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Altered ghrelin secretion in mice in response
to diet-induced obesity and Roux-en-Y gastric
bypass
Aki Uchida 1,2,3, Juliet F. Zechner 1,4, Bharath K. Mani 1,2,3, Won-mee Park 1,2,3, Vincent Aguirre 1,4,5,
Jeffrey M. Zigman 1,2,3,*,5
ABSTRACT

The current study examined potential mechanisms for altered circulating ghrelin levels observed in diet-induced obesity (DIO) and following
weight loss resulting from Roux-en-Y gastric bypass (RYGB). We hypothesized that circulating ghrelin levels were altered in obesity and after
weight loss through changes in ghrelin cell responsiveness to physiological cues. We confirmed lower ghrelin levels in DIO mice and
demonstrated elevated ghrelin levels in mice 6 weeks post-RYGB. In both DIO and RYGB settings, these changes in ghrelin levels were
associated with altered ghrelin cell responsiveness to two key physiological modulators of ghrelin secretion e glucose and norepinephrine. In
DIO mice, increases in ghrelin cell density within both the stomach and duodenum and in somatostatin-immunoreactive D cell density in the
duodenum were observed. Our findings provide new insights into the regulation of ghrelin secretion and its relation to circulating ghrelin within
the contexts of obesity and weight loss.
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1. INTRODUCTION

Ghrelin is a 28-amino acid peptide hormone that was originally isolated
from the stomach and found to potently stimulate growth hormone
secretion [1]. Ghrelin cells within the oxyntic mucosa of the stomach
have been confirmed as the predominant source of circulating ghrelin
[2]. Ghrelin cells also exist in the gastrointestinal tract downstream of
the stomach, including the duodenum, albeit in far fewer and gradually
diminishing numbers, as well as in a few other sites such as pancreatic
islets [3e6]. An acylated form of ghrelin, acyl-ghrelin is octonoylated
at serine-3 by ghrelin O-acyltransferase (GOAT), which allows ghrelin
to bind to its receptor, the growth hormone secretagogue receptor 1a
(GHSR; ghrelin receptor), to exert its biologic actions [7,8]. A non-
acylated form of ghrelin, desacyl-ghrelin, also has been shown to
exert some biological activities, although these presumably occur via
GHSR-independent mechanisms [9].
Ghrelin is best known for its orexigenic and glucoregulatory actions.
Regarding its orexigenic activity, administered acyl-ghrelin potently
increases the intake of freely-available food and also mediates several
reward-based, hedonic eating behaviors [10e21]. While some studies
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have demonstrated little to no effect of genetic or pharmacologic
interference with ghrelin signaling on body weight and food intake,
other studies suggest that deficient or blocked ghrelin signaling results
in a loss of the full complement of normal eating behaviors and body
weight responses [20,22e36]. As just some examples, when placed
on high fat diet (HFD) early in life, female GHSR-null mice accumulate
50% less fat mass than wild-types, in models of cancer cachexia,
elevated ghrelin protects against worsened anorexia and accelerated
death, and after an overnight fast, GHSR antagonist blocks rebound
overeating [20,30,37]. In conditioned place preference studies, in
which calorically-restricted wild-type mice prefer a chamber in which
they had previously been conditioned to find a food reward, calorically-
restricted GHSR-null mice show no such preference [17,20,38].
Regarding its glucoregulatory activity, acyl-ghrelin also independently
increases blood glucose, lowers insulin levels, raises glucagon levels
and attenuates insulin responses during glucose tolerance testing
[39e44]. Although not corroborated by all trials [31,45], most studies
have indicated that interference with the endogenous ghrelin system
alters the normal glucose utilization phenotype. As examples, mice
lacking ghrelin, GOAT, or GHSR, when individually-housed and
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exposed to a 7-day caloric restriction protocol consisting of daily ac-
cess to only 40% of usual calories, demonstrate marked, life-
threatening hypoglycemia compared to their control counterparts
[27,36,46,47]. Taken together, these studies suggest that endogenous
ghrelin signaling is important for several aspects of both feeding and
blood glucose regulation.
Further suggestive of a role for ghrelin in eating and the management
of energy stores is the observation that in healthy, lean individuals,
plasma ghrelin levels fluctuate depending on energy intake: ghrelin
levels show a preprandial rise and a postprandial fall [10,12,48e50].
Also, with few exceptions, ghrelin levels are inversely correlated with
body weight, as shown in humans and rodents [48,51,52]. Although
not observed in PradereWilli Syndrome [53], obese individuals as a
group exhibit lower circulating ghrelin levels and blunted meal-related
fluctuations when compared to lean individuals [48,51,54,55]. This
obesity-linked reduction in ghrelin levels can be reversed by weight
loss achieved through caloric restriction [56]. Weight loss achieved by
bariatric surgery e a far more effective method for weight loss than
caloric restriction [57] e has been associated with varying plasma
ghrelin results, depending on the procedure and the study. For
instance, circulating ghrelin levels were initially demonstrated to drop
dramatically following Roux-en-Y gastric bypass (RYGB) [58]. RYGB is a
popular and efficacious form of bariatric surgery that, unlike conven-
tional diet and behavioral therapies, results in sustained weight loss
plus dramatic and expeditious metabolic improvements [59e61].
Although the exact mechanisms leading to the rapid, profound and
long-lasting metabolic benefits observed post-RYGB are still an area of
active investigation, changes in the levels and physiological responses
to gastrointestinal hormones, such as glucagon-like peptide-1, peptide
YY, cholecystokinin, and ghrelin, have been postulated to play central
roles [62e66]. With respect to ghrelin, following the initial report of
decreased levels, multiple subsequent reports of either increased,
decreased or unchanged ghrelin levels after RYGB have left us without
consensus regarding RYGB-associated changes to the ghrelin secre-
tory machinery (as reviewed in Ref. [67]).
The molecular mechanisms regulating ghrelin secretion are another
area of active investigation. Several models now indicate that
adrenergic hormones, including norepinephrine, potently stimulate
ghrelin release. For instance, direct delivery of norepinephrine and
epinephrine to the oxyntic submucosa of awake rats via an
implanted microdialysis probe stimulates ghrelin outflow, as does
activation of gut sympathetic nerves by electrical sympathetic nerve
stimulation and chemical sympathetic nerve activation using intra-
venous tyramine [68,69]. Exposure of immortalized ghrelinoma cell
lines to norepinephrine, epinephrine or isoproterenol also stimulate
both acyl-ghrelin and desacyl-ghrelin release, while pharmacologic
adrenergic blockade with atenolol or depletion of sympathetic
neuronal terminals of adrenergic neurotransmitters with reserpine
prevent the usual fasting induced elevations in circulating ghrelin
[27,70]. Furthermore, in primary cultures of dispersed gastric
mucosal cells, of which 1e3% of the population is comprised of
ghrelin cells, norepinephrine and epinephrine induce b1-adrenergic
receptor-dependent ghrelin secretion [71e73]. On the other hand,
glucose has been demonstrated to directly inhibit ghrelin secretion
[71] and hyperglycemia is associated with lower ghrelin levels [74].
For example, in primary cultures of dispersed gastric mucosal cells,
high glucose (10 mM) inhibits while low glucose (1 mM) stimulates
ghrelin release [71]. In addition, somatostatin has been identified as
a negative inhibitor of ghrelin secretion, likely occurring via direct
engagement of one or more somatostatin receptors present on
ghrelin cells [69,70,73,75e77].
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Although we now know some of the physiologic states that control
ghrelin levels and some of the molecules that mediate ghrelin release,
links between the two remain mostly uncharacterized. For instance,
possible altered responsiveness to modulators of ghrelin secretion
during different pathophysiological conditions, such as in obesity and
following RYGB, has not been explored. The goal of this study is to
investigate mechanisms that contribute to altered circulating ghrelin
levels observed during obesity and after weight loss either through
calorie restriction or RYGB. We hypothesized that circulating ghrelin
levels are altered in obesity and after weight loss through changes in
ghrelin cell responsiveness to physiological cues. We tested this hy-
pothesis in mice with diet-induced obesity (DIO) and after weight loss
induced by RYGB. We also examined changes to ghrelin cell and so-
matostatin cell densities in the upper gastrointestinal tracts of these
mice.

