
Hyperinsulinemic hypoglycemia after Roux-en-Y gastric bypass:
Unraveling the role of gut hormonal and pancreatic endocrine
dysfunction

Atoosa Rabiee, MD, J. Trent Magruder, BA, Rocio Salas-Carrillo, MD, Olga Carlson, BS,
Josephine M. Egan, MD, Frederic B. Askin, MD, Dariush Elahi, PhD, and Dana K. Andersen,
MD
Departments of Surgery, Medicine and Pathology, Johns Hopkins University School of Medicine,
Johns Hopkins Bayview Medical Center, and the Clinical Physiology Branch, National Institute on
Aging, National Institutes of Health, Baltimore, MD 21224

Abstract
Introduction—Profound hypoglycemia occurs rarely as a late complication after Roux-en-Y
gastric bypass (RYGB). We investigated the role of glucagon-like-peptide-1 (GLP-1) in four
subjects) who developed recurrent neuro-glycopenia 2-3 years after RYGB.

METHODS—A standardized test meal (STM) was administered to all four subjects. A 2 hr
hyperglycemic clamp with GLP-1 infusion during the second hr was performed in one subject,
before, during a 4 wk trial of octreotide (Oc) and after 85% distal pancreatectomy. After cessation
of both glucose and GLP-1 infusion at the end of the 2 hr clamp, blood glucose levels were
monitored for 30 minutes. Responses were compared to a control group (5 subjects 12 mo status
post RYGB without hypoglycemic symptoms).

RESULTS—During STM, both GLP-1 and insulin levels were elevated 3-4 fold in all subjects,
and plasma glucose-dependent insulinotropic peptide (GIP) levels were elevated 2-fold. Insulin
responses to hyperglycemia ± GLP-1 infusion in one subject were comparable to controls, but
after cessation of glucose infusion, glucose levels fell to 40 mg/dl. During Oc, the GLP-1 and
insulin responses to STM were reduced (>50%). During the clamp, insulin response to
hyperglycemia alone was reduced, but remained unchanged during GLP-1. Glucagon levels during
hyperglycemia alone were suppressed and further suppressed after the addition of GLP-1. With the
substantial drop in glucose during the 30 minute follow-up, glucagon levels failed to rise. Due to
persistent symptoms, one subject underwent 85% distal pancreatectomy; post-operatively, the
subject remained asymptomatic (blood glucose: 119-220 mg/dl), but a repeat STM showed
persistence of elevated levels of GLP-1. Histologically enlarged islets, and beta cell clusters
scattered throughout the acinar parenchyma was seen, as well as beta-cells present within
pancreatic duct epithelium. An increase in pancreatic and duodenal homeobox-1 protein (PDX-1)
expression was observed in the subject compared to control pancreatic tissue.

CONCLUSIONS—A persistent exaggerated hypersecretion of GLP-1, which has been shown to
be insulinotropic, insulinomimetic and glucagonostatic, is the likely cause of post-RYGB
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hypoglycemia. The hypertrophy and ectopic location of beta-cells is likely due to over-expression
of the islet cell transcription factor, PDX-1, caused by prolonged hypersecretion of GLP-1.

Introduction
Hypoglycemia is a rare complication occurring after Roux-en-Y gastric bypass (RYGB)
surgery. Reports have described a handful of patients in whom frank hypoglycemic
episodes, some resulting in motor vehicle accidents, have occurred one to three years after
RYGB(1-5). Most of the reports implicate inappropriate insulin secretion as the cause, due
to diffuse islet hyperplasia and expansion of beta cell mass. It is unclear whether the
increased beta cell mass develops prior to surgery due to extreme obesity or whether it is
activated as a consequence of the surgical procedure. Some reports attribute the
hyperinsulinemia to the development of nesidioblastosis(2, 3) while others report that an
increase in beta cell mass was not present in the pancreas of patients undergoing pancreatic
resection (4).

Hypoglycemia in patients who have undergone RYGB has been attributed to several
possible mechanisms. These mechanisms include a) lack of reduction of beta cell mass
which was constitutively increased during the obese state prior to surgery, b) gut hormonal
activation of new beta cell formation due to surgically-induced changes in the secretion of
insulinotropic enteric hormones, or incretins, or other regulatory peptides, c) increased
insulin sensitivity following weight loss, d) inappropriate beta cell secretion following early
entry of ingested nutrients into the small intestine (dumping syndrome), and/or e) abnormal
counter-regulatory hormonal (glucagon) responses(6-9). However, none of the proposed
mechanisms has been clearly established, and it is possible that the abnormal glucose
homeostasis is mediated by more than one of these mechanisms. Glucagon-like-peptide-1
(GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), have been clearly
established as potent incretins, and GLP-1 is more potent than GIP on a molar basis(10). We
hypothesized that a change in gut hormonal milieu is responsible for the hyperinsulinemic
hypoglycemia following RYGB.

