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In Brief

RYGB rapidly reverses diabetes.
Ramracheya et al. demonstrate that
RYGB normalizes glycaemia in diabetes
by restoring insulin and glucagon
secretion. They show that the gut
hormone PYY mediates these
improvements and that it restores
secretory function in diabetic islets.
These findings suggest that PYY might be
a T2D therapeutic target.

Cell


mailto:reshma.ramracheya@ocdem.ox.ac.uk
http://dx.doi.org/10.1016/j.celrep.2016.03.091
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2016.03.091&domain=pdf

OPEN

ACCESS
CellPress

Cell Reports

PYY-Dependent Restoration of Impaired Insulin
and Glucagon Secretion in Type 2 Diabetes
following Roux-En-Y Gastric Bypass Surgery

Reshma D. Ramracheya,'-* Laura J. McCulloch,! Anne Clark,! David Wiggins,” Helene Johannessen,?

Magnus Kringstad Olsen,? Xing Cai,? Chun-Mei Zhao,? Duan Chen,? and Patrik Rorsman’-®

10xford Centre for Diabetes, Endocrinology and Metabolism, University of Oxford, Oxford, Oxon OX3 7LE, UK

2Department of Cancer Research and Molecular Medicine, Norwegian University of Science and Technology, 7491 Trondheim, Norway
SMetabolic Research, Department of Physiology, Institute of Neuroscience and Physiology, University of Goteborg, Box 432,

40530 Goteborg, Sweden
*Correspondence: reshma.ramracheya@ocdem.ox.ac.uk
http://dx.doi.org/10.1016/j.celrep.2016.03.091

SUMMARY

Roux-en-Y gastric bypass (RYGB) is a weight-reduc-
tion procedure resulting in rapid resolution of type 2
diabetes (T2D). The role of pancreatic islet function in
this restoration of normoglycemia has not been fully
elucidated. Using the diabetic Goto-Kakizaki (GK) rat
model, we demonstrate that RYGB restores normal
glucose regulation of glucagon and insulin secretion
and normalizes islet morphology. Culture of isolated
islets with serum from RYGB animals mimicked
these effects, implicating a humoral factor. These
latter effects were reversed following neutralization
of the gut hormone peptide tyrosine tyrosine (PYY)
but persisted in the presence of a glucagon-like pep-
tide-1 (GLP-1) receptor antagonist. The effects of
RYGB on secretion were replicated by chronic expo-
sure of diabetic rat islets to PYY in vitro. These find-
ings indicate that the mechanism underlying T2D
remission may be mediated by PYY and suggest
that drugs promoting PYY release or action may
restore pancreatic islet function in T2D.

INTRODUCTION

Roux-en-Y gastric bypass (RYGB) is the most common form of
weight loss surgery. Although developed originally as a weight-
reduction therapy, RYGB can lead to full and durable remission
of type 2 diabetes (T2D) in up to 90% of cases (Buchwald
et al., 2004). The remission occurs within days of surgery and
before any significant weight loss. The mechanisms behind this
improvement remain unknown.

Human T2D is characterized by dysfunction of both glucose-
stimulated insulin secretion (GSIS) from pancreatic B cells and
inappropriate regulation of glucagon production from o cells
(Unger and Cherrington, 2012). The importance of glucagon in
diabetes is confirmed by the finding that mice lacking glucagon
receptors remain normoglycemic even after complete destruc-
tion of B cells (Lee et al., 2012).
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Although pancreatic islets are center stage in diabetes,
the impact of RYGB on islet function, especially on glucagon
secretion, has not been fully elucidated. Elevated levels of
the incretin hormone GLP-1 were initially thought to trigger
improved glucose homeostasis and remission of diabetes
upon surgery. However, the beneficial effects of surgery persist
in rodents lacking both GLP-1 and its receptor, suggesting a
GLP-1-independent mechanism (Mokadem et al., 2014; Ye
et al., 2014).

Using a diabetic rat model of RYGB, we have investigated
the effects of surgery on islet function and the underlying
mechanisms.

RESULTS

RYGB Restores Impaired Islet Secretory Properties and
Improves Metabolic Parameters

Both insulin and glucagon secretion was assessed in islets
isolated from spontaneously diabetic Goto-Kakizaki (GK) rats
post-RYGB surgery. Islets from the sham-operated diabetic
group displayed reduced GSIS and lack of glucose-induced
suppression of glucagon release, which was stimulated rather
than inhibited at 20 mM glucose (Figures 1A and 1B). These
abnormalities are strikingly similar to those observed in islets
from T2D patients (Zhang et al., 2013).