2. MATERIAL AND METHODS

2.1. Animals
All procedures performed in the study were approved by the University
of Texas Southwestern Institutional Animal Care and Use Committee.
Mice were maintained in a conventional mouse holding facility with a
12-h light/dark cycle (6 AM/6 PM). Mice were fed either a standard
rodent chow diet (12 kcal% fat, 2016, Teklad, Madison, WI), or a high-
fat diet, (HFD; 60 kcal% fat, D12492, Research Diets, Inc., New
Brunswick, NJ) for durations indicated below.

2.1.1. Lean and DIO mice
Male C57BL/6 and transgenic ghrelin reporter (ghrelin-hrGFP) mice
on a pure C57BL/6 background [78] were used for this study. The
ghrelin-hrGFP reporter expresses humanized Renilla reniformis green
fluorescent protein (hrGFP) in nearly 100% of gastric ghrelin cells and
approximately 12% of duodenal ghrelin cells [78]. Lean mice were
fed standard rodent chow diet throughout the study period, while the
DIO mice were switched to HFD between 4 and 5 weeks of age. Body
weight was monitored weekly and food intake was monitored for 5
consecutive days between 12 and 14 weeks on the respective diets.
At 17e18 weeks of age, mice were deeply anesthetized with
intraperitoneal injection of chloral hydrate (500 mg/kg) and subse-
quently either perfused and fixed with formalin for immunohisto-
chemistry or euthanized for isolation of gastric mucosa cells to
establish primary cultures. All mice in these studies were sacrificed
after a 4-h food deprivation starting at the beginning of the light cycle
(6 AMe10 AM).

2.1.2. RYGB and sham operated mice
Male C57BL/6 mice were started on HFD between 4 and 5 weeks of
age. After 12e15 weeks of HFD feeding, mice (approximately 45 g in
body weight) were randomized to either RYGB- or sham-operated
groups. Mice were allowed to recover under previously described
post-operative care [79] during which a liquid diet (Vital HN; Abbott
Laboratories, Abbott Park, IL) was provided on post-surgery days 2
through 7. On post-surgery days 6 and 7, 0.25 g HFD was reintroduced
and on post-surgery day 8, HFD was provided ad libitum. Seven days
post-surgery, a subset of sham-operated mice was calorically
restricted and weight matched to RYGB counterparts (weight-matched
sham; WMS). All RYGB-operated and the remaining sham-operated
mice (ad libitum sham; ALS) were provided HFD ad libitum starting
post-surgery day 8. All mice were weighed at 7, 11, 14, 21, 28 and 35
days post-surgery (Figure 3A). At 5 weeks post-surgery, food intake
was measured on 5 consecutive days and body composition was
mbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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evaluated using a Minispec mq10 nuclear magnetic resonance
analyzer (NMR; Bruker Optics, Billerica, MA). At 6 weeks post-surgery,
the mice were either perfused and formalin fixed for immunohisto-
chemistry or euthanized for isolation of gastric mucosal cells to
establish primary cultures. All mice in these studies were euthanized
after an overnight fast (6 PMe10 AM).

2.2. Surgery
RYGB and sham surgeries were performed as previously described
[79]. Isofluorane was used for induction and maintenance of general
anesthesia, which was time-standardized between groups. Briefly,
the RYGB procedure involved gastrointestinal reconstruction by
attachment of the jejunal afferent limb to the restricted proximal
gastric pouch. A hemostasis clip (Ethicon Endo-Surgery, Cincinnati,
OH) was used to divide the stomach in two, restricting the gastric
pouch and excluding the distal stomach and proximal intestine from
alimentary flow. The sham procedure involved gastrotomy, enter-
otomy and surgical repair.
A