We report four cases of post-RYBG hypoglycemia in which a standardized test meal (STM)
was used to measure hormonal responses. In one subject, the hyperglycemic clamp
technique was used to evaluate beta cell response to fixed hyperglycemia as well as to a
fixed infusion of GLP-1. In this subject, the response to the STM and the clamp study were
performed initially, after one month of treatment with octreotide, and after 85% distal
pancreatectomy. Histologic evaluation of the resected pancreas was performed to evaluate
islet cell mass and the expression of the beta cell growth-promoting transcription factor,
pancreatic duodenal homeobox-1 protein (PDX-1).

Methods
A 47 year old caucasian female with severe fasting, post-prandial, and exercise-induced
hypoglycemia three years after RYGB was referred to this institution for further evaluation.
The patient underwent RYGB for morbid obesity (BMI = 44.5 kg/m2) associated with type 2
diabetes mellitus in January 2006. Her diabetes resolved promptly after surgery and she lost
over 54.5 kg over a 15 month period. Approximately 30 months post-operatively, she
developed symptoms of confusion, dizziness and unconsciousness which were accompanied
by documented post prandial hypoglycemia in the range of 30-40 mg/dL. She was treated
with dietary alteration (low carbohydrate, high protein intake), followed by a two week trial
of diazoxide. She stopped using diazoxide due to edema and weight gain, but did not
experience any symptoms of hypoglycemia during the two week period. At this time, she
was referred for other treatment options.
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To evaluate the underlying cause of her symptoms, we performed a standardized test meal
(STM) consisting of oral ingestion of 475 cc of Ensure Plus(R) followed three days later by a
two hour hyperglycemic clamp (98 mg/dl above basal) at which evaluation, after treatment
with octerotide and after pancreatectomy. During the second hour of the clamp we infused
GLP-1 (7-36) amide in a primed continuous manner (5 pmol·kg−1·min-1) as previously
described(10). At 120 minutes both glucose and GLP-1 infusion were terminated and the fall
of blood glucose was followed for 30 minutes. She was then treated with octreotide (400
mcg/day) for four weeks, during which the frequency of her symptoms decreased, until she
abruptly suffered a profound episode of fasting hypoglycemia (25 mg/dL) associated with
seizure development and unconsciousness, that required resuscitation and hospitalization.
Both the STM and the hyperglycemic clamp were repeated during the fourth week of
treatment. After recovery and re-evaluation, she underwent an 85% distal pancreatectomy,
which resulted in resolution of her hypoglycemic episodes. She was evaluated again with the
STM and the hyperglycemic clamp eight weeks after pancreatectomy. Paraffin-embedded
tissue samples from the tail, mid portion and head of the pancreas were evaluated by routine
histology. The specimen was fixed in 10% formalin and processed according to routine
practice in the Johns Hopkins Hospital Surgical Pathology Laboratory. Routine hematoxylin
and eosin staining was done and immunostains for insulin, chromogranin, glucagon and
somatostatin were performed as per routine using the Ventana Benchmark XT automated
system. Islet diameter was determined using a calibrated reticle in an Olympus BX40
microscope. Immuno-histologic staining for beta cells, alpha cells, pancreatic polypeptide
(PP) cells and PDX-1 were also performed.

We also studied three other female patients with severe hypoglycemia who were referred to
us for evaluation. All three had undergone a RYGB procedure 2-3 years prior to the
development of hypoglycemic symptoms. Two of them were treated with dietary alteration
with no success and one was taking acarbose at the time of evaluation. We performed a
STM and measured their active GLP-1 and total GIP responses following the ingestion of
the test meal for 180 minutes. Plasma glucose, active GLP-1, total GIP and insulin were
measured as previously described(10).

