnostic methods for PHH. In 2020, the 
Delphi expert consensus was published in order to shed 
light on this issue [3]. The authors agreed that a modified 
oral glucose tolerance test (OGTT) is a useful diagnostic 
test for PHH. The test is recommended to be considered 
positive in case of hypoglycemia (<50 mg/dL) 60–180 min 
after ingestion of glucose (75 or 100 g) after a 12-h fasting.

The physiopathology of PHH is very complex and re-
mains to be elucidated. Several hypotheses have been pro-
posed to explain the appearance of PHH in the context of 
RYGB. The first hypothesis was an increase in the mass 
of β cells and development of nesidioblastosis as a result 
of the exaggerated secretion of GLP-1 [10]. However, this 
possibility has been questioned because a higher sensitiv-
ity of the β cells to GLP-1 was not demonstrated in the 
pancreas of affected subjects, and due to the failure of 
pancreatic partial pancreatectomy to resolve hypoglyce-
mia in most patients [5, 11]. At present, the most accept-
ed hypothesis is the ingestion-induced insulin secretion 
of the β cells due to a greater sensitivity of the β cells to 
increased glucose levels [12] and less insulin suppression 
in hypoglycemic conditions. 

Apart from the dysregulation of the mechanisms in-
volved in lowering blood glucose levels, the mechanisms 
related to glucose absorption may also contribute to PHH. 
It should be noted that in RYGB, the passage of nutrients 
from the gastric reservoir to the jejunum is accelerated up 
to 100 times, while the hypertrophy of the intestinal mu-
cosa favors a faster absorption of glucose [5]. Recent trials 

have suggested the role of intestinal SGLT-1 in the patho-
physiology of reactive hypoglycemia [13, 14], and several 
studies have shown a dysregulation of these transporters 
in obesity, diabetes, or in patients having a high sugar diet 
[15, 16]. Additionally, Nguyen et al. [17] found an upreg-
ulation of intestinal glucose transporters, SGLT-1, after 
RYGB. These observations open up the hypothesis of us-
ing SGLT-1 blockade as a therapeutic target for PHH.

Canagliflozin is an SGLT-2 inhibitor approved for the 
treatment of patients with type 2 diabetes (T2D) both in 
a 100- or 300-mg daily dose [18, 19]. The main accepted 
mechanism for lowering blood glucose is by increasing 
urinary glucose excretion via inhibition of renal SGLT-2. 
However, in healthy subjects treated with escalating dos-
es of canagliflozin given before a mixed meal, doses of 
canagliflozin higher than 200 mg produced an additional 
reduction in postprandial plasma glucose and insulin 
concentrations than lower doses, but with similar urinary 
glucose excretion during the postprandial period [20]. 
These results point to extra-renal effects of high doses of 
canagliflozin. Since canagliflozin at a dose of 300 mg has 
an SGLT-1 inhibitory action, and these transporters are 
abundantly expressed in the intestinal mucosa of the 
small intestine, it seems reasonable to postulate that this 
drug could be useful in treating PHH. In fact, SGLT-1 
represents the primary pathway involved in intestinal 
glucose and galactose absorption [21].

On this basis, we performed a pilot study that aimed to 
evaluate the response to OGTT in basal conditions and 
after treatment with canagliflozin 300 mg in patients with 
PHH after RYGB. Additionally, we examined the pres-
ence of nesidioblastosis by evaluating the pancreatic re-
sponse to intra-arterial calcium stimulation. 

Materials and Methods

A prospective open, placebo-uncontrolled, pilot interven-
tional study was performed at the EASO-accredited COM Mor-
bid Obesity Unit of the Vall Hebron University Hospital, includ-
ing patients that had previously undergone RYGB at our site and 
were diagnosed with PHH between July 2018 and December 
2019. The control group comprised healthy normal-weight per-
sons matched by age. Most of them were family members of pa-
tients included in the study. The study was registered in Clini-
calTrails.gov (NCT 04720859), approved by the local Ethics 
Committee (PR[AG]320/2018), and carried out in accordance 
with the Declaration of Helsinki.

The patients that agreed to participate in the study signed the 
informed consent before any procedure related to the study. All 
patients underwent a complete medical history, anthropometric 
measurements, and biochemical analysis. We calculated body 
mass index (BMI) as body weight (kg)/height (m)2. The percentage 
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of excess weight loss (%EWL) was calculated as: (Pre-BS weight – 
actual weight)/(Pre-BS weight – ideal weight for BMI 25 kg/m2) × 
100. Homeostatic Model Assessment of Insulin Resistance 
(HOMA-IR) was calculated with the following formula: HOMA-
IR = fasting insulin (mIU/L) × fasting plasma glucose (mg/dL)/405.