C

D

Figure 1: Reduced fasting ghrelin levels in DIO mice. (A) Body weight was increased i
respective diets. Asterisk for this figure denotes difference compared to lean mice at each t
mice. (n ¼ 6e7 mice). (C) Body composition was changed in DIO compared to lean mice
mice). (D) Fasting blood glucose levels (left, n ¼ 5e6 mice) were elevated, fasting acyl-g
(right, n ¼ 5e6 mice) were reduced in DIO compared to lean mice. Data are represente
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2.3. Immunohistochemistry
Tissues were prepared and immunohistochemistry was performed as
previously published [78]. Briefly, mice were deeply anesthetized
through intraperitoneal injection of chloral hydrate (500 mg/kg). Mice
were perfused transcardially with DEPC-treated 0.9% PBS followed by
10% neutral buffered formalin. Stomach and duodenum were
removed, and placed in the same fixative for 4e6 h at 4 �C, then
immersed overnight in 20% sucrose (in DEPC-treated PBS) at 4 �C.
Samples were then embedded in Tissue-Tek OCT compound (Sakura
Finetechnical Co., Ltd., Tokyo) and sectioned at 12 mm thickness using
a cryostat (Leica Biosystems, Buffalo Grove, IL). The sections were
mounted onto SuperFrost slides (Fisher Scientific, Pittsburgh, PA), air-
dried at room temperature and stored in desiccated boxes at �20 �C
until use.
The sections were washed in PBS three times and incubated with a
goat polyclonal anti-ghrelin antibody (1:1000; Lot# F0105, Santa Cruz
Biotechnology, Dallas, TX) or rabbit polyclonal anti-somatostatin anti-
body (1:200; Lot # 216002, Immunostar, Hudson, WI) overnight at
B

n DIO (HFD-fed) compared to lean (standard chow-fed) mice starting at 7 weeks on
ime point (n ¼ 6e7 mice). (B) Daily food intake was increased in DIO compared to lean
. DIO mice had increased body weight and fat mass, but similar lean mass.(n ¼ 6e7
hrelin levels (middle, n ¼ 6e7 mice) were reduced, and fasting desacyl-ghrelin levels
d as mean � SEM. *P < 0.05 compared to lean mice.
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room temperature. After washes with PBS, the slides were incubated
in Alexa Fluor 594� donkey anti-goat IgG or Alexa Fluor 350� goat
anti-rabbit IgG (Molecular Probes, Carlsbad, CA) for 2 h at room
temperature. Labeled slides were washed and coverslipped with
Fluoromount G (Electron Microscopy Sciences, Hatfield, PA) and
examined under a Zeiss fluorescence microscope with ApoTome
attachment (Zeiss Axio Imager Z1; Thornwood, NY). Images taken
using a camera (Zeiss) were processed with AxioVision software.
For analysis of the stomach, cell counts from the corpus and antrum
region in each mouse were determined from 3 different sections
separated by at least 300 mm, from 3 high power field (20�) images
per each section. The imaged tissues used for counting were oriented
such that the muscularis layer to the tip of the mucosa were visible in
the frame. For analysis of the duodenum, cell counts in each mouse
were performed from 3 different sections separated by at least
300 mm. Labeled duodenal cells were counted from entire cross
sections. The mean number of cells per high power field or cross
section was determined from 3 to 5 mice.

2.4. Tissue morphology
Stomach tissue morphology was analyzed via routine hematoxylin and
eosin stain (H&E). H&E staining was performed on a Sakura DRS-601
x,y,z robot utilizing Leica-Surgipath Selectech reagents by the Mo-
lecular Pathology Core at UT Southwestern Medical Center.

2.5. Isolation of gastric mucosal cells and ghrelin secretion studies
Gastric mucosal cells were isolated by a combined enzymatic and me-
chanical dispersion method, as previously reported [78]. All primary
gastric mucosal cell preparations were from inverted whole stomachs,
except frommice that underwent RYGB, in which cells were isolated only
from the inverted stomach proximal to the hemostasis clip. Each gastric
mucosal cell preparation was derived from a single mouse (cells from
multiple mice were not pooled). The primary cells were plated on to poly-
D-lysine-coated 24-well plates (1 � 105 cells/1 ml medium/well) in
DMEM/F12 medium (Meditech, Inc) containing 10% FBS (Atlanta Bi-
ologicals), supplemented with 100 U/ml penicillin, 100 mg/ml strepto-
mycin sulfate and 50 mM octanoate-BSA and incubated at 37 �C with 5%
CO2. After overnight incubation, the serum-containing medium was
aspirated and replaced with serum-free DMEM containing 100 U/ml
penicillin, 100 mg/ml streptomycin sulfate, 50 mM octanoate-BSA and
either 1 mM glucose, 10 mM glucose, or 1 mM glucose with norepi-
nephrine (10 mM; Sigma, St. Louis, MO). Each condition was tested in
triplicate. The cells were exposed to test conditions for 6 h at 37 �C with
5% CO2 and then the mediumwas sampled and centrifuged immediately
at 3000 rpm at 4 �C for 5 min. Acyl-ghrelin in the supernatants was
stabilized by addition of HCl (to achieve a final concentration of 0.1 N) and
the samples were stored at �80 �C, until further use. Ghrelin and
desacyl-ghrelin concentrations were determined using rat acyl or
desacyl-ghrelin ELISA kits (Cayman Chemical, Ann Arbor, MI) following
manufacturer’s instructions and the absorbance was read using a Pow-
erWave XS spectrophotometer (BioTek Instruments, Inc., Winooski, VT).

2.6. Blood parameters
Blood samples for glucose measurement were obtained via the tail
vein. Blood glucose levels were measured using a hand-held gluc-
ometer (OneTouch, LifeScan Inc., Milipitas, CA). Blood samples for all
other parameters were obtained either from the submandibular vein in
live mice or via cardiac puncture under chloral hydrate anesthesia,
prior to euthanasia. Blood samples were placed on ice and treated with
the cysteine protease inhibitor PHMB (p-hydroxymercuribenzoate)
and dipeptidyl peptidase IV inhibitor. Plasma was separated by
720 MOLECULAR METABOLISM 3 (2014) 717e730 � 2014 The Authors. Published by Elsevier G
centrifugation at 1500 � g and stored at �80 �C. Plasma samples
aliquoted for ghrelin measurements were acid stabilized, as described
above for cell culture supernatants, and stored at �80 �C. Plasma
insulin levels were measured using a high sensitivity mouse enzyme-
linked immunosorbent assay (Crystal Chem, Downers Grove, IL).
Plasma acyl-ghrelin and desacyl-ghrelin levels were determined as
described above.