Results
Glucose and Hormonal Responses During STM

In the first subject, the fasting blood glucose level at initial evaluation was 80 mg/dl and rose
to a peak level of 200 mg/dl at 40 minutes following ingestion of Ensure Plus; it then fell
and reached a value of 50 mg/dl at 100 minutes, after which it slowly rose and reached a
level of 90 mg/dl at 180 minutes (figure 1). The STM plasma glucose profile during
octreotide treatment, was essentially unchanged from the initial study. During the first week
of octreotide therapy hypoglycemic events did not occur at all. However, subsequently the
patient described symptoms that were consistent with low blood glucose levels, which
became more frequent as time progressed. These occurred while she was walking or after
eating. One profound episode of hypoglycemia occurred in the early morning hours, and
resulted in emergency resuscitation with intravenous glucose when loss of consciousness
was found to be accompanied by a blood glucose level of 25 mg/dl. After 85% distal
pancreatectomy, the fasting blood glucose level was 125 mg/dl and the peak level following
Ensure ingestion reached 223 mg/dl at 40 minutes ,after which it slowly fell to a level of 120
mg/dl at 180 minutes. Fasting GLP-1 and insulin levels during the initial evaluation were
similar to those seen in a control group of 5 non-hypoglycemic patients studied 12 months
after RYGB. Plasma GLP-1 levels following STM ingestion were clearly elevated during
the initial study in our patient, however, and reached levels at least 2.5 fold greater than
those seen in non-hypoglycemic post-RYGB controls. Plasma insulin levels during the
initial STM were similarly elevated compared to controls (figure 1). During octreotide
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treatment, plasma GLP-1 and insulin responses to the STM were markedly suppressed, and
appeared to be delayed by approximately 30 minutes. Following 85% distal pancreatectomy,
plasma insulin responses to the STM were decreased, similar to those levels seen during
octreotide treatment, although plasma GLP-1 levels remained elevated, similar to those seen
during the initial evaluation.

The plasma GLP-1 responses to the STM in the other three patients were similar to the
subject described above and were considerably higher than our control group (figure 2).
Following STM, total GIP responses of all four patients were also elevated compared to the
control group of non-hypoglycemic RYGB patients (figure 3).

Glucose, Insulin, and Glucagon Responses During Hyperglycemic Clamp
During each hyperglycemic clamp study, blood glucose levels were raised and maintained at
approximately 98 mg/dL above basal (figure 4). Fasting glucose levels were noted to be
slightly elevated during octreotide treatment and after 85% distal pancreatectomy compared
to the initial study, but were similar to control subjects. At 120 minutes, the glucose infusion
required to maintain stable hyperglycemia was stopped, and the fall in blood glucose level
was followed for at least 30 minutes. During the initial study, blood glucose levels fell after
cessation of glucose infusion to a level of 40 mg/dl, which was associated with mild
symptoms of dizziness and which necessitated further infusion of glucose to restore
euglycemia. During octreotide treatment, blood glucose fell to a level of 60 mg/dl at 150
minutes, during which the patient remained asymptomatic. Following 85% distal
pancreatectomy, blood glucose fell to 100 mg/dL, and the patient remained asymptomatic.
During hyperglycemia alone (0-60 min) plasma insulin levels during the initial study were
similar to those seen in a group of non-hypoglycemic post-RYGB controls. Total glucose
metabolism rates (M) were low-normal and similar to controls. Plasma insulin responses to
hyperglycemia during octreotide treatment and after 85% distal pancreatectomy were
reduced compared to the initial study for both first-phase and second-phase insulin release.
During GLP-1 infusion, plasma GLP-1levels were similar in all visits: plasma insulin levels
in response to combined hyperglycemia and elevated GLP-1 levels during the initial visit
were robust, but similar to the control group, and M was markedly increased during GLP-1
infusion. Octreotide treatment had little effect on the insulin response to combined
hyperglycemia and elevated GLP-1 levels, and M during the period of combined
hyperglycemia and GLP-1 infusion remained high. After 85% distal pancreatectomy, the
insulin response to combined hyperglycemia and GLP-1 infusion was markedly reduced, as
was M. Plasma glucagon levels were suppressed during the hyperglycemic clamp in all
studies. However during the fall of blood glucose levels after cessation of glucose infusion,
a counter-regulatory increase in glucagon was not observed despite very low glycemic levels
in the initial study.

Histopathology and Immuno-histochemistry of Pancreas
Extensive gross and microscopic examination of specimen excluded the presence of an
insulinoma. The histologic features of the pancreas (Fig 5) satisfied published criteria
(11-16) for nesidioblastosis: irregular, variably sized and lobulated islets, enlarged and
hyperchromatic beta-cell nuclei, large islets, ductulo-insular complexes (close association of
islet cell clusters with small pancreatic ducts) and scattered insulin-positive cells throughout
the pancreatic parenchyma. Results of morphometric study of 50 randomly selected islets
showed a median islet size of 250 micrometers with a range of 100 to 450 micrometers and a
median of 220 micrometers. The median islet size of our patient with nesideoblastosis was
in accord with data presented by Service et al(3) and by Anlauf et al(11).
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Immuno-histologic examination of pancreatic tissue was performed with additional antisera
directed at insulin, glucagon, pancreatic polypeptide, and PDX-1, and comparisons were
made against a normal pancreas from a patient of similar age, BMI and gender. There was
no apparent increase in beta cell mass compared to control. However, there was pronounced
increase in the number of alpha cells present, such that the ratio of alpha to beta cells was
65/35. PP cells were normal and present in all parts of the pancreas. There was an obvious
increase in PDX-1 staining in all areas of the pancreas (Figure 6).