The OGTT was performed as follows: a solution of 100 g glu-
cose was administered at 8 a.m. after 10 h of fasting. Plasma glucose 
and serum insulin were measured at minute –5, +30, +60, +120, 
and +180 after the ingestion of the glucose solution. A first OGTT 
was performed in basal conditions. The control group only per-
formed the basal OGTT. A value of plasma glucose below 50 mg/
dL at 60–180 min after the administration of the glucose solution 
was considered positive for PHH. The patients that additionally 
presented a value of plasma glucose >200 mg/dL during the OGTT 
were selected for continuing in the study and were prescribed 
canagliflozin 300 mg orally daily, as described in Figure 1. 

Patients unwilling to take canagliflozin 300 mg orally during 2 
weeks or having any contraindication to this medication were ex-
cluded from the study. The patients were asked to sign an addi-
tional informed consent for the pancreatic intra-arterial calcium-
stimulating test with hepatic venous sampling. The procedure was 
performed as follows: a 4.1-Fr catheter with a side hole at the tip 
was positioned through the left femoral vein into the middle he-
patic vein. The right femoral artery was catheterized with another 
4.1-Fr catheter, followed by standard pancreatic arteriography, 
with selective injections of nonionic contrast agent into the supe-
rior mesenteric artery, gastroduodenal artery, splenic artery, and 
common hepatic artery. Following each selective arteriogram, 10% 
calcium gluconate solution was diluted with normal saline into a 
5-mL bolus and injected into the selective artery at a dose of 0.010–
0.025 mEq Ca2+/kg. Venous blood sample was collected from the 
hepatic vein during the probe. A >2-fold gradient in insulin con-
centration at 30, 60, 90, or 120 s after the arterial calcium injection 
and baseline in any of the superior mesenteric artery, gastroduo-
denal artery, splenic artery, and common hepatic artery was de-
fined as a positive response for endogenous hyperinsulinism. 

Statistical Analysis
To assess differences between groups, the χ2 test for qualitative 

variables and ANOVA followed by DMS post hoc tests for quan-

titative variables were used. To evaluate the correlations Spear-
man’s correlation test and regression analysis were performed. Sig-
nificance was accepted at the level of p < 0.05. Logistic regression 
was used to predict the ROC curves and the χ2 test was used for 
ROC area comparison. Statistical analyses were performed with 
SPSS 24.0 statistical package.

Results

After the basal OGTT, a total of 21 patients that fulfilled 
the criteria were included in the study. Five healthy normal-
weight persons matched by age served as a control group. 
Ten out of 21 patients consented to the additional pancre-
atic sampling. The patients who underwent BS had a pre-BS 
BMI of 42.38 ± 4.87 kg/m2. According to the surgical his-
tory records, the RYGB technique, performed by the same 
team formed by 3 trained bariatric surgeons, had the fol-
lowing characteristics: food loop length: 150–180 cm, bilio-
pancreatic loop length: 120 cm, gastric pouch: 30 mL3.

The clinical evolution after the BS was favorable: BMI 
nadir after 12 months was 28.05 ± 3.47 kg/m2, %EWL 
77.95 ± 23.64. Before BS, 5 (23.80%) patients had T2D (1 
patient was under insulin treatment and had 7 years of 
diabetes duration, while the rest of the patients were on 
diet or metformin, with a T2D duration <2 years), 5 
(23.80%) patients had arterial hypertension, and 4 (19.4%) 
patients had dyslipidemia. After the BS, all patients dis-
continued the T2D treatment and maintained remission 
during the follow-up. Pre-BS, the patients presented 
HbA1c 5.88 ± 0.89% and HOMA-IR 5.88 ± 3.8. These pa-
rameters significantly improved during follow-up 
(HbA1c 5.1 ± 0.95%, p < 0.001, and HOMA-IR 1.64 ± 0.2, 
p = 0.02; respectively), as reflected by Table 1.

Confirmed 
hyperinsulinemic 

hypoglycemia

Baseline 100g 
OGTT

100g OGTT

1 hour after 300mg oral
canagliflozine

Catheterization and venous 
sampling after intraarterial 

calcium stimulation.