2.7. Data and statistics
All data are expressed as mean � SEM. Statistical differences were
tested using Prism 6 (GraphPad Software, Inc., San Diego, CA). If
unequal variance among groups was detected by Bartlett’s test, data
were log transformed before analysis, as required. Student’s “t”-test
was used to compare differences between two sets of means. One-
way ANOVA followed by Tukey’s post-hoc multiple comparisons test
was used to compare multiple groups. Two-way ANOVA followed by
Bonferroni post-hoc multiple comparison was used to analyze body
weight curves. P < 0.05 was considered statistically significant.

3. RESULTS

3.1. Altered metabolic characteristics and reduced plasma ghrelin
levels in DIO mice
To study the mechanisms underlying obesity-associated reductions in
plasma ghrelin levels, we used a DIO mouse model. C57BL/6 mice fed
HFD for 7 weeks (DIO mice) had higher body weights compared to
those fed standard rodent chow (lean mice) (Figure 1A). DIO mice
consumed more calories per day compared to lean mice (Figure 1B).
DIO mice had higher fat mass but similar lean mass compared to lean
mice (Figure 1C). There was no difference in stomach weight between
DIO and lean mice (0.142 � 0.007 g vs. 0.145 � 0.007 g, P ¼ 0.77,
n ¼ 8e9 mice). Fasting blood glucose was significantly higher in DIO
mice compared to lean mice (Figure 1D). Fasting plasma acyl-ghrelin
and fasting plasma desacyl-ghrelin were both significantly lower in DIO
mice compared to lean mice (Figure 1D).

3.2. Altered responsiveness of ghrelin cells to mediators of ghrelin
secretion in DIO mice
Ghrelin secretion in response to two established direct mediators of
ghrelin secretion was tested in primary cultures of dispersed gastric
mucosal cells generated from either lean or DIO mice. In preparations
from lean mice, 10 mM glucose reduced acyl-ghrelin secretion while
norepinephrine (10 mM) stimulated acyl-ghrelin secretion, as
compared to that observed in the setting of 1 mM glucose in the culture
medium (Figure 2A, left). In contrast, the effects of these mediators on
acyl-ghrelin release were lost in gastric mucosal cells derived from DIO
mice (Figure 2A, right).
Desacyl-ghrelin levels were also measured (Supplementary Figure 1A).
Similar to their effects on acyl-ghrelin release from gastric mucosal
cells derived from lean mice, 10 mM glucose and norepinephrine
resulted in a pattern of reduced desacyl-ghrelin secretion and of
increased desacyl-ghrelin secretion, respectively. However, while this
pattern was similar, and unlike our previous report using younger mice
[71], these effects did not meet statistical significance in the present
study. Furthermore, while a loss of acyl-ghrelin secretion in response
to norepinephrine in gastric mucosal cells derived from DIO mice was
observed, desacyl-ghrelin secretion persisted.

3.3. Ghrelin cell density is increased in the corpus of DIO mice
We next compared ghrelin cell density in the stomachs and duodena of
DIO and lean ghrelin hrGFP reporter mice. The corpus (body; central
mbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/3.0/).
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Figure 2: Altered acyl-ghrelin secretion response and ghrelin cell density in DIO mice. (A) Acyl-ghrelin secretion from primary gastric mucosal cell cultures in response to 1 mM
glucose, 10 mM glucose and 1 mM glucose with 10 mM norepinephrine were altered in DIO compared to lean mice. Results are shown relative to 1 mM glucose treatment within
respective weight groups (n ¼ 6e7 mice). Data are represented as mean � SEM. *P < 0.05 compared to ghrelin levels from 1 mM glucose treatment in its respective groups. (B)
Average ghrelin cell numbers as determined by endogenous GFP signal and ghrelin-immunoreactivity in the stomach (left, n ¼ 3e5 mice) per high power field and in the
duodenum (right, n ¼ 4 mice) per cross section were higher in DIO compared to lean mice. Data are represented as mean � SEM. *P < 0.05 compared to lean mice. (C)
Representative images of the endogenous GFP signal in the corpus region of the stomach in DIO and lean mice (n ¼ 3e5 mice). (D) Average somatostatin-immunoreactive cell
numbers in the stomach (left, n ¼ 3e5 mice) per high power field were similar and in the duodenum (right, n ¼ 4 mice) per cross section were increased in DIO compared to lean
mice. Data are represented as mean � SEM. *P < 0.05 compared to lean mice.
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Figure 3: Elevated fasting plasma ghrelin levels in RYGB mice. (A) Study time line for ALS, WMS and RYGB mice. (B) Body weights were reduced post-operatively in RYGB
compared to ALS mice. Body weights of WMS were maintained similar to RYGB mice through restricted caloric intake and are lower compared to ALS mice (n ¼ 16e20 mice).
Asterisk for this figure denotes difference compared to ALS mice for both RYGB and WMS mice at each time point. (C) Daily food intake measured over 5 consecutive days was
similar in RYGB and ALS mice at 5 weeks post-surgery. Food measurements shown for the WMS mice are calorie requirements to match the body weight of RYGB mice (n ¼ 8e15
mice). (D) Body composition measurements at 5 weeks post-surgery show reduction in fat mass in RYGB and WMS compared to ALS mice, but no change in lean mass (n ¼ 16e
17 mice). (E) Fasting blood glucose (left, n ¼ 16e20 mice) and fasting insulin levels (right, n ¼ 8 mice) were improved in RYGB and WMS mice compared to ALS mice. (F) Fasting
acyl-ghrelin levels (right, n ¼ 15e16 mice) were elevated in RYGB compared to WMS and ALS mice. Fasting desacyl-ghrelin levels (right, n ¼ 11e15 mice) were different among
RYGB, WMS and ALS mice. Data are represented as mean � SEM. *P < 0.05 compared to ALS mice, #P < 0.05 compared to RYGB mice and xP < 0.05 compared to WMS mice.

