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Roux en Y gastric bypass hypoglycemia resolves
with gastric feeding or reversal: Confirming a
non-pancreatic etiology

Dawn Belt Davis """, Jad Khoraki **, Martynas Ziemelis °, Sirinart Sirinvaravong ', Jee Young Han’,
Guilherme M. Campos >***

ABSTRACT

Objective: Postprandial hypoglycemia is an infrequent but disabling complication of Roux-en-Y gastric bypass (RYGB) surgery. Controversy still
exists as to whether the postprandial hyperinsulinemia observed is due to inherent changes in pancreatic 3-cell mass or function or to reversible
alterations caused by RYGB anatomy. We aimed to determine if gastric feeding or reversal of RYGB would normalize postprandial glucose and
hormone excursions in patients with symptomatic hypoglycemia.

Methods: We completed a prospective study of six patients with severe symptomatic RYGB hypoglycemia who underwent RYGB reversal. An
additional subject without hypoglycemia who underwent RYGB reversal was also studied prospectively. Mixed meal tolerance testing (MTT) was
done orally (RYGB anatomy), via gastrostomy tube in the excluded stomach in the setting of RYGB, and several months after RYGB reversal.
Results: All subjects reported symptomatic improvement of hypoglycemia after reversal of RYGB. Weight gain after reversal was moderate and
variable. Postprandial glucose, insulin, and GLP-1 excursions were significantly diminished with gastric feeding and after reversal. Insulin
secretion changed proportional to glucose levels and insulin clearance increased after reversal. Glucagon/insulin ratios were similar throughout
study. We further compared the impact of modified sleeve gastrectomy reversal surgery to those with restoration of complete stomach and found
no significant differences in weight regain or in postprandial glucose or hormone levels.

Conclusions: Reversal of RYGB is an effective treatment option for severe postprandial hypoglycemia. The pathophysiology of this disorder is
primarily due to RYGB anatomy resulting in altered glucose, gut, and pancreatic hormone levels and decreased insulin clearance, rather than
inherent B-cell hyperplasia or hyperfunction.

Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION symptoms consistent with hypoglycemia [5]. Direct testing of

RYGB patients with glucose tolerance tests or continuous glucose

Roux-en-Y gastric bypass (RYGB) surgery is the most commonly
performed bariatric procedure worldwide and has dramatic effects
on weight loss and diabetes remission [1,2]. Postprandial hypogly-
cemia is recognized as a late complication of RYGB. The prevalence
of this complication in patients after RYGB remains unclear. The
prevalence has been estimated as low as 0.1%, based on self-
reporting of hypoglycemic episodes or hospital admissions for hy-
poglycemia or related symptoms [3,4]. However, another study
identified much higher prevalence of 34% based on self-reported

monitoring has found highly variable rates of hypoglycemia, ranging
from 10 to 70% [6—9]. It appears that symptomatic hypoglycemia
occurs in a relatively small subset of patients after RYGB, and most
of these can be adequately treated with dietary therapy. However,
some patients develop severe post-prandial hypoglycemia after
RYGB, resulting in multiple daily episodes of hypoglycemia, seizures,
loss of consciousness and a significant decrease in quality of life
and safety. Therefore, identifying the cause and effective treatments
for this disorder is essential.
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The initial report of hypoglycemia after RYGB suggested that the eti-
ology was related to nesidioblastosis, or overgrowth of the pancreatic
B-cells, leading to excessive insulin secretion [10]. However, subse-
quent analysis of the same pancreatic samples found no evidence of
B-cell hyperplasia [11]. Despite these conflicting reports, partial
pancreatectomy has been advocated as a treatment for these patients.
Of patients who underwent partial pancreatectomy, 90% experienced
recurrent symptoms and 25% experienced no improvement in quality
of life [12]. Therefore, this invasive procedure has a low success rate,
further raising the question whether excess [-cell mass or function
truly contributes to the etiology of this disorder.