RYGB surgery resulted in marked improvement of GSIS
compared to the sham operation (the response at 6 and 20 mM
glucoseincreased 1.4-fold and 12.7-fold, respectively) (Figure 1A).
Glucagon suppression was restored at 6 and 20 mM glucose in
the RYGB group (Figure 1B), and the inverted glucose response
observed at 20 mM glucose in the sham group was corrected.
In addition, there was a significant increase in insulin (RYGB
versus sham, 13.1 + 1.0 versus 6.9 = 0.8 ng/islet; mean + SEM)
and glucagon content (RYGB versus sham, 894.2 + 37.6 versus
630.2 + 69.7 pg/islet) in the RYGB group. RYGB animals lost
8% of their body weight compared to 1% in the sham-operated
group (Figure S1A). This was associated with a modest reduction
in calorie intake (Figure S1B), a significant decrease in plasma
glucose levels (Figure S1C), and a 4-fold drop in water consump-
tion in the RYGB animals (Figure S1D), consistent with remission
of diabetes.
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RYGB Influences Islet Gene Transcription

The effects of RYGB on islet secretion correlated with changes
in gene expression levels. Expression of insulin, glucagon, and
somatostatin genes were elevated ~5-, 3-, and 9-fold, respec-
tively, in the RYGB group compared to sham animals (Fig-
ure S2A). Moreover, expression of Pdx71 and Nkx6.1, two key
transcription factors regulating B cell development and identity
(Cerf, 2006), were elevated 3- and 4-fold, respectively.

RYGB Restores Islet Morphology

Whereas islets from non-diabetic Wistar rats are largely sphe-
roidal (Figures 1C and 1F), GK rat islets exhibit a “starfish”
appearance (Hoog et al., 1997) (Figures 1D and 1G). Following
RYGB, islet morphology was restored to that of non-diabetic is-
lets (Figures 1E and 1H). The morphological changes were quan-
tified by islet shape factor measurements (Figure 11). Analyses of
immuno-labeled sections demonstrated that the proportion of
insulin-positive cells/islet was lower in the sham-operated group
compared to RYGB rats. Insulin-positive cell proportions were
significantly higher following RYGB (Figure 1J) and the intra-islet
localization of the glucagon-positive a cells was similar to that
seen in non-diabetic islets (compare Figures 1C and 1E). There

J

Figure 1. Islet Secretion and Morphology

Are Improved in GK Rats Post-RYGB
# (A and B) Insulin (A) and glucagon (B) secretion in
islets isolated from sham (black bars) or RYGB
(gray bars) animals. Secretion is presented as
percentage of that secreted at basal (mean + SEM
as percentage of total islet content; insulin: sham,
0.023 + 0.004; RYGB, 0.046 + 0.001; glucagon:
sham, 0.216 + 0.053; RYGB, 1.314 + 0.025; n = 6—
12 rats; two to five experiments). /p < 0.05, Tp <
0.01 versus 1 mM glucose, *p < 0.05 for indicated
comparisons.
(C-H) Pancreatic sections from Wistar (C and F),
GK control (D and G), and GK RYGB (E and H)
animals, stained for glucagon (C-E) and insulin
(F-H). Scale bar represents 100 uM.
(l) Shape factor analysis, used as a measure of islet
structure, was determined in GK controls (n = 4),
Wistar (n = 3), and RYGB-operated animals (n = 3).
(J) Insulin positive area/total islet area was as-
sessed in these animals (n > 30 islets/animal). Data
are presented as mean + SEM, “*p < 0.01, *p <
0.001 compared to Wistar controls, *p < 0.05 for
indicated comparisons.
See also Figures S1 and S2.
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was no change in the « cell area propor-
tion (Figure S2B). Islet density/pancreas
¥ was lower in diabetic rats, a factor that
was not corrected by RYGB (Figure S2C).

Effects of RYGB on Islet Function
Are Modulated by a Humoral Factor
To determine whether the effects of
RYGB on pancreatic islet function was
related to a blood-borne factor, rat islets
were pretreated for 48 hr with sera ob-
tained from sham or RYGB rats. Whereas islets treated with
sham serum exhibited only a 2-fold increase in GSIS, islets
exposed to serum from RYGB animals displayed a 14-fold stim-
ulation (Figure 2A). Glucagon suppression at 6 and 20 mM
glucose was significantly improved by treatment with RYGB
serum (Figure 2B). Insulin and glucagon content were signifi-
cantly higher in the RYGB serum-treated group compared to
the sham serum group (Figures S3A and S3B).