Original article
region of the stomach) and the antrum (distal region of the stomach)
were analyzed separately since ghrelin cell densities differ by stomach
region [80]. The forestomach (non-glandular region) was not analyzed
since glandular mucosa and ghrelin cells are absent from this region.
Ghrelin cell density, as demonstrated by either endogenous hrGFP-
fluorescence or ghrelin-immunoreactivity, was significantly increased
in the corpus, but not in the antrum of DIO mice, when compared to
lean mice (Figure 2B, left and C). In the duodenum, very few hrGFP-
722 MOLECULAR METABOLISM 3 (2014) 717e730 � 2014 The Authors. Published by Elsevier G
fluorescent cells were observed per cross section, as had been
described previously for the ghrelin-hrGFP line [78]. However, similar
to the corpus, ghrelin cell density in the duodenum, as determined by
ghrelin-immunoreactivity, was higher in DIO mice than in lean mice
(Figure 2B, right). We also analyzed the density of somatostatin-
producing cells in the corpus and antral regions of the stomach via
somatostatin-immunoreactivity, finding no differences between DIO
and lean mice (Figure 2D, left). The density of somatostatin-producing
mbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/3.0/).
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Figure 4: Altered acyl-ghrelin secretion response and distal stomach morphology in RYGB mice. (A) Primary gastric mucosal cell cultures from ALS, WMS and RYGB mice treated
with 1 mM glucose, 10 mM glucose and 1 mM glucose with 10 mM norepinephrine responded differentially. Results are shown relative to 1 mM glucose treatment within it
respective weight groups (n ¼ 6e11 mice). Data are represented as mean � SEM. *P < 0.05 compared to ghrelin levels in the media of 1 mM glucose treatment in its respective
groups. (B) Representative H&E stained sections of the corpus and antrum structures in distal stomachs in ALS (left) and WMS (right) mice (n ¼ 3 mice). (C) Representative H&E
stained sections of the stomachs distal to the hemostasis clip in three different RYGB-operated mice. Gastric glands were effaced in the distal aspect of the stomachs post-RYGB
(Panel a and c), and squamous metaplasia was prominent in the distal stomach of one of these mice (Panel c). There was evidence of inflammation in the submucosa and mucosa
layers of the RYGB stomachs. The inflammatory infiltrate consisted of neutrophils (Panels def). In addition, fibrosis was observed in the muscle layers and extended to the serosal
surface (Panel aec). Hash tag symbol highlights the squamous cell metaplasia. Asterisk denotes extensive and thickened fibrosis. (n ¼ 3 mice).
cells in the duodenum was greater in DIO mice than in lean mice
(Figure 2D, right).

3.4. Metabolic characteristics and ghrelin levels of RYGB, WMS
and ALS mice
To study the mechanisms underlying RYGB-induced changes in
plasma ghrelin levels, DIO mice were subjected to either RYGB or sham
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surgery. Following standard post-operative recovery, mice that un-
derwent sham surgery were subsequently allowed to eat HFD ad
libitum (ad lib-fed sham; ALS) or were fed a restricted amount of HFD
to achieve body weights matching those of RYGB-operated mice
(weight-matched sham; WMS) (Figure 3A). RYGB and WMS mice
weighed less when compared to ALS mice starting day 11 post-
surgery, and the weight loss was sustained for the remainder of the
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monitored duration of 35 days post-surgery (Figure 3B). As previously
reported, in order to match the body weights of the post-RYGB mice,
WMS were fed significantly less HFD (Figure 3C) [79]. Similar to our
previous report, ALS mice ate similar amounts of HFD as the RYGB-
treated mice (Figure 3C) [79]. Also as previously reported, fat mass
was reduced but lean mass was similar in RYGB and WMS mice, as
compared to ALS mice, at 5 weeks post-surgery (Figure 3D) [79].
Fasting blood glucose and plasma insulin levels decreased significantly
in both WMS and RYGB mice, as compared to ALS mice (Figure 3E)
[79]. Furthermore, at 6 weeks post-surgery, fasting plasma acyl-
ghrelin levels measured were significantly increased in post-RYGB
mice, as compared to both ALS and WMS mice. Lastly, fasting
plasma desacyl-ghrelin levels were significantly different among all
groups, with RYGB mice having the highest and the ALS mice having
the lowest desacyl-ghrelin levels (Figure 3F).

3.5. Altered responsiveness of ghrelin cells to mediators of ghrelin
secretion in post-RYGB mice compared to WMS and ALS mice
Acyl-ghrelin secretion in primary cultures of dispersed gastric mucosal
cells from ALS mice decreased in the presence of 10 mM glucose,
when compared to secretion in the presence of 1 mM glucose; the
cells did not respond to addition of 10 mM norepinephrine (Figure 4A,
left). Similar to the responses observed in primary cultures of
dispersed gastric mucosal cells from lean mice, cells from WMS mice
decreased acyl-ghrelin secretion upon exposure to 10 mM glucose and
increased acyl-ghrelin secretion in response to 10 mM norepinephrine
(Figure 4A, middle). However, acyl-ghrelin secretion by cells derived
from the proximal stomach of RYGB mice was unchanged by 10 mM
glucose but was stimulated by addition of 10 mM norepinephrine
(Figure 4A, right).
Desacyl-ghrelin levels were also measured (Supplementary Figure 1B).
The patterns of desacyl-ghrelin secretion from mucosal cells derived
from the three surgery groups, in response to glucose and norepi-
nephrine, were fairly similar to those patterns described above for acyl-
ghrelin. Exceptions included stimulation of desacyl-ghrelin but not of
acyl-ghrelin release by norepinephrine in ALS mice. Also, the pattern of
reduced desacyl-ghrelin secretion and of increased desacyl-ghrelin
secretion from WMS mucosal cells, in response to glucose and
norepinephrine, respectively, matched that of acyl-ghrelin, although
did not meet statistical significance. Desacyl-ghrelin responses in
RYGB mucosal cells were identical to those of acyl-ghrelin. Also of
note, in none of the in vivo or in vitro experiments in this report was
there a treatment effect on acyl-ghrelin:desacyl-ghrelin ratio (data not
shown).