We hypothesized that the pathophysiology of this syndrome is not due
to inherent changes in pancreatic 3-cell mass or function, but due to
reversible alterations caused by RYGB anatomy. Thus, RYGB reversal
would be an effective treatment approach for patients with RYGB hy-
poglycemia. We previously published the surgical approach and
described symptomatic improvement in four of these patients after
laparoscopic RYGB reversal [13]. In this study, we provide detailed
metabolic and hormonal profiling after mixed meal tolerance tests
(MTT) in six subjects with RYGB hypoglycemia, prospectively
comparing responses to oral intake, intake through a gastrostomy tube
(G-tube) inserted into the excluded stomach, and oral intake after RYGB
reversal. In this way, we can identify factors that vary dependent on the
route of food delivery in the same patient, rather than comparisons of
different patients with and without RYGB and hypoglycemia. The use of
each patient as their own internal control is a unique characteristic of
our study that provides key insights into the causality of hypoglycemia
in RYGB. We are also able to provide information on metabolic out-
comes after RYGB reversal to normal anatomy or sleeve gastrectomy.

2. MATERIALS AND METHODS

2.1. Subjects

The University of Wisconsin (UW) Institutional Review Board approved
the study. Written informed consent was obtained for MTT and sub-
sequent hormonal analysis. G-tube placement and RYGB reversal
surgery were performed independent of the research protocol as
clinically indicated for the treatment of complications of RYGB. Hypo-
glycemic subjects had the G-tube placement before reversal in order to
evaluate glucose control while feeding through the excluded stomach.
Subjects were recruited from clinical practice in UW Endocrinology or
Bariatric Surgery clinics with a history of RYGB and frequent episodes
of symptomatic postprandial hypoglycemia. All six symptomatic sub-
jects had a clinical diagnosis of post-RYGB hypoglycemia, based on
obtaining history of Whipple’s triad (hypoglycemia with venous glucose
values less than 55 mg/dL occurring with symptoms and resolved by
food intake) and ruling out alternate causes of hypoglycemia. Home
blood glucose monitoring during symptoms with either glucometer or
continuous glucose monitor similarly confirmed hypoglycemia with
frequent readings below 55 mg/dL. Fasting glucose, insulin, C-peptide,
early morning cortisol, and thyroid stimulating hormone were assessed
in all patients and were normal. All subjects had at least 2 hypogly-
cemic episodes (glucose <60 mg/dL) per week on home capillary
glucose readings or continuous glucose monitoring. Oral glucose
tolerance testing (GTT) was performed as part of diagnostic workup
and all hypoglycemic subjects were symptomatic with
glucose < 60 mg/dL during the GTT. Importantly, the diagnosis of
hypoglycemia was not based solely on results of the GTT, this was
simply an adjunct to other clinical information and diagnostic workup.
Several subjects had developed some degree of hypoglycemic

unawareness by the time the decision was made to proceed to reversal
surgery. Dietary therapy and medical therapy with acarbose (titrated to
maximally tolerated dose or 100 mg with each meal) were attempted
in all subjects. A subset of subjects had additional medical therapy
trials of somatostatin analogue, diazoxide, prednisone, and/or calcium
channel blockers. Side effects of some medical therapies resulted in
discontinuation. Not all subjects were able to fully comply with dietary
recommendations. Despite best attempts at dietary and medical
therapy, all subjects had persistent, frequent episodes of hypoglyce-
mia. An additional patient was recruited with a history of RYGB surgery,
but no symptomatic hypoglycemia. All patients were candidates for
RYGB reversal based on improved symptoms with G-tube feeding.
Patients were offered to have the G-tube remain in place for feeding
and possible sole therapy; however, none chose that option. Further
details of the individual subjects are provided in Table 1. The surgical
technique for reversal has been previously described [13], but
essentially the gastric pouch was reconnected to the stomach and the
alimentary limb was excised.

2.2. Procedures

All subjects had a G-tube placed in the excluded stomach. MTT was
delayed until at least 4 weeks after G-tube insertion. Subjects un-
derwent three separate MTTs. First, they consumed the meal orally,
which resulted in absorption via the RYGB anatomy. They completed a
second MTT within 1—3 days (except for one patient who did not
complete for ~3 months) via G-tube. The G-tube test is intended to
mimic the effects of RYGB reversal. Finally, the subjects returned an
average of 4 months after they had RYGB reversal surgery for a final
MTT (range 3—6.9 months). The final meal was consumed orally, with
nutrient delivery through the reversal anatomy (esophagus, stomach,
pylorus, duodenum, and into small bowel).