Discussion
Severe hypoglycemia is now recognized as a rare consequence of RYGB surgery. The
prevalence of this syndrome is unknown, and it appears to be observed only after diversion
of nutrients into the mid-small bowel. There is a single report in which 12 patients with this
condition were treated, successfully, with low-carbohydrate diet(19). In that report, 11
patients were identified from a registry of 3082 RYGB procedure, which suggests an
incidence of less than 1%. Symptoms usually do not occur for at least one year after the
surgery. In a single case report, the condition occurred within three months after surgery in a
patient in whom an islet-cell tumor was present in the tail of the pancreas(17), but most
other reports have not implicated insulinoma formation. The most common treatment
options for this condition include dietary alteration, a trial of the beta-cell antagonist,
diazoxide, octreotide or acarbose. When the medical treatment options fails, surgery has
been advocated. The extent of the surgical procedure can be determined using a sequential
injection of calcium stimulating test. Partial, sub-total, and total pancreatic resection have
been reported to treat refractory hypoglycemia, and subsequent (type 3) diabetes is a
frequent consequence of pancreatectomy. Recently, a case of hyperinsulinemic
hypoglycemia post-RYGB has been treated successfully with use of enteral feedings through
a gastrostomy tube inserted into the remnant stomach(18). Whether the cause can be
unequivocally attributed to increased beta-cell mass, or “nesidioblastosis”, is controversial.
Pancreatic tissues from the study of Service et al(3), which were described as
“hypoglycemia with nesidioblastosis”, were re-examined by Meier et al(4) and were not
found to be consistent with beta-cell hypertrophy. The latter study deomonstrated that there
was increased beta-cell nuclear diameter, which correlated with pre-operative BMI,
suggesting beta-cell hyperactivity secondary to obesity. Histologic evidence of an expanded
beta cell mass can be observed in normo-glycemic conditons, such as normal pregnancy, as
well as in conditions of hyperinsulinism and hypoglycemia. Therefore the histologic finding
and diagnosis of nesideoblastosis remains a morphologic description rather than a functional
diagnosis of pancreatic endocrine dysfunction, which can be subjective based on pathologist
interpretation.

It has been suggested that beta-cell hyperactivity following RYGB may be due to increased
GLP-1 secretion, and our subjects demonstrated strikingly elevated GLP-1 levels following
STM. GLP-1 has been shown to act as a growth factor on beta cells through a
phosphatidylinositol 3 kinase pathway. It also increases transcription factor, pancreatic and
duodenal homebox gene 1 (PDX-1) gene expression and binding activity. PDX-1 expression
occurs predominantly in the beta and delta cells of the endocrine pancreas and mutations of
the gene results in defective beta cell development(20). Thus PDX-1 is necessary for
development and maturation of beta cells, and increased expression of PDX-1 could result in
increased production and secretion of insulin.

In our longitudinal assessment of GLP-1 responses following RYGB in five patients who
have not displayed hyperinsulinemia or hypoglycemia, we observed hypersecretion of
GLP-1 at 3 and 6 months (57.3±26.4 pmol/l) after the operation which normalized to levels
observed in non-obese individuals by 9 to 12 months after operation (23.2±6.2 pmol/l)(21).
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In all four subjects studied here, GLP-1 levels were at least three fold higher than those
observed in control subjects approximately one year after RYGB surgery. Total GIP levels
in all four subjects were also at least two fold higher than in controls. Thus the increased
secretion of incretins could be responsible, at least in part, for similarly high insulin release
during the STM. In our patient in whom had a clamp studies performed before therapy
(octerotide or pancreatectomy, infusion of GLP-1 which produced a square wave of GLP-1
level similar to that achieved in our non-hypoglycemic patients, was not accompanied by an
exaggerated insulin response (figure 4). The same observation with respect to insulin
response was made in a second patient with hypoglycemic symptoms who had a clamp
performed with the infusion of GLP-1 (data not shown). Thus, the robust insulin release
during the STM was likely secondary to an exaggerated GLP-1 response to nutrients, but
was not due to an enhanced beta-cell sensitivity to GLP-1.