3.6. Post-surgical pathologic findings in RYGB, WMS, and ALS
mice
Upon isolation of the stomach, there were no gross pathological
changes observed in the ALS and WMS mice. However, the stomachs
of the RYGB mice were found to be thickened and fixed to the sur-
rounding viscera by fibrous adhesions. Furthermore, while microscopic
analysis of H&E stained sections showed no consistent histological
alterations in ALS and WMS stomachs, the sections from RYGB
stomachs revealed several changes. The gastric glands were effaced
in the distal aspect of the stomachs post-RYGB and squamous
metaplasia was prominent in the distal stomach of one of these mice
(Figure 4C, Panel c). Also, there was evidence of inflammation in the
submucosa and mucosa layers of the RYGB stomachs. The inflam-
matory infiltrate consisted of neutrophils (Figure 4C, Panels def). In
addition, fibrosis was observed in the muscle layers, extending to the
serosal surface (Figure 4C, Panels aec).
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4. DISCUSSION

The current study used mouse models to examine potential mecha-
nisms for altered circulating ghrelin levels observed in obesity and
following weight loss resulting from RYGB. We confirmed lower acyl-
ghrelin and desacyl-ghrelin levels in DIO mice and demonstrated,
using a recently described mouse model of RYGB [79], elevated acyl-
ghrelin and desacyl-ghrelin levels in mice 6 weeks post-RYGB, by
which time they had attained weight stability. Interestingly, although
WMS control mice, whose body weights were matched to the RYGB
mice by restricted HFD feeding, demonstrated a rise in desacyl-ghrelin
levels, as would be expected upon caloric restriction, they did not
demonstrate a rise in acyl-ghrelin. Altered ghrelin cell responsiveness
to two key physiological modulators of ghrelin secretion, glucose and
norepinephrine, correlated with some of the observed changes in
ghrelin levels. Increases in ghrelin cell density and/or somatostatin-
producing D cells within the stomach and duodenum were observed
in DIO mice. These findings provide new insight for the regulation of
ghrelin secretion and its relation to circulating ghrelin, in the contexts
of obesity and weight loss.

4.1. Plasma ghrelin levels observed in DIO, post-RYGB and in WMS
mice
The finding of lowered circulating acyl-ghrelin and desacyl-ghrelin in
DIO was as expected, as this has been reported fairly consistently in
multiple previous rodent and human studies [48,51,52,81e83]. In the
setting of obesity, the associated reduction of acyl-ghrelin, together
with observed ghrelin resistance, is presumed to serve as a counter-
regulatory mechanism to minimize pro-orexigenic and pro-adipogenic
acyl-ghrelin actions [84,85]. Exceptions to the finding of lowered
ghrelin with DIO are rare in the literature [86].
Our observation of raised plasma acyl-ghrelin and desacyl-ghrelin in
RYGB compared to sham mice contradicts the first report of total
ghrelin levels after RYGB by Cummings et al., which showed a marked
decrease [58]. However, subsequent human data have been mixed,
with reported ghrelin levels post-weight loss surgery being either
lower, unchanged or higher [67]. Similar to human studies, rat RYGB
models also have shown variability, with one study demonstrating
unchanged acyl-ghrelin and desacyl-ghrelin levels 11 months post-
surgery [87], a second study demonstrating decreased total ghrelin
levels in weight-stable rats 3 months post-surgery [88], and another
two studies showing an increase in total ghrelin levels after RYGB
[89,90]. The exact reasons for the differences observed in post-RYGB
ghrelin levels among studies are not clear, although this variability may
represent differences in operative technique, types of ghrelin assayed,
the use of measures to stabilize acyl-ghrelin in plasma, and timing of
assays post-surgery. Regarding the latter possibility, one study
demonstrated that fasting total ghrelin levels in human subjects who
underwent RYGB decreased immediately post-operatively, followed by
successive increases to presurgical levels after 1 month and further
increases over the next 11 months [91]. A second human trial
demonstrated a fall in random total ghrelin 1 day post-RYGB, with a
return to presurgical levels at 7 days and one month, and then an
increase at 3 months [83]. Obese Long-Evans rats displayed increased
fasting acyl-ghrelin 30 days following RYGB but equivalent fasting
ghrelin 110 days following RYGB, relative to sham-operated animals
[92]. Furthermore, although RYGB did not change overnight-fasted
plasma acyl-ghrelin in comparison to sham rats, postprandial sup-
pression of ghrelin was significantly greater after RYGB [93].
As circulating ghrelin levels following RYGB have been variable, it is
more difficult to assign a role for the post-RYGB ghrelin response. That
mbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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said, in the Stylopoulos et al. study, weight loss in rats at 3 months
following RYGB was noted to correlate with the magnitude of the
decrease in circulating total ghrelin, suggesting that altered ghrelin
signaling contributes to post-RYGB weight loss, just as had been
suggested in the earlier Cummings et al. study [58,88]. Of interest,
human subjects homozygous for a particular single nucleotide poly-
morphism in the gene encoding GHSR, which decreases promoter
activity when tested in vitro, have been shown to lose the most weight
after RYGB [94]. Another bariatric surgical model, vertical sleeve
gastrectomy (VSG), results in significantly decreased ghrelin levels in
rodents [87], consistent with the excision of the majority of the corpus
and part of the antrum during this surgical procedure. Nonetheless, as
ghrelin-deficient mice had similar metabolic outcomes post-VSG
compared to wild-type mice, it has been proposed that changes in
ghrelin are not required for the metabolic effects of VSG [87].
The increased acyl-ghrelin that we observed post-RYGB, which
attained levels similar to those present in lean mice, concurs with
many other forms of weight loss, including that induced by caloric
restriction [56]. Just as the decrease in acyl-ghrelin levels in DIO may
be a counter-regulatory mechanism to limit further ghrelin-engaged
processes that could exaggerate DIO, the increase in acyl-ghrelin
levels induced by weight loss may be a means to defend body
weight. As an extreme example, in cancer cachexia, which is also
associated with elevated plasma ghrelin, pharmacologic antagonism of
GHSR results in several negative outcomes, including worsened
anorexia and accelerated death, suggesting a key protective role of
raised ghrelin [37]. Alternatively, the raised ghrelin associated with
extreme forms of weight loss could serve other important functions,
such as those related to preservation of sustainable blood glucose
levels and defense against depressed mood [27,95]. That said, despite
the use of caloric restriction to match the weight loss induced by RYGB,
WMS mice demonstrated only higher desacyl-ghrelin but not higher
acyl-ghrelin levels than those observed in the heavier, ad lib-fed ALS
mice. We hypothesize that the absence of calorie restriction- and
weight loss-induced acyl-ghrelin elevation in the WMS animals relates
to the sole availability of HFD as food. Suggesting a direct inhibitory
effect of HFD on the usual caloric restriction-induced ghrelin secretion,
a previous human trial using healthy lean subjects demonstrated that
three weeks of overfeeding with high fat dietary supplements resulted
in an 18% decrease in ghrelin, despite only a subtle increase in body
weight [96]. Furthermore, receptors for fatty acids are highly enriched
in ghrelin cells and in vitro studies suggest the ability of both short-
chain and long-chain fatty acids to directly inhibit ghrelin secretion
[73,97e99].