Canagliflozin

300mg/day

2weeks

Stop Canagliflozin

Fig. 1. Study design.
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The mean time between BS performance and PHH di-
agnosis was 39.29 ± 31.86 months (ranging between 6 
months and 5.7 years). Most of the patients (83%) re-
ferred to dizziness and blurry vision as the main symp-
toms at 3 h after a meal rich in carbohydrates, almost 
weekly, for at least 3–6 months prior to the diagnosis. It 
should be noted that 6 patients out of 21 had at least 1 se-
vere episode of 3 h of postprandial loss of consciousness 
prior to the diagnosis by means of OGTT.

Results from the OGTTs are presented in Figure 2. 
Basal OGTT in cases showed a pattern of glycemia and 
insulin secretion that was different from the control 
group. The patients that underwent BS presented a sig-
nificantly higher peak of glycemia (>200 mg/dL) and in-
sulinemia (8–14 times above the normal level) at 30–60 
min, followed by a hypoglycemia at 180 min (38.4 ± 11.17 

mg/dL), while the controls remained in normal range for 
OGTT during the whole test. 

Canagliflozin administration resulted in a significant 
reduction in plasma glucose at 30 min (161.5 ± 36.22 vs. 
215.9 ± 58.11 mg/dL, p < 0.01) and 60 min (187.46 ± 65.88 
vs. 225.9 ± 85.60 mg/dL baseline, p < 0.01) when com-
pared to baseline levels. The same pattern was seen in in-
sulinemia (minute 30: 95.6 ± 27.31 vs. 216.35 ± 94.86 mg/
dL, p = 0.03; minute 60: 120.85 ± 94.86 vs. 342.64 ± 113.32 
mIU/L, p <0.001). In addition, glucose levels at 180 min 
were significantly higher than in naïve patients (62.42 ± 
13.79 [35–84] vs. 38.4 ± 11.17 [17–55] mg/dL, p < 0.01). 

It should be noted that during basal OGTT 20 out of 21 
patients (95.2%) presented with blood glucose levels low-
er than 50 mg/dL. By contrast, during OGTT after cana-
gliflozin only 2 out of 21 patients (9.5%) presented with 

Minute 0 Minute 30 Minute 60 Minute 90 Minute 120 Minute 180

Basal 84.38 215.9 225.9 129.46 71.15 38.4
Canagliflozin 300mg 81.77 161.54 187.46 146.38 98.5 62.42
Control 82 104 114 128 98 82
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Fig. 2. Plasma glucose and serum insulin responses during OGTT: basal and after administration of canagliflozin 
300 mg.
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blood glucose levels lower than 50 mg/dL. Therefore, a 
significant reduction (85.7%) in the rate of hypoglycemia 
was observed after treatment with canagliflozin (p < 0.01). 

Regarding the pancreatic venous sampling, all patients 
presented a normal insulin response after intra-arterial 
calcium administration as reflected by Figure 3. No gradi-
ent >2 was registered in any of the territories of the com-
mon hepatic, superior mesenteric, gastroduodenal, and 
splenic arteries.

Discussion/Conclusion

In this pilot study, we found a reduction of the PHH 
(according to current recommendations [3]) in 85.7% of 
the cases after treatment with canagliflozin 300 mg. As far 
as we know, this is the first study that shows that treat-
ment with canagliflozin is able to prevent reactive hypo-

glycemia after an OGTT in patients that underwent 
RYGB. 

The mechanisms involved in PHH remain to be eluci-
dated. One of the first hypotheses was an increase in the 
mass of β cells and the development of nesidioblastosis as a 

Glucose mg/dl-minute
0

Glucose mg/dl-minute
30

Glucose mg/dl-minute
60

Glucose mg/dl-minute
120

Common hepa�c artery 86.55 87.77 86.88 88.77

Gastroduodenal artery 83.44 84 84.55 85.22

Splenic artery 87.3 86.2 86.3 87

Superior mesenteric artery 87 86.8 86.3 87.5

0
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Insulinemia Mu/l-
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Insulinemia Mu/l-
minute 30

Insulinemia mu/l-
minute 60

Insulinemia Mu/L-
minute 120

Superior mesenteric artery 7.65 11.81 9.25 8.24

Splenic artery 7.41 14.37 14.226 11.75

Gastroduodenal artery 8.58 11.22 11.03 7.69

Common hepa�c artery 5.29 8.11 8.26 6.88
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Table 1. Baseline characteristics of patients and control group

Cases Controls p value

Subjects, n 21 5 na
Age, years 47.0±8.41 47.1±6.53 ns
Female gender, % 85 80 ns
HbA1c (DCCT), % 5.1±0.95 5.24±0.86 ns
HOMA-IR 1.64±0.2 1.38±0.5 ns
BMI, kg/m2 28.9±3.99 22.31±2.83 0.001