GK Control RYGB

Effects of RYGB Are Not Mediated by GLP-1

Increased post-prandial GLP-1 levels have been implicated as
the causal factor for improved glucose homeostasis and remis-
sion of diabetes following RYGB (Lindqvist et al., 2013), but it
is notable that the beneficial effects of surgery persist in mice
lacking GLP-1 and its receptor (Mokadem et al., 2014; Ye
et al., 2014). We investigated the involvement of GLP-1 in the
RYGB GK rat model. Enhanced GSIS in islets from RYGB ani-
mals persisted in the presence of the GLP-1 receptor antagonist
exendin (9-39), excluding a role for locally released GLP-1 as a
mediator of improved islet function (Marchetti et al., 2012) (Fig-
ure S3C). To assess further the possible involvement of systemic
GLP-1, plasma levels of the incretin were determined under
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Figure 2. Metabolic Benefits of RYGB Are Driven by a Humoral Factor
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(A and B) Insulin (A) and glucagon (B) secretion from rat islets treated for 48 hr with serum from sham- (black) or RYGB-operated (gray bars) animals. Data are
presented as percentage of basal secretion (mean + SEM as percentage of content; insulin: sham, 0.974 + 0.064; RYGB, 2.274 + 0.0749; glucagon: sham,
0.748 + 0.032; RYGB, 5.251 + 0.947; n = 8 rats, five or six experiments). *p < 0.05, **p < 0.01 versus 1 mM glucose sham, ﬁp < 0.01 versus 1TmM glucose RYGB,

#p < 0.05 for indicated comparisons.
See also Figure S3.

basal conditions. No significant change in total GLP-1 levels was
noted in the RYGB rat serum at 10-14 days or 8 months post-
surgery (Figure 3A). Co-application of exendin (9-39) to rat islets
pre-cultured with RYGB serum also failed to suppress enhanced
GSIS responses (Figure S3D).

Increased PYY Levels Post-RYGB

Another hormone co-secreted by the L-cells in response to
glucose intake is peptide tyrosine tyrosine (PYY) (Adrian et al.,
1985). Circulating PYY levels are drastically reduced in obesity
and T2D (Batterham et al., 2003). In the RYGB rat model, total
plasma PYY concentrations were markedly higher within 10-
14 days following surgery compared to the sham group and
remained significantly elevated for up to 8 months (Figure 3B).

Effects of PYY on Islet Secretory Function

Despite an established role of PYY in metabolism, there is a lack
of consensus on its role on insulin secretion (Persaud and Be-
wick, 2014). Moreover, the effect of PYY on glucagon release
is unknown. Short-term (1 hr) exposure of rat isolated islets to
exogenous PYY did not affect GSIS (Figure S4). To replicate
the sustained elevation of PYY seen in vivo, long-term effects
of the peptide were studied at a physiological concentration of
100 pM and a higher concentration of 100 nM in vitro using a
chronic (48-60 hr) culture protocol. Compared to uncultured
islets, this culture protocol is associated with reduced GSIS
and loss of glucose-induced suppression of glucagon release.
However, treatment with both low and high PYY concentrations
resulted in a dramatic improvement of GSIS (Figure 3C) and
restoration of glucose-induced inhibition of glucagon secretion
(Figure 3D). PYY acts via neuropeptide Y (NPY) family of recep-
tors, of which Npy1r is expressed abundantly in islets at the
transcript (Persaud and Bewick, 2014) and protein levels
(L.J.M., unpublished data). Inhibition of Npy1r using the antago-
nist BIBP-3226 resulted in complete reversal of the restorative ef-
fects of long-term PYY exposure on GSIS (Figure 3E). Application
of the antagonist on its own had no effect on GSIS (Figure S4B).
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Effects of RYGB Are Mediated by PYY

To test whether PYY is the humoral mediator underlying the
beneficial effects of RYGB on islet function, healthy rat islets
were exposed to serum from RYGB rats in the absence or pres-
ence of a PYY-specific antibody at a concentration known to
react with the peptide. Immuno-neutralization of PYY attenuated
the effects of the serum resulting in a 75% lower response to
GSIS compared to that in the absence of the antibody (Figure 3F).
The specificity of the antibody was confirmed by pre-incubation
of islets with the synthetic peptide, resulting in a lack of immuno-
histochemical detection of PYY (Figure S4B). When serum from
sham-operated rats was supplemented with PYY, it reproduced
the beneficial effects of RYGB on islet secretion (Figures 3G and
3H). These effects were reversed by immuno-neutralization of
exogenous PYY (Figures 3G and 3H). It is of note that, in contrast
to the effects of PYY in the supplemented sham serum, immuno-
neutralization failed to fully reverse the effects of RYGB serum
(Figure 3F), probably implicating the existence of additional
factor(s).