4.2. Altered ghrelin cell responsiveness in DIO and post-RYGB
Our observation of altered cellular responsiveness to norepinephrine
and/or glucose in ghrelin cells from physiologically manipulated mice
has not previously been reported. Regarding norepinephrine, several
previous in vitro and in vivo studies using lean, healthy animals, cells
and tissues derived from those animals, and immortalized ghrelin cell
lines have identified adrenergic hormones released from sympathetic
nerves as important regulators of ghrelin secretion [68,70,71,73,100e
102]. For example, purified populations of gastric ghrelin cells and
ghrelinoma cell lines express high levels of mRNA encoding the b1-
adrenergic receptor, which is the only adrenergic receptor enriched
within ghrelin cells, as compared to non-ghrelin gastric mucosal cells
[100]. Furthermore, the b1-adrenergic receptor is the most highly
expressed of all the non-odorant, seven transmembrane G protein-
coupled receptors within ghrelin cells [73]. As mentioned above,
when mice are treated with reserpine to deplete adrenergic
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neurotransmitters from sympathetic neurons, the overnight fast-
induced increase in plasma ghrelin is blocked [100]. Atenolol, a b1-
adrenergic receptor selective blocker has the same effect and also
decreases baseline plasma ghrelin levels [100].
Regarding glucose, several rodent and human studies have demon-
strated its importance in regulating ghrelin secretion. The regulation of
ghrelin secretion by glucose synchronizes with a fundamental feature
of enteroendocrine cells e their ability to sense nutrients and dietary
metabolites. Food intake, intralipid infusion and experimental induction
of hyperglycemia all reduce ghrelin levels [48,58,74]. As mentioned
above, ghrelin release in primary cultures of dispersed gastric mucosal
cells is negatively correlated with glucose concentration in the culture
medium [71]. As compared to 5 mM glucose exposure, ghrelin release
from gastric mucosal cells taken from lean mice is reduced by 10 mM
glucose (mimicking a hyperglycemic state) and is stimulated by 1 mM
glucose (mimicking a hypoglycemic state), but is unaffected by the
non-metabolizable glucose enantiomer L-glucose [71]. Furthermore,
the glucoprivic agent 2-deoxy-D-glucose prevents the inhibitory effect
of high glucose exposure on ghrelin release, suggesting a requirement
for glucose entry into the ghrelin cell and subsequent metabolism for
its inhibitory effects on ghrelin secretion [71]. This is further supported
by the expression by ghrelin cells of mRNAs encoding several channels
and enzymes responsible for mediating the effects glucose respon-
siveness and metabolism in other cell types, including several facili-
tative glucose transporters (GLUT1, GLUT4, and GLUT5), hexokinases
(including glucokinase), and both components of the pancreatic b-cell
KATP channel (the ATP-sensitive potassium channel subunit Kir6.2 and
the sulfonylurea type 1 receptor SUR1) [71].
In evaluating the observed lower ghrelin levels in DIO, one might expect
known stimulators of ghrelin secretion e such as norepinephrine e to
no longer be potent and/or inhibitors of ghrelin secretion e such as
glucose e to be more potent. The current study indeed demonstrated
DIO-associated changes in the usual ghrelin secretion responses to
norepinephrine and glucose: no longer did acyl-ghrelin or desacyl-
ghrelin secretion change with glucose and no longer did acyl-ghrelin
secretion change with norepinephrine. In regard to acyl-ghrelin
secretion, this suggests that ghrelin cells in DIO mice are desensi-
tized to these physiological signals of caloric restriction (norepineph-
rine) and food intake or dysregulated glucose handling (glucose). This
desensitization to norepinephrine might parallel presumed defects in
sympathetic nervous system-driven energy expenditure in obesity
[103]. Similarly, in evaluating the observed higher ghrelin levels
following RYGB, one might expect ghrelin secretagogues to be more
potent and/or negative modulators of ghrelin secretion to be less
potent following RYGB. As predicted, ghrelin cells from post-RYGB
mice regained their sensitivity to norepinephrine e secreting more
acyl-ghrelin in response to norepinephrine e but not to changes in
glucose concentrations. The recovered sensitivity to norepinephrine
might parallel the improved sympathetic outflow that has been
demonstrated via indirect measures after different forms of surgical
weight loss [104e106].
Complicating the interpretation of the results, not all of the in vitro
desacyl-ghrelin secretion data matched that of the in vitro acyl-ghrelin
secretion data. Most notable were differential acyl-ghrelin vs. desacyl-
ghrelin responses to norepinephrine in gastric mucosal cells from DIO
mice and in gastric mucosal cells from ALS mice. As mentioned in the
Results, in cells from WMS mice, the patterns of the acyl-ghrelin and
desacyl-ghrelin responses to glucose and norepinephrine matched but
did not meet statistical significance for desacyl-ghrelin. The discrep-
ancy between acyl-ghrelin and desacyl-ghrelin in those few instances
is unclear at this time. Presumably, some situations might exist in
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which in addition to differential regulation of secretion, there might also
or instead be differential regulation of GOAT expression or activity,
which in turn could influence acyl-ghrelin but not desacyl-ghrelin.
Evidence for fasting-dependent, separable regulation of ghrelin
secretion and acylation has been provided in the form of a trial in lean
young men in whom acyl-ghrelin and desacyl-ghrelin displayed similar
dynamics when not calorically restricted but displayed marked dif-
ferences following a prolonged fast, despite unchanged total ghrelin
levels [107]. That said, gastric GOAT mRNA levels had been shown by
others to remain unchanged in response to DIO in mice, although that
was one of the few studies in which neither plasma acyl-ghrelin nor
total ghrelin levels differed between lean and DIO subjects [86].
Another study in rats, though, demonstrated increased gastric GOAT
mRNA levels in response to leptin administration and in response to
chronic malnutrition although unchanged levels in response to a 2-day
fast [108]. Also worth considering is the potential influence of desacyl-
ghrelin as a functional acyl-ghrelin antagonist, which has been sug-
gested by some studies, as well as a role for changes in acyl-
ghrelin:desacyl-ghrelin ratio, although such changes were not
observed here [9].
Two other observations that are not easy to explain include the
regained sensitivity to both norepinephrine and glucose by gastric
mucosal cells derived from WMS mice and the regained sensitivity to
glucose by cells from ALS mice. As discussed above, WMS mice do not
show elevated acyl-ghrelin and yet have similar patterns of norepi-
nephrine and glucose sensitivity as lean mice. We speculate that
weight loss might be a main driver of the recovered sensitivity to
norepinephrine, in both post-RYGB and WMS mice, although as-of-yet
unknown processes might intervene, resulting in the observed dif-
ferential fasting ghrelin levels. Also, mice from both WMS and ALS
groups lost substantial weight during the first week of the post-
operative period, however, unlike WMS mice, ALS mice were pro-
vided free access to HFD following surgeries and rapidly reached pre-
operative weights. We speculate that the rapid weight loss during the
first week after operation may be responsible for the regained
response to glucose that is otherwise missing in DIO mice. With time,
this improved response to glucose in the ALS mice is predicted to
wane, although future studies are needed to test this hypothesis.
A caveat of the presented ghrelin secretion data from gastric mucosal
cells derived from RYGB mice is that only the gastric mucosal cells
proximal to the surgical clip transecting the stomach were used,
whereas the gastric mucosal cells from the other groups were derived
from the entire stomachs. In non-surgery-exposed and sham groups,
cells were isolated from the whole stomach via inversion and inflation
of the entire stomach, followed by gentle enzymatic digestion. This
was not technically possible with the stomachs of RYGB mice, due to
scarring that occurred where the hemostasis clip was placed,
permanently dividing the stomach in two. Gross and microscopic ex-
amination of the tissue demonstrated varying degrees of fibrosis as
well as metaplasia in the distal stomach. Therefore, we inverted,
inflated and enzymatically digested the proximal stomach, hence only
isolating cells from the proximal stomach. Although not determined,
this fibrosis potentially could have altered ghrelin secretion by the
ghrelin cells in the distal stomach, influencing the overall net circu-
lating ghrelin levels.