After a 10 h fast, the liquid meal (Ensure (Abbott Laboratories);
250 keal in 237 mL, 23 g simple sugars in a total of 40 g carbohydrate,
6 g of fat, and 9 g of protein) was consumed (orally or via G-tube
administration) within 15 min. Samples were collected at baseline
(fasting) and 5, 15, 30, 60, 90, 120, 150, 180, 210, and 240 min after
completion of the meal. All blood samples were collected into lavender
top blood collection tubes containing dipeptidyl peptidase 4 (DPP4)
inhibitor (Millipore), aprotinin (Sigma), and AEBSF (4-(2-Aminoethyl)
benzenesulfonyl fluoride hydrochloride) (Sigma), mixed and stored on
ice until serum was collected, aliquoted, and frozen at —80 °C.

2.3. Assays

Glucose was analyzed at University of Wisconsin Hospital Clinical Lab.
Analysis of hormone levels was done with the following ELISA kits from
Millipore: Human Insulin-# EZHI-14K, Human C-peptide-# EZHCP-20K,
Glucagon-Like Peptide-1 (active)-#EGLP-35K, Human GIP (total)-#
EZHGIP-54K, Human Pancreatic Polypeptide (PP)-# EZHPP40K, Human
PYY (total)-# EZHPYYT66K. Glucagon was measured with an RIA kit
from Millipore: Glucagon-#GL-32K. Some analyses of GIP, PP, and PYY
were done with Millipore Milliplex multi-analyte profiling #HGT69K.
Internal quality control ensured that samples run with Milliplex vs.
single ELISA assay gave similar results. The samples run with Milliplex
were equally distributed throughout the groups (RYGB vs. G-tube vs.
Reversal).

2.4. Analysis

Rates of rise or fall in glucose or insulin values were calculated as the
slope (difference in value divided by time) from baseline (time = 0)
value to peak value (rise) or from peak value to nadir value (fall).
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Figure 1: Glucose (A) and Insulin (B) responses during 75 g oral glucose tolerance testing (GTT) via the RYGB anatomy in 6 symptomatic (solid line and closed circle) and 1
asymptomatic (dashed line and open circle) subject. Error bars represent standard error of the mean.
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Figure 2: Glucose (A) and Insulin (B) responses to mixed meal tolerance testing (MMT) orally via the RYGB anatomy (black solid line and closed circle), via G-tube (black dashed
line and triangle) and orally after reversal (gray solid line and open circle), *P < .05, **P < .01, ***P < .0001. Error bars represent standard error of the mean.

di/min, p = 0.06). Nadir glucose was lower in RYGB compared to G-
tube (67 vs. 87 mg/dL, p = 0.03), even though frank hypoglycemia did
not occur during MTT. Peak glucose was also higher after RYGB
feeding (193 vs. 135 vs. 133 mg/dL, p = 0.03). These changes in
glucose were paralleled by a similar pattern for insulin, with higher
insulin levels in RYGB feeding during the first 90 min (Figure 2B). We
also found a more rapid rise and fall in insulin levels with RYGB feeding
compared to G-tube feeding (insulin rise: 2.59 vs. 1.15 pU/mL/min,
p = 0.03; insulin fall: 0.36 vs. 0.13 pU/mL/min, p = 0.03). Notably, G-
tube feeding essentially normalized postprandial glucose and insulin
levels. There were no overall differences in insulin to glucose ratio,
suggesting that the insulin response is proportional to the concurrent
glucose (Figure 3A). Overall pre-hepatic insulin secretion was reduced
with G-tube feeding compared to RYGB feeding, consistent with the
reduction in overall insulin levels (Figure 3B). Pre-hepatic insulin
secretion was not different overall after reversal, compared to RYGB,
however there was a left shift in the RYGB insulin secretion compared
to reversal (time to peak insulin secretion rate shorter in RYGB
(6.7 min) vs. Reversal (18.3 min), p = 0.02) (Figure 3C). We also
calculated an empirical measure of B-cell function using the ratio of
the integral of the glucose concentration to the integral of the insulin
secretion rate over the first 150 min [16] and found that there was no
evidence of increased B-cell function in the RYGB MTT, and in fact
there was a trend toward an increase after reversal (0.034 vs. 0.032

18

vs. 0.049, all differences non-significant). Insulin clearance trended
higher with gastric feeding and was increased after reversal
(Figure 3D).