PYY Restores Impaired Islet Secretion in Diabetes

PYY infusion in diabetic rats lowers body weight and HbA1c
levels (Pittner et al., 2004), but its impact on impaired islet
function remains unknown. We tested the effects of PYY directly
on islets isolated from severely diabetic GK rats (plasma
glucose: 26 + 2 mM). These islets exhibited impaired glucose-
mediated insulin and glucagon secretion (Figures 4A and 4B).
However, following treatment with PYY for 48-60 hr, GSIS was
restored (Figure 4A) and glucose-induced inhibition of glucagon
secretion was normalized (Figure 4B). The changes in islet hor-
mone release were associated with a 1.5-fold increase in Pdx1
gene expression level (Figure 4C), consistent with the effect of
RYGB (Figure S2C).

PYY Is Effective in Human Islets
Finally, we confirmed that PYY is also effective in human
islets. Following chronic treatment with both low and high
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cultured with PYY in the presence (gray) or
— absence (black) of the NPY7R antagonist BIBP-
3226 (1 uM). Data are presented as percentage of
basal secretion (mean + SEM as % of content;
PYY: 0.062 + 0.013; PYY+BIBP-3226: 0.178 +
0.061; n = 6 experiments). *p < 0.05 versus 1 mM
glucose control, *p < 0.05 for indicated com-
parison.
(F) Insulin secretion from rat islets at 1 mM (black)
and 20 mM (gray bars) glucose following chronic
exposure to RYGB serum, with or without PYY
antibody (1/500). Data are presented as per-
centage of basal secretion (mean + SEM as % of
content; serum alone: 0.223 + 0.018; with anti-
body: 0.253 + 0.03; n = 6 experiments). *p < 0.05,
# **p < 0.01 versus 1 mM glucose.
(G and H) Insulin (G) and glucagon (H) secretion
from rat islets following chronic exposure to sham-
operated serum supplemented with 100 nM PYY
with (white) or without (gray) PYY antibody (1/500)
or sham-operated serum alone (black). Data
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(mean + SEM as % of content; insulin: PYY with

Serum+Anti-PYY

b

*

300

tHt 160

250
140
200 120

*x

E 100

150
80
100 60
40

50
20
0 0

1mM M

6ml
Glucose

Glucose

6mM

antibody: 0.009 + 0.001; PYY without antibody:
0.006 + 0.0002; sham serum alone: 0.974 + 0.064;
glucagon: PYY with antibody: 0.472 + 0.026; PYY
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0.001 for indicated comparisons.
See also Figures S3 and S4.

concentrations of PYY, insulin secretion was enhanced at 20 mM
glucose (Figure 4D). Glucose-induced glucagon suppression
was also significantly improved in PYY-treated islets (Figure 4E).

DISCUSSION

RYGB surgery leads to rapid resolution of T2D but the mecha-
nisms involved remain elusive. It is commonly believed that
improved islet function underlies the beneficial effects, but
mechanistic studies are still missing.

Although increased post-prandial GLP-1 secretion following
RYGB surgery has been reported (Salehi et al., 2011; Shin
et al., 2010), no changes in fasting GLP-1 levels in RYGB-oper-
ated patients have been documented (Clements et al., 2004;

1, ###p <

Pournaras et al., 2010). Moreover, there is evidence demon-
strating that central or peripheral GLP-1 receptor signaling is
not critical for the beneficial effects of RYGB. Thus, the role of
GLP-1 as a mediator of surgery-associated benefits remains
inconclusive. In our study, total GLP-1 levels following RYGB
were unchanged in plasma taken under ad libitum feeding
conditions.

T2D is a bihormonal disorder and hyperglycemia occurs as a
result of inappropriate secretion of both insulin and glucagon
(Unger and Cherrington, 2012). We now report that RYGB leads
to restoration of both GSIS and glucose-induced suppression of
glucagon secretion and that the effects are mediated by a
humoral factor. We also demonstrate that this humoral factor is
PYY and that it acts via Npy1r. Elevated levels of serum PYY
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following bariatric surgery has been documented (Chan et al.,
2006), but whether this translates into improved islet function
has not been studied previously. Our results are consistent
with the report that RYGB fails to improve glucose tolerance
in PYY-deficient mice (Chandarana et al., 2013). Moreover,
PYY ablation has been reported to cause gross impairment of
pancreatic B cell structure and function (Sam et al., 2012). Our
findings of elevated Pdx7 expression level in PYY-treated dia-
betic islets and increased insulin-positive cells following RYGB
suggest that PYY may be important in the restoration of § cell
functional identity.