4.3. Enteroendocrine cells in DIO and post-RYGB ghrelin levels
Another potential mechanism contributing to the observed ghrelin
levels in DIO and following RYGB could involve changes in ghrelin cell
numbers and distribution relative to other enteroendocrine cells. We
found an increase in ghrelin cell density in the corpus of the DIO mice,
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which may be a compensatory reaction to the cells’ altered sensitivities
to norepinephrine and glucose. This observation was similar to what
has been previously shown in two human studies looking at ghrelin
levels in severely obese individuals [54,80]. The finding in a separate
study of lower plasma ghrelin yet increased intensity of ghrelin-
immunoreactivity in the gastric mucosa from obese humans as
compared to that from control subjects was interpreted as being
suggestive of “hypoactive” ghrelin cells, although no comment was
made regarding ghrelin cell density [83]. This contrasts with a study in
mice in which DIO was associated with slightly less numerous and less
intensely immunoreactive (for ghrelin) gastric ghrelin cells [82].
We further investigated changes to somatostatin-producing cells,
which normally reside in proximity to a subset of ghrelin cells [75] and
which inhibit ghrelin secretion in a paracrine/endocrine fashion via
interaction of somatostatin with somatostatin receptors on the ghrelin
cells [73]. Although no change was observed in the density of so-
matostatin producing cells in the stomach, an increase was observed
in duodenal somatostatin cell density in DIO mice. This could poten-
tially provide an increased inhibitory tone to ghrelin cells in the DIO
setting.
In addition to ghrelin, RYGB has been associated with changes in levels
of several other gastrointestinal hormones including glucagon-like
peptide-1, peptide YY, and cholecystokinin [62e65]. A recent study
in rats demonstrated increased numbers of CCK-, GLP-1-, serotonin-
and neurotensin-immunoreactive cells in the Roux-limb, but not in the
biliopancreatic limb of RYGB-treated mice; furthermore, ghrelin-
immunoreactive cell numbers were not altered in distal stomach,
nor were there any obvious differences in the small intestine [109].
Unfortunately we were not able to confirm these findings regarding
ghrelin cell number in the distal stomach due to the above-mentioned
altered, post-RYGB morphology of the distal stomach (from inflam-
mation, metaplasia and fibrosis), which prevented accurate compari-
sons in cell numbers with the sham stomachs.

4.4. Conclusions
Overall, our findings provide new insight into the regulation of ghrelin
secretion and its relation to circulating ghrelin, in the context of obesity
and weight loss. We now know that obesity and different methods of
weight loss alter sensitivities to physiological cues, such as glucose
and norepinephrine, and that changes to overall ghrelin cell density
and the density of somatostatin-producing enteroendocrine cells,
which provide inhibitory input onto ghrelin cells, likely work together to
result in the net change in ghrelin levels. Future studies will be needed
to determine the exact molecular mechanisms resulting in the
observed obesity-, RYGB-, and caloric restriction-induced changes to
norepinephrine and glucose sensitivity in ghrelin cells, including the
possible roles of changed GOAT expression and/or activity, glucose
entry and/or metabolism, and signaling by targets downstream of the
b1-adrenergic receptors within ghrelin cells.
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