3.2. MTT: glucagon, GLP-1, GIP and PYY

Postprandial glucagon levels were higher with RYGB feeding
(Figure 3E), yet there were no differences in insulin to glucagon ratios
(Figure 3F).

Gastric feeding and RYGB reversal dramatically lowered post-prandial
GLP-1 levels, compared to RYGB (Figure 4A). There was no significant
difference in gastric inhibitory peptide (GIP) levels across the different
studies (Figure 4B). Peptide YY (PYY) levels were also decreased with
G-tube feeding and trended toward a decrease after reversal
(Figure 4C). Pancreatic polypeptide (PP) levels were not significantly
changed across the study (Figure 4D).

3.3. Drivers of insulin secretion

To determine the predominant drivers of insulin secretion, we
assessed correlations between glucose and GLP-1 values with the
insulin secretion rate over the first 60 min of the MTT. Linear corre-
lations are shown in Figure 5. In RYGB MTT, the strongest correlation to
insulin secretion rate (ISR) was with GLP-1 (r = 0.5, p = 0.005),
although glucose was also positively correlated (r = 0.4, p = 0.02).
However, with G-tube MTT, only glucose correlated with ISR (r = 0.45,
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Figure 3: Insulin and glucagon dynamics during MTT. Insulin:glucose ratio (A), pre-hepatic insulin secretion rates (ISR) (B), time to peak of ISR (C), insulin clearance (D), glucagon
(E) and insulin:glucagon ratio (F) during mixed meal testing. Oral via the RYGB anatomy (black solid line and closed circle, black bar), via G-tube (black dashed line and triangle,
white bar) and orally after reversal (gray solid line and open circle, gray bar), ns not significant, *P < .05. Error bars represent standard error of the mean.

p = 0.01). During the reversal MTT, glucose had the strongest cor-
relation with ISR (r = 0.64, p = 0.0001), although GLP-1 was also
positively correlated (r = 0.49, p = 0.006).

3.4. Outcomes in subject without symptomatic hypoglycemia

Finally, we present the results of our single patient without symp-
tomatic hypoglycemia (Table 1, subject 7 and Figure 6) who also
underwent RYGB reversal for the indication of hypoparathyroidism.

This patient demonstrated similar responses to gastric feeding and
RYGB reversal as the hypoglycemic patients, with reductions in post-
prandial glucose, insulin, GLP-1, and PYY. This patient did have a
slightly different pattern of GIP response, with the most GIP production
occurring in the G-tube MTT. This patient also had a very robust PP
response in the G-tube MTT. The implications of these differences in a
single patient compared to average responses in the symptomatic
group are limited.
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Figure 4: Gut hormone profiles during MTT. Active glucagon-like peptide 1 (GLP-1) (A), total glucose-dependent insulinotropic peptide (GIP) (B), total peptide YY (PYY) (C), and
pancreatic polypeptide (PP) (D) responses during MTT. Orally via the RYGB anatomy (black solid line and closed circle), via G-tube (black dashed line and closed triangle) and orally
after reversal (gray solid line and open circle), ns not significant, *P < .05, **P < .01. Error bars represent standard error of the mean.