Improved islet function following PYY pre-treatment in human
islets suggests that it is possible to extend our observations in
diabetic rats to man. In humans, circulating PYY occurs in the
range of 60 to 100 pM and close to 500 pM in some tissues
(Adrian et al., 1985). Our results indicate that PYY is effective
in vitro at both physiological (100 pM) and pharmacological
(100 nM) concentrations. Acutely administered PYY infusion in
obese, healthy volunteers has no effect on plasma insulin (Tan
et al., 2014). However, it should be noted that PYY does not
affect GSIS when applied acutely but that chronic exposure of
islets to PYY restores normal glucose regulation of insulin and
glucagon secretion. This time frame is broadly consistent with
the beneficial effect of RYGB on glucose homeostasis observed
clinically (Buchwald et al., 2004). Chronic administration of PYY
to diabetic rats has been shown to result in improved glycemic
control (Pittner et al., 2004), but the effects on pancreatic hor-
mone release were not explored. This study demonstrates that
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within 10-14 days of RYGB surgery, pancreatic islet structure
and function in diabetic GK rats are significantly improved.
Further studies are warranted to address whether these benefi-
cial changes are sustained over the long term.

Modulation of incretin secretion (for example GLP-1) by bacte-
rial metabolites has been reported (Chimerel et al., 2014). It is
therefore likely that changes in gut microbiome following
RYGB (Tremaroli et al., 2015) also affect PYY release, which,
like GLP-1, is secreted by the entero-endocrine L-cells. A phar-
macological agent stimulating PYY production and/or mimicking
its action could provide an effective and nonsurgical therapy
for T2D.

EXPERIMENTAL PROCEDURES

Animals

Adult male Wistar and GK rats (Taconic) were used. Rats were kept in
Makrolon Type-4 individually ventilated cages with free access to tap water
and standard rat pellet food (RM1 811004). Animals were divided into RYGB
or sham-operation group. Age- and sex-matched animals were used as con-
trols. Body weight was recorded daily during the first week after surgery and
then weekly throughout the experiments. Experiments were approved by the
Norwegian National Animal Research Authority.

Roux-en-Y Gastric Bypass Model

Animals were operated under anesthesia (isoflurane, 4% for induction and 2%
for maintenance). The surgery was performed through a small midline abdom-
inal incision. The intestine was transected 10 cm distal to the ligament of Treitz,
creating a distal and a proximal end. The proximal end was anastomosed
to the intestine, 15 cm distal to where it was previously transected. A gastric



pouch was created (2%-3% of total stomach), and the distal end of the intes-
tine was anastomosed to it in an end-to-side fashion (Kodama et al., 2013). For
sham operation, the animals were opened through a midline incision and the
viscera were gently manipulated.

Measurements of Plasma Concentrations of PYY and GLP-1

Blood was drawn from the abdominal aorta at sacrifice under ad-libitum
feeding conditions and processed as described previously (Jargensen et al.,
2013). Plasma was kept at —80°C until determination of hormones. Total
PYY was measured by radioimmunoassay (Millipore). Total GLP-1 was as-
sayed using the highly sensitive total GLP-1 (v2) kit (K150JVC-1, Mesoscale
Discovery).

Islet Isolation

Animals were used for experiments 10-14 days following surgery. All ex-
periments were conducted in accordance with the UK Animals Scientific
Procedures Act (1986). Rat islets were isolated by collagenase type V
(Sigma-Aldrich) digestion as described previously (Zhang et al., 2013).
Human pancreases were obtained with ethical approval and clinical
consent from nondiabetic donors. Islets were isolated in the Diabetes
Research & Wellness Foundation Human lIslet Isolation Facility by collage-
nase digestion (Serva) using modified versions of published protocols
(Lake et al., 1989). Experiments were performed using islets from five or
six separate donors with the following parameters: mean + SEM; age:
41.7 £ 3.7 years; BMI: 25.8 + 1.6; islet purity: 66.3% + 5.5%; islet viability:
77% +5.2%.

Secretion Studies

Islets were used for secretion studies within 2 hr of isolation. Experiments were
set with 13-15 hand-picked and size-matched islets per tube (in triplicate).
Islets were pre-incubated in Krebs-Ringer buffer (KRB) containing 2 mg/ml
BSA and 3 mmol/I glucose for 1 hr at 37°C, followed by another hour of test
incubation in KRB supplemented with glucose as indicated. Insulin measure-
ments were performed at 20 mM glucose, but in some cases, to maximize
glucagon inhibition from the same islets, stimulated secretion was performed
at 6 mM glucose (Ramracheya et al., 2010). Insulin and glucagon content was
determined by radioimmunoassay (Millipore). To allow comparison of experi-
ments, secretion data are presented as mean percent basal, where basal is
secretion at ImM glucose.

Serum and Chronic PYY Exposure Studies

Serum samples from sham-operated and RYGB GK and Wistar rat models
were used. Islets were pre-cultured for 48-60 hr in RPMI (5 mM glucose)
with the addition of 20% pooled serum or PYY (1-36) or PYY (3-36) (100 pM
or 100 nM, Bachem). Both PYY analogs produced the same effects. To explore
the role of PYY and GLP-1, anti-PYY antibody (AB22663, Abcam) or BIBP-
3226 (1 uM; Tocris) and exendin (9-39) (1 uM; Bachem) were co-applied
with the sera or PYY treatment respectively, for 48-60 hr.