Fig. 3. Glucose and insulin levels in venous sampling after intra-arterial calcium stimulation.
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result of the exaggerated secretion of GLP-1 in the time af-
ter the BS [10]. However, in the present study, the pancre-
atic intra-arterial calcium-stimulating test performed in 10 
patients with a mean follow-up of around 3 years after BS 
showed a normal insulin response. These results support 
the current concept that the exaggerated insulin secretion 
during OGTT can be attributed to extra-pancreatic factors 
rather than a nesidioblastosis. In addition, the inhibitory 
effect of canagliflozin on SGLT-1 transporters expressed in 
the small intestine seems the most reliable explanation of 
our findings and suggests an important role of SGLT-1 in 
the kinetics of glucose absorption and the consequent insu-
lin response. Moreover, since the SGLT-1 channels were 
shown to be overexpressed after RYGB [17], the early effect 
of SGLT-1 inhibition after canagliflozin 300 mg adminis-
tration can represent an important therapeutic target for 
patients that present PHH after RYGB.

There is scarce literature regarding the effect of SGLT-
1 inhibition on insulin response after oral glucose over-
load. Polidori et al. [22] studied the effects of canagliflozin 
300 mg on glycemic and insulinemic excursions after a 
600-calorie mixed meal in 20 healthy individuals. These 
authors found that canagliflozin treatment reduced post-
prandial plasma glucose and insulin excursions during 
OGTT. More recently, Martinussen et al. [13] suggested 
that SGLT-1-mediated glucose absorption contributed to 
incretin hormone secretion after RYGB. In this study, the 
authors showed a significant reduction in postprandial 
levels of glucose and insulin during OGTT using 600 mg 
of canagliflozin. Taken together, these reported results re-
inforce the rationale of the present study. 

Our pilot study is the first study that aimed to explore 
the role of canagliflozin 300 mg in PHH after RYGB. We 
included patients that underwent RYGB and had a previous 
diagnosis of PHH by showing plasma glycemia <50 mg/dL 
after a 100-g OGTT. Canagliflozin 300 mg was adminis-
tered 1 h before the glucose intake solution in order to ob-
tain the maximal effect according to drug pharmacokinetics 
[19]. During OGTT after the intake of 300 mg of cana-
gliflozin, we found a significant reduction both in glucose 
levels compared to baseline (25% at minute 30 and 17% at 
minute 60) and in insulinemia (55.81% at minute 30 and 
64.72% at minute 60), followed by prevention of hypogly-
cemia at minute 180, defined as per Delphi consensus [3] 
(<50 mg/dL) in 90.47% of the cases. Therefore, canagliflozin 
can be regarded as an effective and safe therapeutic option 
for patients that present with PHH after RYGB. 

Currently, the main treatment of PHH after RYBG is 
to decrease the pancreatic response by decreasing glucose 
absorption or inhibiting the pancreatic response. Most 

cases have a satisfactory response to a low-carbohydrate 
diet [23]. However, some cases require medical therapies, 
such as acarbose, diazoxide, or somatostatin analogs [24], 
and sometimes even surgical therapies, such as reversal of 
surgery [25] or pancreatectomy. Our results open up a 
new therapeutic strategy based on the inhibition of SGLT-
1 intestinal transporters.

It could be argued that SGLT-2 inhibition could also 
participate in the observed results and, therefore, the lack of 
data regarding urinary excretion of glucose could be a lim-
itation of our study. However, it has been shown in healthy 
individuals that the main effect of SGLT-1 inhibition using 
300 mg of canagliflozin occurs in the first 2 h during the 
OGTT, while the urinary glucose excretion effect occurs 
mainly after 2 h [22]. Therefore, a significant contribution 
of SGLT-2 inhibition to our results is very unlikely. 

Finally, we observed that, even under treatment with 
canagliflozin, patients who underwent RYBG presented 
significant differences in the TTOG values from healthy 
controls. This finding underlines the complex pathophysi-
ology of PHH and suggests that SGLT-1-mediated overab-
sorption of glucose is only one of the involved mechanisms. 

In conclusion, we showed a significant reduction in 
plasma glucose and serum insulin levels after 300 mg 
canagliflozin during OGTT, thus resulting in prevention 
of PHH in patients that underwent RYGB. Our results 
point to inhibition of SGLT-1 channels as the primary 
underlying mechanism of this effect. Further studies to 
confirm this pilot study, as well as to examine the phar-
macokinetics and the complete mechanism of action of 
canagliflozin, are needed. Meanwhile, canagliflozin seems 
a valid option for treating PHH after RYGB in those pa-
tients without response to dietetic recommendations.
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