3.5. Reversal to modified sleeve gastrectomy versus normal
anatomy

As some of our subjects received a modified sleeve gastrectomy upon
RYGB reversal, we wanted to examine whether this had an impact on
post-reversal response to mixed meal. Figure 7 shows the post-
reversal MTT results when comparing those subjects with a sleeve
gastrectomy (n = 4) to those with “normal” anatomy (n = 3) after
reversal. Although there was slightly increased glucose excursion after
the meal in the sleeve gastrectomy patients, this was not statistically
significant as measured by AUC over 90 min (p = 0.67) (Figure 7A).
There were no significant differences in postprandial insulin or GLP-1

levels (Figure 7B—C). Postprandial PYY levels appeared slightly higher
in “normal” anatomy, however this was not statistically significant
(p = 0.84) due to high variability. Fasting glucagon levels averaged
higher in the patients with “normal” anatomy after reversal, but there
was no dramatic change in glucagon levels with meal intake in either
group after reversal (Figure 7E). We also saw no difference in insulin
clearance between these groups (Figure 7F). We also saw no differ-
ence in insulin secretion (Figure 7G) or the time to reach peak insulin
secretion rate (Figure 7H). Additionally, we saw no dramatic difference
in the clinical outcome of recurrent hypoglycemia, with all subjects
having minimal to no recurrent hypoglycemia on clinical follow up. We
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Figure 5: Correlations between glucose (red) or glucagon-like peptide 1 (GLP-1) (blue) with insulin secretion rate (ISR) over the first 60 min of mixed meal tolerance testing (MTT)
orally via the RYGB anatomy (RYGB), via G-tube and orally after reversal (Reversal). Pearson correlation r values and p values are shown on each graph in the corresponding color.
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included the subject without pre-reversal hypoglycemia in this analysis  3.6. Longer term weight changes

as she increased the sample size of those with “normal” anatomy. While weight gain after reversal was variable over an average of 20
None of the above findings differed based on inclusion of this  months of follow-up (35 + 43 Ibs, 5 + 5.3 BMI units), only one patient
asymptomatic subject. regained a dramatic amount of weight (128 Ibs), despite receiving a
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sleeve gastrectomy (Table 1). This subject (subject 3 in Table 1) was
noncompliant with dietary advice for weight maintenance and was
regaining weight even before the reversal surgery. At final follow up, all
subjects had a BMI that was less than their original BMI prior to RYGB
surgery (Table 1). Weight change did not differ when comparing those
with sleeve gastrectomy on reversal compared to reversal to “normal”
anatomy (44.5 pounds (5.95 BMI units) gain sleeve vs. 28.5 pounds
(3.83 BMI units) gain “normal”, p = 0.57 (Ibs) and 0.65 (BMI)).

4. DISCUSSION

Hypoglycemia after RYGB surgery remains a poorly understood phe-
nomenon with limited published information on effective therapy. We
present here a study of six subjects with recalcitrant, symptomatic
hypoglycemia after RYGB and show that RYGB reversal was an
effective treatment and did not lead to dramatic weight regain in the
majority of patients. Our study was unique in that it evaluated these
patients prospectively with MTTs at baseline, with a G-tube into the
excluded stomach, and after RYGB reversal. We found that gastric
feeding and RYGB reversal dramatically reduced postprandial glucose,
insulin, and GLP-1 excursions. Because the altered feeding route alone
is sufficient to normalize postprandial response and we see a
consistent correlation between glucose levels and insulin secretion
rates, we conclude that there is no overgrowth of the pancreatic [3-
cells or inherent hyperfunction of the pancreatic B-cells, as has been
suggested as a potential etiology of this disorder [10,17]. Instead, we
conclude that alteration in the timing and location of carbohydrate
absorption with RYGB leads to increased postprandial glucose con-
centrations triggering robust, early insulin secretion. This can lead to
overcorrection of glucose levels resulting in symptomatic hypoglyce-
mia. However, these alterations in insulin secretion and subsequent
hypoglycemia are reversible with alternate feeding routes via G-tube or
reversal anatomy.