Histology

Pancreases from Wistar (n = 3), sham-operated GK (n = 4), and RYGB GK
rats (n = 3) (10-14 days post-surgery) were fixed in 4% formalin, paraffin
embedded, and cut into 5-um sections. Following dewaxing and rehydration,
endogenous peroxidase activity was blocked using 0.3% H,O,. Sections
were incubated overnight at 4°C with either mouse anti-glucagon (1:500,
Sigma), guinea pig anti-insulin (1:500, in-house), or rabbit anti-somatostatin
(1:500, Santa Cruz) and visualized with 3,3'-diaminobenzidine tetrahydro-
chloride (DAB) (SigmaFast, Sigma-Aldrich). Imaging for morphometric anal-
ysis was performed on images using an Axio Vision Imaging System (Zeiss).
Shape factor analysis was derived from the area and perimeter of each indi-
vidual islet (4 x area x m/perimeter?), with a perfect circle having a shape
factor of 1.

Statistical Methods

Statistical analyses were performed using Excel. All data are presented
as mean + SEM. Statistical significance was evaluated by Student’s t test or
ANOVA analysis. A p value of less than 0.05 was considered significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.celrep.2016.03.091.

AUTHOR CONTRIBUTIONS

D.C.,, HJ., M.K.O., X.C., and C.-M.Z. planned and performed the animal ex-
periments. R.D.R., D.W., L.J.M., and A.C. performed subsequent experiments
and analyzed data. R.D.R., L.J.M., D.C., and P.R. designed the study and
wrote the paper. All authors contributed to discussion of the results and prep-
aration of the final manuscript.

ACKNOWLEDGMENTS

The research was supported by a Diabetes UK RD Lawrence Fellowship
(R.D.R.), the Oxford BRC/NIHR (P.R.), a Wellcome Trust Senior Investigator
Award (P.R.), the Knut and Alice Wallenberg Foundation (P.R.), the Swedish
Research Council (P.R.), The European Union Seventh Framework Pro-
gramme (no. 266408) (D.C.), and the Joint Programme of the Medical Faculty
of Norwegian University of Science and Technology (NTNU) and St. Olavs Uni-
versity Hospital (D.C.).

Received: November 18, 2015
Revised: February 18, 2016
Accepted: March 25, 2016
Published: April 21, 2016

REFERENCES

Adrian, T.E., Ferri, G.L., Bacarese-Hamilton, A.J., Fuessl, H.S., Polak, J.M.,
and Bloom, S.R. (1985). Human distribution and release of a putative new
gut hormone, peptide YY. Gastroenterology 89, 1070-1077.

Batterham, R.L., Cohen, M.A., Ellis, S.M., Le Roux, C.W., Withers, D.J., Frost,
G.S., Ghatei, M.A., and Bloom, S.R. (2003). Inhibition of food intake in obese
subjects by peptide YY3-36. N. Engl. J. Med. 349, 941-948.

Buchwald, H., Avidor, Y., Braunwald, E., Jensen, M.D., Pories, W., Fahrbach,
K., and Schoelles, K. (2004). Bariatric surgery: a systematic review and meta-
analysis. JAMA 292, 1724-1737.

Cerf, M.E. (2006). Transcription factors regulating beta-cell function. Eur. J.
Endocrinol. 755, 671-679.

Chan, J.L., Mun, E.C., Stoyneva, V., Mantzoros, C.S., and Goldfine, A.B.
(2006). Peptide YY levels are elevated after gastric bypass surgery. Obesity
(Silver Spring) 14, 194-198.

Chandarana, K., Gelegen, C., Irvine, E.E., Choudhury, A.l., Amouyal, C., An-
dreelli, F., Withers, D.J., and Batterham, R.L. (2013). Peripheral activation of
the Y2-receptor promotes secretion of GLP-1 and improves glucose toler-
ance. Mol. Metab. 2, 142-152.

Chimerel, C., Emery, E., Summers, D.K., Keyser, U., Gribble, F.M., and Reim-
ann, F. (2014). Bacterial metabolite indole modulates incretin secretion from
intestinal enteroendocrine L cells. Cell Rep. 9, 1202-1208.

Clements, R.H., Gonzalez, Q.H., Long, C.l., Wittert, G., and Laws, H.L.
(2004). Hormonal changes after Roux-en Y gastric bypass for morbid
obesity and the control of type-Il diabetes mellitus. Am. Surg. 70, 1-4, dis-
cussion 4-5.