Other beta-cell stimulatory factors (incretins) such as GIP may also play a role in the
exaggerated insulin response to nutrients. GLP-1 hypersecretion has been proposed as a
cause of post-RYGB hypoglycemia(8) although the incidence and pattern of this gut
hormonal response to RYGB remains undefined. It has been suggested that a longer length
of roux limb may be responsible for excess GLP-1 secretion, and subsequent hypoglycemia,
as GLP-1 secreting “L” cells are found in highest concentration is the distal small intestine.

We are not aware of any prior report in which post-RYGB patients with hypoglycemia were
examined with the clamp methodology. During the clamp, we did not observe an
exaggerated insulin response either to glucose alone or to glucose and GLP-1, which refuted
the possibility of autogenous hyperinsulinism. Furthermore, the rate of total (net) glucose
metabolism observed during the clamp was consistent with values observed in other non-
hypoglycemic patients, which refuted the possibility of enhanced insulin sensitivity.
However, the fall of glucose after cessation of glucose and GLP-1 infusion was very robust.
We hypothesize that the increased glucose uptake both during the STM and when GLP-1 is
infused may be due in part to the established insulinomimetic properties of GLP-1(22). In
addition, the lack of any glucagon response to frank hypoglycemia can be attributed to the
known glucagonostatic effect of (elevated) GLP-1 levels(23). Despite abundant alpha cells
in the pancreas of our patient, the failure of a counter-regulatory response to hypoglycemia
appeared to play a significant role in the pathophysiology of this condition.

GLP-1 has been shown to promote PDX-1 expression(20), and our finding of increased
PDX-1 expression is further evidence of the effect of excess GLP-1 levels. Although we did
not assess nuclear content of the beta-cells, the finding of increased PDX-1 in the pancreas
of our patient, accompanied by morphologic signs of increased beta and alpha cell activity,
is consistent with our conclusion that persistently elevated GLP-1 levels had a functional
effect on the pancreatic endocrine function. Restoration of normal GLP-1 and GIP secretion
can presumably be achieved by reversal of the diversion of gastric contents into the mid-
small bowel. Our surgical patient declined reversal of her RYGB over concern of weight
gain, and it remains conjectural whether conversion to a restrictive type of bariatric
procedure would maintain weight loss but avoid or reverse the consequences of persistently
elevated incretin secretion. Conversion to an alternative form of bariatric procedure would
nonetheless appear to be an attractive alternative than the creation of pancreatogenic (type 3)
diabetes as a means to avoid hypoglycemia in these patients.
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Figure 1.
Plasma glucose (upper panel), GLP-1 (middle panel) and insulin (lower panel) after the
ingestion of STM in control subjects (squares) and the patient with hyperinsulinemic
hypoglycemia before (green circles), during octreotide treatment (blue circles) and after
partial pancreatectomy (red circles).
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Figure 2.
Plasma glucose (upper panel), GLP-1 (middle panel) and insulin (lower panel) during a
2hour of hyperglycemia with GLP-1 infusion during the second hour in control subjects
(squares) and the patient with hyperinsulinemic hypoglycemia before ( green circles), during
octreotide treatment (blue circles) and after partial pancreatectomy (red circles).
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Figure 3.
Histopathologic and immunocytochemical features of nesidioblastosis in this patient. A
(upper left); variably sized islets and enlarged (450 micrometers greatest dimension) and
lobulated islet (arrow). Hematoxylin and Eosin stain x40. B (upper right); Ductulo-insular
complexes. Small collections of islet cells abutting a pancreatic ductule. Hematoxylin and
Eosin stain x100. C (lower left); Insulin-positive cells and cell clusters scattered in the
pancreatic parenchyma. Insulin immunostain x 40. D (lower right); pancreatic ductule with
insulin-positive cells in the mucosa. The lumen (L) of the duct is at the top of the
photomicrograph. Insulin immunostain x 40.
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Figure 4.
Standardized Test Meal in controls and four hypoglycemic post RYGB patients.
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Figure 5.
Characteristic histologic and immunocytochemical features of nesidioblastosis. A. Extreme
variation in islet size and the presence of large, lobulated islets (center of the panel). B.
Ductuloinsular complexes. Endocrine cell clusters are intimately connected with a small
pancreatic duct. C. Insulin positive endocrine cell clusters are scattered throughout the
acinar parenchyma. D. Insulin positive cells are seen scattered amongst the pancreatic duct
epithelium.
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Figure 6.
A representative of fluorescent immune-histochemistry staining of islets (insulin in red and
glucagon in green)from the control pancreas (A-1) and patient pancreas (B-1). PDX-1
staining of the control pancreas (A-2) and the patient pancreas (B-2). The right panels
clearly show the increased expression of PDX-1 in the patient’s pancreas.
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