Our conclusions are consistent with a recent study by Patti et al. that
found increased P-cell function in RYGB-hypoglycemic patients
compared to non-hypoglycemic RYGB patients with oral MTT, but not
after intravenous glucose administration. Due to the lack of response to
intravenous glucose, their study also concludes that there is no
inherent difference in B-cell function, but rather that gut-derived
factors contribute to the enhanced post-prandial insulin secretion in
hypoglycemic patients [18]. We also saw a shorter time to maximal
insulin secretion with RYGB feeding (Figure 3C). A similar left shift in
insulin secretion has been noted when comparing RYGB patients to
controls in other studies [19]. Overall, this implies that insulin is
secreted earlier, in response to the rapid rise in serum glucose at 5—
15 min after the RYGB meal, but overall B-cell function does not differ.
Similar to our findings, a single case report described dramatic
improvement in severe post-RYGB hypoglycemia when the patient had
a G-tube placed in the remnant stomach for a small bowel obstruction
[20]. In this patient, similar reductions in postprandial glucose, insulin,
GLP-1, and glucagon were seen with G-tube versus oral feeding.
Another single case reported improved postprandial symptoms (not
hypoglycemia) and similar changes in glucose, insulin, and insulin
secretion rate with G-tube feeding in a RYGB patient. However, GLP-1
levels did not decrease with G-tube feeding in this single subject [21].
Additionally, a few small case series have looked at gastric feeding in
RYGB subjects without hypoglycemia [22—24] and similarly describe
reduced postprandial glucose, insulin, and GLP-1 compared to oral
feeding. Taken together, these case reports or small case series are
consistent with our findings of normalized post-prandial responses
with gastric feeding.
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Two recent single case reports describe similar improvements in hy-
poglycemia after reversal of RYGB [25,26]. However, in contrast, a
case series of two hypoglycemic patients concluded that RYGB reversal
was not effective therapy, as both had persistent hypoglycemia during
MTT [27]. Although the surgical technique for reversal was generally
the same as in our study, there were some notable differences in the
results of MTT in these subjects compared to our study. First, both
subjects had much higher postprandial insulin levels after reversal,
despite reduced postprandial glucose. Therefore, the preserved insulin
to glucose ratio that we observed (Figure 3A) was not seen in these
subjects. Second, both subjects demonstrated a dramatic increase in
postprandial GIP levels after reversal, while we saw no significant
difference in GIP. The only consistent finding in this study was the
reduction in postprandial GLP-1 with RYGB reversal. We note that the
GLP-1 and GIP levels described in their study are markedly lower than
those reported here and by others [15], and there was a significantly
delayed insulin, GIP, and GLP-1 secretion profile of one of the subjects.
While we cannot fully explain the differences between these subjects
and those in our study, we postulate that at least one appears to be an
outlier due to delayed postprandial responses perhaps from delayed
gastric emptying after reversal. This subject also had a history of partial
pancreatectomy prior to RYGB reversal, which may have contributed to
altered responses. Notably both subjects in this study reported at least
minimal improvement in hypoglycemic symptoms after RYGB reversal;
while all of our patients reported symptomatic improvement in hypo-
glycemia after reversal and no further severe episodes of hypoglyce-
mia occurred over long term follow up. Most recently, a retrospective
case series described subjective clinical improvement in hypoglycemia
in 6 of 8 subjects who underwent reversal, with and without sleeve
gastrectomy [28].

These differences highlight the need for detailed attention to definitions
when reporting on these complex and relatively rare patients, as varied
definitions have been used to describe hyperinsulinemic hypoglycemia
after RYGB and the outcomes in response to gastric feeding and/or
reversal. Our report is on a selected group of patients with docu-
mented, recurrent, symptomatic hypoglycemia with associated
hyperinsulinemia that remained uncontrolled despite dietary or drug
therapy. We did not rely only on biochemical detection of hypoglycemia
after an OGTT to diagnose patients. Up to 72% of patients with RYGB
will have measured hypoglycemia after an OGTT, although often
asymptomatic [7,29]. We also used both objective and subjective long-
term clinical follow up to define a successful outcome from the
reversal, and did not rely solely on response to the MTT [13]. Other
important unresolved issues are whether variations in the technique at
index RYGB and/or at reversal surgery may impact hypoglycemia
events and the ability to recover from hypoglycemia. Two of these
unexplored technical issues are 1) the impact of disrupting vagal
innervation at index RYGB (that may impact portal vein glucose sensing
and liver and intestinal gluconeogenesis capacity) [30] or 2) whether
the excision of the alimentary limb (by reducing the amount of L cells
available to secrete GLP-1) may then contribute to the glucose and
hormonal improvements [28]. Lastly, we and others have also reported
that a proportion of patients that had reversal may experience peri-
operative complications or side effects associated to reversal surgery,
such as recurrent or de novo gastroesophageal reflux disease, or other
gastrointestinal symptoms [13,28,31]. Despite some of the differences
to previous reports noted above, our study is unique in that all subjects
are studied prospectively under all three conditions, and we are not
describing case reports of 1 or 2 patients. Our findings in RYGB hy-
poglycemic subjects prior to reversal are consistent with postprandial
responses seen throughout the literature, suggesting that we do not
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have any significant outliers in our group. Finally, our sample size,
while still small, is large enough to make statistically significant
comparisons.