H66g, A., Hu, W., Abdel-Halim, S.M., Falkmer, S., Qing, L., and Grimelius, L.
(1997). Ultrastructural localization of insulin-like growth factor-2 (IGF-2) to
the secretory granules of insulin cells: a study in normal and diabetic (GK)
rats. Ultrastruct. Pathol. 27, 457-466.

Jorgensen, N.B., Dirksen, C., Bojsen-Maller, K.N., Jacobsen, S.H., Worm, D.,
Hansen, D.L., Kristiansen, V.B., Naver, L., Madsbad, S., and Holst, J.J. (2013).
Exaggerated glucagon-like peptide 1 response is important for improved
B-cell function and glucose tolerance after Roux-en-Y gastric bypass in pa-
tients with type 2 diabetes. Diabetes 62, 3044-3052.

Cell Reports 15, 944-950, May 3, 2016 949

OPEN

ACCESS
CellPress



http://dx.doi.org/10.1016/j.celrep.2016.03.091
http://dx.doi.org/10.1016/j.celrep.2016.03.091
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref1
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref1
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref1
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref2
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref2
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref2
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref3
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref3
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref3
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref4
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref4
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref5
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref5
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref5
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref6
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref6
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref6
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref6
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref7
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref7
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref7
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref8
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref8
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref8
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref8
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref9
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref9
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref9
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref9
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref10
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref10
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref10
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref10
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref10

OPEN

ACCESS
Cell

Kodama, Y., Johannessen, H., Furnes, M.W., Zhao, C.M., Johnsen, G., Marvik,
R., Kulseng, B., and Chen, D. (2013). Mechanistic comparison between gastric
bypass vs. duodenal switch with sleeve gastrectomy in rat models. PLoS ONE
8, e72896.

Lake, S.P., Bassett, P.D., Larkins, A., Revell, J., Walczak, K., Chamberlain, J.,
Rumford, G.M., London, N.J., Veitch, P.S., Bell, P.R., et al. (1989). Large-scale
purification of human islets utilizing discontinuous albumin gradient on IBM
2991 cell separator. Diabetes 38 (Supp/ 1), 143-145.

Lee, Y., Berglund, E.D., Wang, M.Y., Fu, X., Yu, X., Charron, M.J., Burgess,
S.C., and Unger, R.H. (2012). Metabolic manifestations of insulin deficiency
do not occur without glucagon action. Proc. Natl. Acad. Sci. USA 109,
14972-14976.

Lindqvist, A., Spégel, P., Ekelund, M., Mulder, H., Groop, L., Hedenbro, J., and
Wierup, N. (2013). Effects of ingestion routes on hormonal and metabolic pro-
files in gastric-bypassed humans. J. Clin. Endocrinol. Metab. 98, E856-E861.
Marchetti, P., Lupi, R., Bugliani, M., Kirkpatrick, C.L., Sebastiani, G., Grieco,
F.A., Del Guerra, S., D’Aleo, V., Piro, S., Marselli, L., et al. (2012). A local
glucagon-like peptide 1 (GLP-1) system in human pancreatic islets. Diabetolo-
gia 55, 3262-3272.

Mokadem, M., Zechner, J.F., Margolskee, R.F., Drucker, D.J., and Aguirre, V.
(2014). Effects of Roux-en-Y gastric bypass on energy and glucose homeosta-
sis are preserved in two mouse models of functional glucagon-like peptide-1
deficiency. Mol. Metab. 3, 191-201.

Persaud, S.J., and Bewick, G.A. (2014). Peptide YY: more than just an appetite
regulator. Diabetologia 57, 1762-1769.

Pittner, R.A., Moore, C.X., Bhavsar, S.P., Gedulin, B.R., Smith, P.A., Jodka,
C.M., Parkes, D.G., Paterniti, J.R., Srivastava, V.P., and Young, A.A. (2004).
Effects of PYY[3-36] in rodent models of diabetes and obesity. Int. J. Obes.
Relat. Metab. Disord. 28, 963-971.

Pournaras, D.J., Osborne, A., Hawkins, S.C., Vincent, R.P., Mahon, D., Ew-
ings, P., Ghatei, M.A., Bloom, S.R., Welbourn, R., and le Roux, C.W. (2010).
Remission of type 2 diabetes after gastric bypass and banding: mechanisms
and 2 year outcomes. Ann. Surg. 252, 966-971.

Ramracheya, R., Ward, C., Shigeto, M., Walker, J.N., Amisten, S., Zhang, Q.,
Johnson, P.R., Rorsman, P., and Braun, M. (2010). Membrane potential-

950 Cell Reports 15, 944-950, May 3, 2016

dependent inactivation of voltage-gated ion channels in alpha-cells inhibits
glucagon secretion from human islets. Diabetes 59, 2198-2208.