A failure to secrete adequate glucagon in response to hypoglycemia
could explain the etiology of RYGB hypoglycemia, although previous
studies have actually shown increased postprandial glucagon
secretion after RYGB [32—34]. A recent study suggested that
enhanced postprandial glucagon secretion may contribute to the
increased insulin levels in RYGB hypoglycemia due to glucagon’s
ability to potentiate insulin secretion in the presence of high levels of
GLP-1 [35,36]. We also found higher postprandial glucagon levels
with RYGB compared to gastric feeding or reversal (Figure 3E).
However, glucagon remained elevated in the setting of the most
dramatic drop in glucose (RYGB at 60—90 min). We do not see any
evidence that impaired glucagon production can explain postprandial
hypoglycemia; however, we also do not see any rise in glucagon
levels after the nadir glucose levels are reached. We also do not see
any correlation of glucagon levels to insulin secretion rate in the
RYGB MTT (Pearson r = 0.06, p = ns, data not shown) to suggest
that glucagon is a predominant driver of insulin secretion. The insulin
to glucagon ratios (Figure 3F) demonstrate that insulin predominates
in the first 90 min and glucagon predominates thereafter in all three
meal tests, indicating there is not an inherent imbalance between
insulin and glucagon levels. The role of glucagon in the etiology of
RYGB hypoglycemia remains unclear, but our data do not suggest
that it plays a predominant role in the alterations in glucose or insulin
levels in our patients.

Reduced hepatic insulin clearance is another proposed mechanism for
RYGB-associated hypoglycemia [19], with resultant increased post-
hepatic insulin levels contributing to the hypoglycemia. We found
that RYGB reversal increased insulin clearance (Figure 3D). This is
somewhat contradictory to other studies showing an increase in insulin
clearance in RYGB patient compared to controls [32,33]. However, one
study found reduced insulin clearance as a feature of hypoglycemic
RYGB subjects compared to asymptomatic RYGB subjects and
postulated that this is a key pathophysiologic feature of this disorder
[19]. Our results suggest that this reduced insulin clearance rate is not
a fixed, inherent feature of these hypoglycemic patients but rather is a
dynamic variable that can change in response to altered feeding routes
and with RYGB reversal.

GLP-1 is dramatically elevated after RYGB and has been implicated as
a causal factor in RYGB-associated hypoglycemia [15,32]. Treatment
with a GLP-1 receptor antagonist corrected postprandial hypoglycemia
and reduced postprandial insulin secretion in subjects with RYGB
hypoglycemia [32,37]. Interestingly, benefits have also been noted
with treatment with the GLP-1 receptor agonist, liraglutide [38]. It is
possible that the continuous activation of GLP-1 receptors during long-
acting agonist therapy blunts the impact of acute endogenous GLP-1
excursions after meals. Our results also suggest an important role
for GLP-1, as the postprandial GLP-1 levels are dramatically reduced
with gastric feeding or bypass reversal (Figure 4A). We also find that
GLP-1 is a strong contributor to the enhanced insulin secretion rate in
the RYGB, and its role in insulin secretion diminishes with G-tube or
post-reversal feeding (Figure 5). Therefore, our findings are consistent
with a contributory role for GLP-1 in the enhanced postprandial insulin
secretion with RYGB, likely in combination with the rapid and large rise
in glucose concentrations.

We also found a decrease in PYY levels with gastric feeding and
reversal surgery. (Figure 4C). The role of PYY in RYGB hypoglycemia is
unknown. Postprandial PYY levels are known to increase after RYGB
[39]. However, no difference has been found in PYY levels when

comparing hypoglycemic RYGB subjects to non-hypoglycemic RYGB
controls [15]. PYY is secreted by enteroendocrine cells in the gut and
can delay gastric emptying and promote satiety. PYY had initially been
thought to stimulate postprandial insulin secretion, although recent
studies find no significant impact of PYY on insulin secretion [40—42].
At this time, it is unclear if PYY is contributing to, or simply correlated
with, the resolution of postprandial hyperinsulinemia and hypoglyce-
mia in our study.

Sleeve gastrectomy was performed in several of our subjects at the
time of RYGB reversal. We found similar improvements in hypogly-
cemic symptoms and no significant difference between the two post-
reversal groups in glucose or insulin levels during MTT (Figure 7A,C).
Additionally, we did not find a significant difference in postprandial
GLP-1 when comparing the subjects with sleeve gastrectomy after
reversal to those with “normal” anatomy after reversal (Figure 7B).
This is consistent with evidence that sleeve gastrectomy does not lead
to the dramatic elevations in GLP-1 seen in RYGB [43]. Post-prandial
hypoglycemia after sleeve gastrectomy is not as well recognized
clinically as after RYGB. After GTT, hypoglycemia has been reported as
high as 33% in one study 12 months after sleeve gastrectomy [44];
however, the prevalence of self-reported hypoglycemia symptoms in
sleeve gastrectomy is significantly lower than with RYGB [5]. Although
our intention in performing sleeve gastrectomy upon RYGB reversal
was to limit future weight gain, we did not find any significant dif-
ference in post-reversal weight gain dependent on the type of pro-
cedure (Table 1). Our results suggest that sleeve gastrectomy may be
performed during RYGB-reversal and post-prandial hypoglycemia will
be effectively ameliorated in these patients.

Many studies have compared the postprandial responses of symp-
tomatic hypoglycemic RYGB subjects to asymptomatic RYGB subjects,
and some subtle differences have been identified [15,18,19,32].
However, pre-operative insulin sensitivity and B-cell responsiveness
may be larger contributors to predicting which patients will develop
symptomatic hypoglycemia after RYGB [45]. Our study was not
designed to examine differences between asymptomatic and symp-
tomatic hypoglycemia in RYGB. However, we present data from a
single asymptomatic patient who also underwent RYGB reversal. The
changes in postprandial hormone responses with gastric feeding and
after reversal in this patient were very similar to those with symp-
tomatic hypoglycemia (Figure 6), with the exception of higher GIP and
PP levels after G-tube feeding. The results from this asymptomatic
patient suggest that postprandial glucose, insulin, and GLP-1 re-
sponses are an inherent feature of the route of feeding, and are not
highly specific for those suffering from RYGB-related hypoglycemia.
The treatment of RYGB-related hypoglycemia remains a challenge,
particularly in severely affected patients as described in this study.
Current treatment paradigms primarily rely on use of low carbohydrate
diets and acarbose to limit postprandial glucose excursions [46—48].
Other traditional medical therapies to inhibit insulin secretion have
been used, including somatostatin analogues, verapamil, and diazo-
xide, although these are not particularly effective and/or have signifi-
cant side effects [49,50]. Newer studies have examined the use of
GLP-1 receptor antagonists and agonists as potential treatment stra-
tegies for this disorder [37,38] and several other medical therapies are
currently in development [51]. We propose that reversal of gastric
bypass is an effective and safe treatment for RYGB-related hypogly-
cemia; however, it should only be considered in patients with severe
symptoms that cannot be managed with dietary modification or
available medical therapies. It may also be a useful option in patients
with other malabsorptive complications from RYGB, who would have
additional benefit from reversal surgery.
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In conclusion, the pathophysiology of postprandial hypoglycemia
seems to be primarily due to RYGB anatomy resulting in altered
glucose, gut and pancreatic hormone levels, and decreased insulin
clearance rather than inherent B-cell hyperplasia or hyperfunction.
Furthermore, RYGB reversal is an effective treatment option in select
patients with severe hypoglycemia.
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