Salehi, M., Prigeon, R.L., and D’Alessio, D.A. (2011). Gastric bypass surgery
enhances glucagon-like peptide 1-stimulated postprandial insulin secretion
in humans. Diabetes 60, 2308-2314.

Sam, A.H., Gunner, D.J., King, A., Persaud, S.J., Brooks, L., Hostomska, K.,
Ford, H.E., Liu, B., Ghatei, M.A., Bloom, S.R., and Bewick, G.A. (2012). Selec-
tive ablation of peptide YY cells in adult mice reveals their role in beta cell
survival. Gastroenterology 743, 459-468.

Shin, A.C., Zheng, H., Townsend, R.L., Sigalet, D.L., and Berthoud, H.R.
(2010). Meal-induced hormone responses in a rat model of Roux-en-Y gastric
bypass surgery. Endocrinology 757, 1588-1597.

Tan, T.M., Salem, V., Troke, R.C., Alsafi, A., Field, B.C., De Silva, A., Misra, S.,
Baynes, K.C., Donaldson, M., Minnion, J., et al. (2014). Combination of peptide
YY3-36 with GLP-1(7-36) amide causes an increase in first-phase insulin
secretion after IV glucose. J. Clin. Endocrinol. Metab. 99, E2317-E2324.

Tremaroli, V., Karlsson, F., Werling, M., Stahlman, M., Kovatcheva-Datchary,
P., Olbers, T., Fandriks, L., le Roux, C.W., Nielsen, J., and Backhed, F.
(2015). Roux-en-Y gastric bypass and vertical banded gastroplasty induce
long-term changes on the human gut microbiome contributing to fat mass
regulation. Cell Metab. 22, 228-238.

Unger, R.H., and Cherrington, A.D. (2012). Glucagonocentric restructuring of
diabetes: a pathophysiologic and therapeutic makeover. J. Clin. Invest. 122,
4-12.

Ye, J., Hao, Z., Mumphrey, M.B., Townsend, R.L., Patterson, L.M., Stylopou-
los, N., Munzberg, H., Morrison, C.D., Drucker, D.J., and Berthoud, H.R.
(2014). GLP-1 receptor signaling is not required for reduced body weight after
RYGB in rodents. Am. J. Physiol. Regul. Integr. Comp. Physiol. 306, R352—
R362.

Zhang, Q., Ramracheya, R., Lahmann, C., Tarasov, A., Bengtsson, M., Braha,
0., Braun, M., Brereton, M., Collins, S., Galvanovskis, J., et al. (2013). Role of
KATP channels in glucose-regulated glucagon secretion and impaired coun-
terregulation in type 2 diabetes. Cell Metab. 18, 871-882.


http://refhub.elsevier.com/S2211-1247(16)30397-7/sref11
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref11
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref11
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref11
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref12
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref12
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref12
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref12
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref13
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref13
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref13
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref13
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref14
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref14
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref14
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref15
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref15
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref15
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref15
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref16
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref16
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref16
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref16
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref17
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref17
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref18
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref18
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref18
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref18
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref19
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref19
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref19
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref19
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref20
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref20
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref20
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref20
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref21
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref21
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref21
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref22
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref22
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref22
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref22
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref23
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref23
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref23
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref24
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref24
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref24
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref24
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref25
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref25
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref25
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref25
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref25
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref26
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref26
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref26
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref27
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref27
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref27
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref27
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref27
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref27
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref28
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref28
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref28
http://refhub.elsevier.com/S2211-1247(16)30397-7/sref28

	PYY-Dependent Restoration of Impaired Insulin and Glucagon Secretion in Type 2 Diabetes following Roux-En-Y Gastric Bypass  ...
	Introduction
	Results
	RYGB Restores Impaired Islet Secretory Properties and Improves Metabolic Parameters
	RYGB Influences Islet Gene Transcription
	RYGB Restores Islet Morphology
	Effects of RYGB on Islet Function Are Modulated by a Humoral Factor
	Effects of RYGB Are Not Mediated by GLP-1
	Increased PYY Levels Post-RYGB
	Effects of PYY on Islet Secretory Function
	Effects of RYGB Are Mediated by PYY
	PYY Restores Impaired Islet Secretion in Diabetes
	PYY Is Effective in Human Islets

	Discussion
	Experimental Procedures
	Animals
	Roux-en-Y Gastric Bypass Model
	Measurements of Plasma Concentrations of PYY and GLP-1
	Islet Isolation
	Secretion Studies
	Serum and Chronic PYY Exposure Studies
	Histology
	Statistical Methods

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


